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Preface
Formidable progress in the field of recombinant gene expression has taken place since
2004, the date of publication of the previous edition of this book. In particular, the emergence of the “omics” technologies has revolutionized all areas of biology. In the industrial
arena, Escherichia coli, Saccharomyces cerevisiae, and insect cells continue to be the dominant production platforms of recombinant proteins. However, in the last few years plants
and animals have grown in importance as viable sources of more complex proteins.
This third edition of Recombinant Gene Expression is a lot more than just an update of
the previous edition. Although some of the authors that contributed in 2004 were also
invited to participate in this new project, this volume contains brand new protocols and
topics not covered before.
I am indebted to the experts in the field and their students and post-doctoral associates
whose talent and experience is reflected in the outstanding quality of the chapters here
included. I would like to thank Dr. Paulina Balbás, from whom I have learned a lot about
managing a project like this, and two members of my laboratory, Austin Slaven and
Gwendolyn Wilson who helped me edit the reference section of each chapter.
While organizing a book of such an extensive topic as gene expression, it was indispensable to pick and choose from the multitude of strategies, vectors, promoters, and so on, so
the coverage of topics is far from exhaustive. Some expression systems were omitted because
of size limitations and even within areas presented unavoidably; some research approaches
were unevenly treated.
The information provided in Recombinant Gene Expression, is organized in sections by
biological host: Bacteria, lower eukaryotes, fungi, plants and plant cells, and animals and
animal cells, presenting one or two authoritative reviews and several protocol chapters in
each section. Each chapter concludes with a section containing excellent notes where
authors offer their valuable expertise of scientists and their personal views of strategy planning, as well as a variety of approaches, and alternatives that will surely be useful and inspiring to you, the reader.
Jonesboro, AR, USA

Argelia Lorence
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Part I
General Aspects

Chapter 1
Using Folding Promoting Agents in Recombinant Protein
Production: A Review
Beatrix Fahnert
Abstract
Recombinant production has become an invaluable tool for supplying research and therapy with proteins
of interest. The target proteins are not in every case soluble and/or correctly folded. That is why different
production parameters such as host, cultivation conditions and co-expression of chaperones and foldases
are applied in order to yield functional recombinant protein. There has been a constant increase and
success in the use of folding promoting agents in recombinant protein production. Recent cases are
reviewed and discussed in this chapter. Any impact of such strategies cannot be predicted and has to be
analyzed and optimized for the corresponding target protein. The in vivo effects of the agents are at least
partially comparable to their in vitro mode of action and have been studied by means of modern systems
approaches and even in combination with folding/activity screening assays. Resulting data can be used
directly for experimental planning or can be fed into knowledge-based modelling. An overview of such
technologies is included in the chapter in order to facilitate a decision about the potential in vivo use of
folding promoting agents.
Key words: Recombinant protein, Expression, Folding promoting agents, Chemical chaperones,
Osmolytes, Solutes

1. Introduction
The first part of the chapter introduces the role and action of folding
promoting agents in cells in general and in recombinant protein
production in particular. The second part gives a detailed overview
of their use and discusses findings of modern systems approaches as
well as screening assays for protein folding/activity. Thus readers
new to the field will easily find some information about how to get
started. The experienced readers might appreciate the amount of
data to choose from, while assessing and planning new experiments,
and related suggestions to reduce trial and error.
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Over the last three decades recombinant protein production
has become a pre-requisite for both basic and applied research by
providing adequate amounts of the proteins for studying their
structure and function. Moreover, scaled-up facilities produce
recombinant vaccines, hormones, antibodies, growth factors, blood
components and enzymes. Yet many target proteins are not soluble
(every second recombinant protein on average when over-expressed
in Escherichia coli) and/or correctly folded in the first attempt, and
the strategies used to tackle this problem are contextually determined. We have protein structure centres and structural genomics
projects on one hand with high throughput (HT) needs and shot
gun approaches (e.g., “consensus” advice based on analyses of more
than 10,000 different proteins). On the other hand the development of bespoke production schemes is warranted for specific products,
crucial applications or profitable markets. Findings can be mutually
informative (1–4).
Various strategies including host, induction conditions, temperature, compartment, proteinaceous fusion partners, co-expression
of chaperones and foldases are embarked on in order to gain functional recombinant protein. As proteins vary physicochemically, a
successful outcome is difficult to predict and based on case-by-case
optimization. More comparative and interdisciplinary research has
led to a better understanding of the complex networked effects
on responsive elements in the hosts and the related impact on the
target protein (e.g., heat shock protein involvement in different
stress responses) (5–7). Applying the findings of systems biology,
protein folding screening assays, in vitro studies and knowledge-based
modelling will be invaluable for making recombinant protein production more predictable in the future.
Recently the use of fusion proteins to promote folding by adding
predictable features to a target protein has been very popular. Despite
constantly emerging fusion partners (some are screened for or
designed to have certain features) they are not a “magic bullet”
since they affect folding, have to be removed and do not cater well
for HT needs (8–10). Thus it is worth changing the folding environment in the cell directly or indirectly to prevent aggregation of
folding intermediates and to support them in reaching the stable
native conformation. Adding folding promoting agents during
cultivation has been successful in that respect.
Again the outcome of any such cultivation strategy is not predictable,
and access to information about protocols, the folding of the target
protein, the host cell and all interactions is crucial for a more informed
experimental planning. Substances and protocols instrumental in
in vitro refolding have been found worth testing in vivo with
prokaryotes (e.g., E. coli as recombinant host (11)) and eukaryotes
(e.g., animal cells in the context of diseases (12), yeast as recombinant host (13)). The outer membrane of E. coli is highly permeable
for molecules smaller than 600 Da (14). That is why agents added
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to the medium affect the prokaryotic periplasm more directly than
the cytoplasm. The pH of the periplasmic space varies in response
to the extra-cellular fluid (15). The gel-like consistency leads to
slower diffusion (16) and concentration gradients can be used. So
the periplasm can be seen as a test-tube of 50 nm width (about 30%
of the cell volume) (17). Diffusion of small molecules further into
the cytoplasm is possible and can be enhanced under osmotic stress,
leading to changes in molecular interactions (18). Small, charged
reagents can also passively enter the Endoplasmic Reticulum (ER)
of eukaryotic hosts, even at low temperature (19). The added solutes
can stabilize membranes under stress conditions, but can also lead
to loss of viability (e.g., ectoines fluidize lipids) after a period of
beneficially increased uptake (20–22).
Sufficient transporter expression (potentially over-expression)
needs to be allowed as well as binding of the agent within the periplasm
and/or further transport to avoid bottlenecks. Knowledge of regulatory processes is essential. External osmolality can be increased/
adjusted to, e.g., regulate the activity of the glycine betaine (GB)
carrier BetP of Corynebacterium glutamicum, which also responds
to the internal potassium concentration (23, 24). The ProP transporter can be activated within a minute (25). Bacillus subtilis has
five osmotically regulated transporters to allow uptake of various
compatible solutes (26). Substances entering the cell can accumulate to concentrations comparable to in vitro studies. Reduced glutathione (GSH) (27) can enter the periplasm, whereas sucrose
cannot (6). Glycerol can accumulate in the cell up to molar concentrations (28) and GB to 50 mM–1 M (29, 30). Not only does
this allow comparison with their in vitro modes of action, but additionally leads to beneficial cellular protein-protective stress responses,
such as the activation of molecular chaperones (28, 31) in case of
sucrose (32) or ethanol (33). Host strain engineering can be used to
further optimize the synergy, e.g., by over-production of endogenous trehalose to improve tolerance of E. coli to certain osmotic
stresses (34).
The more direct effect of the additives on the recombinant
protein and on the host proteins has to be seen in the physicochemical
context of protein folding. Every change in the thermodynamic
parameters of the environment of a protein potentially affects its
configuration. Inter- and intra-molecular interactions between
residues up to structural elements follow pathways leading to either
the correct or incorrect conformation. In vivo, cellular proteins
support nascent proteins in adopting their native state. Although
there are differences between the folding in the crowded cytosol of
a host cell and the optimized in vitro folding, the mechanisms seem
to be comparable (35). Thus the effects of low molecular weight
additives can be specified and will be discussed here.
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1.1. Effects of Media

Manipulating the recombinant protein production starts with the
culture medium. Either complex media or defined mineral salt
media can be used. Defined media enable high cell density
(HCD) cultivations, but the recombinant product yield is often
low. Growth on glycerol (36) or complex medium (37–39) can be
advantageous for solubility and folding of the recombinant product.
The benefit of complex media may be caused by an increased
expression of chaperones and foldases (40) or a change to osmotic
pressure (41). T4-phage deoxycytidylate deaminase can be accumulated in a soluble active form to at least 20% of the cellular
protein using a rich growth medium, whereas inclusion bodies
are found in less rich media (37). Another cause can be the misincorporation of certain amino acids during growth in minimal
media. Both the product quality and the folding can be affected,
possibly leading to aggregation. Muramatsu et al. reported incorporation of β-methylnorleucine instead of isoleucine in recombinant hirudin produced by E. coli in a medium not enriched with
amino acids (42). On the other hand the higher growth rates in
complex media can impair secretion (43) and can lead to aggregation
of the product (reviewed in ref. 44).

1.2. Effects of Alcohols

Alcohols are alkyl groups substituted with a hydroxyl group and
influence the folding equilibrium of the protein. Monohydric
alcohols mainly enhance the native structure and polyhydric alcohols
(see Subheading 1.4) favour it (45). The addition of ethanol to the
medium can be beneficial for the yield of functional product and
was reported to increase the amount of soluble, native DsbAproinsulin in E. coli about threefold (39).
Ethanol in the medium leads to changes in the lipid and fatty
acids composition of the cell membrane (46). Moreover, peptidoglycan assembly is inhibited due to weakened hydrophobic interactions (47) being the main effect on protein structure in addition to
hydrogen-bonding at low alcohol concentrations, thus causing a
twist in the peptide backbone (48) and favouring the role of the
peptide backbone over that of side chains (49). When using
predominantly organic solutions the folding promoting influence
can be dramatically increased by adding salts such as lithium chloride
or bromide and sodium acetate or perchlorate, because the solubility
of a charged species should be higher in the presence of another
charged or polar species in solution (50).
In vivo, the addition of alcohols (e.g., ethanol) leads to an
induction of heat shock proteins just like heat shock as such (51),
which is used in practice to increase the solubility of recombinant
proteins (52). As raising the cultivation temperature is not always
feasible, ethanol can be added instead, e.g., in case of E. coli (53–55).
The critical step for this is the interaction of the alcohols with
the cell’s lipophilic compounds (e.g., membranes, lipophilic core regions
of proteins) (33). Ethanol-stressed cells also show changes in the
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cellular fatty acid composition, which can be used in combination
to allow other additives to enter the cells (56). However, ethanol
at 10% can also impair translocation and lower the yield, if the
target needs to be secreted. Unfolded precursor of periplasmic
alkaline phosphatase remained in the cytoplasm of E. coli. Heat
shock response was induced accordingly (57).
This could be beneficial to promote folding with the help of
cytoplasmic chaperones, but then needs to be combined with a
suitable translocation system, e.g., Tat-targeted.
1.3. Effects
of Chemical
Chaperones

The effects of compatible (protective only against extremes of
temperature, dehydration, high salt; not affecting the biological
activity of proteins) solutes have to be discussed with respect to
their being osmoprotective towards the cells in the natural habitat.
Such solutes (amino acids and their derivatives, sugars, polyols,
quaternary amines and their sulphur analogues, sulphate esters,
N-acetylated diamino acids, peptides) are uncharged at a neutral
pH, highly water-soluble and can be accumulated to high amounts
in the cell due to uptake or synthesis. They are compatible with
macromolecular structure and function and do not interact with
substrates and cofactors, and support protein folding due to the
solvophobic effect (preferential exclusion from the protein surface
(e.g., the exposed peptide backbone in the unfolded state) followed
by preferential hydratation of the protein surface). Contrarily counteracting osmolytes reverse inactivation ⁄ destabilization by urea, inorganic ion inhibition and hydrostatic pressure and cause changes in
protein function (58–64).
Chemical chaperones protect both prokaryotic and eukaryoytic
cells (65) against environmental stresses and are therefore applicable
to different recombinant hosts. For example proline is accumulated
in bacteria and plants upon osmotic stress, whereas Saccharomyces
cerevisiae induces glycerol or trehalose synthesis (66). Plants accumulate organic osmolytes generally by increased synthesis (67).
Polyols, amino acids and their derivatives affect protein stability
and function, methylamines best support refolding and sugars
stabilize proteins, but not necessarily the functional conformation
(68, 69). Stabilizing osmolytes protect by reducing inactivation
rate constants, by increasing transition free energy changes and/or
by raising the midpoint of thermal denaturation as analyzed in vitro
for trehalose, dimethyl sulfoxide (DMSO), glycine and proline,
using guanidine-denatured yeast alcohol dehydrogenase as a model
(70, 71). The eventual folding state of the protein depends on the
sum of the osmolytes, the nature of other interacting macromolecules
and any ligands involved (72, 73). Osmolytes also directly affect
heat shock protein (e.g., Hsp90) conformation (74).
According to the compatibility hypothesis osmolytes are interchangeable but not in all respects due to some having unique roles
(e.g., polyols are antioxidants) (75). It is worth mixing different
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chemical chaperones, which can be successful at significantly lower
concentrations than if used separately. Trying a certain additive
in a new host can be considered, because the same one is often
protecting a range of cells in nature (76). Escherichia coli, streptomyces, corynebacteria, mycobacteria and yeast synthesize trehalose
in response to temperature, osmotic and oxidative stress (77).
1.4. Effects
of Osmoprotectants
and Osmotic Stress

Osmotic stress is exploited as a cultivation parameter in order to
optimize the import of folding promoting agents into the cells (30).
Exposing E. coli to 0.4 M NaCl causes within few minutes plasmolysis, respiration stop, cytoplasmic pH increase and up-regulation of GB
and proline uptake to occur (78). Exogenously supplied GB is amassed
up to 1 M then (29, 79). The cellular concentration of osmolytes
depends on the organism, osmolyte availability in the medium and
the type, severity and duration of the osmotic stress (28).
Due to water withdrawal, osmotic stress affects molecular crowding
and leads to trapping (decreased diffusion) of proteins and thus
accessibility of any interacting partners (chaperones, ligands, cofactors, redox agents), which highlights that the outcome of adding
certain combinations/ concentrations of folding promoting agents
at and for a certain time is diverse and cannot easily be predicted.
250 mM NaCl or 500 mM sorbitol decreased intracellular green
fluorescent protein (GFP) diffusion in E. coli tenfold (80). Compatible osmolytes prevent phase separation (81).
Generally all effects must be considered systemically and not in
isolation. The osmotic stress response also protects against oxidative and heat stresses. Adding 0.3 M NaCl is sufficient for maximal
induction of thermotolerance even though the conditions are not
hyperosmotic yet. Osmolytes (NaCl, KCl, proline or sucrose) affect
ion channels and transporters in a way to achieve osmotic balance,
and also contribute to cytoplasmic pH homeostasis in E. coli.
K+ can be substituted with NaCl, choline chloride, proline, or sucrose.
The uptake of inorganic ions (mainly K+) can compensate for osmolytes, but E. coli favours uptake of GB and proline over K+ as well
as synthesis of glutamate and trehalose (82–84). Van den Bogaart
et al. showed that 10 mM K+ ions, 1 mM GB and 1 mM proline
restore protein mobility in osmotically stressed cells (80).
GB is the most efficient osmoprotectant at reversing protein
aggregation, supporting correct folding, correcting folding of
mutant proteins and countering the impact of denaturants in vivo
and in vitro. It has been found to stabilize RNase-A over a broad
range of pH values, but destabilizes α-lactalbumin and lysozyme at
high and low pH (85, 86). So the effect cannot be predicted and
the interrelation of all cultivation parameters such as pH is important.
Escherichia coli can grow in media with pH 4.4–9.2 by means of
considerable metabolic shifts depending on the actual media components. Periplasmic redox modulators are also pH-dependent.
Thiol peroxidase is acid induced and the thiol:disulfide interchange
protein DsbA is base induced (87).
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The known synergy or interchangeability of agents can be
beneficial in a mix-and-match of corresponding compensating
parameters based on general host or process requirements.
The combination of osmoprotectants and osmotic stress is often
successfully applied in vivo. Using 0.5 M NaCl and 1 mM GB in a
recombinant over-expression resulted in a higher soluble yield for
six of nine targets (88).
Intracellular levels of DnaK are increased after addition of NaCl
(32). Potassium glutamate and GB can activate ClpB (89). Other
molecular chaperones are also activated in response to osmotic
stress (28, 31). Pre-osmoadaptation of E. coli allows for osmolytes
and heat shock proteins to prevent insoluble aggregates (28).
Unsurprisingly salt-induced accumulation of osmolytes to improve
yields of mis-folded recombinant proteins is also successfully used
in combination with co-expression of DnaK-DnaJ-GrpE, ClpB,
GroEL-GroES and IbpA/B. Yet similar high yields of target
protein are achieved if only BA is added, which makes membranes
more fluid and induces heat shock response and thus action of
endogenous chaperones. Sufficient time has to be given to allow
chaperone action. Fine-tuning the use of osmolyte addition, of
endogenous or co-expressed chaperones, caters for different target
proteins and process parameters (e.g., upscaling benzyl alcohol use
to 500 mL can be a problem and requires cultivation optimization)
(90). Even inhibitory osmotic stress conditions (NaCl and sorbitol)
can be used to create an appropriate periplasmic microenvironment
for the generation of high concentrations of correctly folded
recombinant proteins (immunotoxins in this case), since adding GB
also allows bacteria to grow (91). However, GB is only efficient up
to conditions of 1 Osm via being excluded from the biopolymer
surface. At higher osmolalities GB efficiency is decreased due to
the low content of cytoplasmic water (92). Halophile organisms
could be considered as hosts at higher osmolalities (93).
The additive effect allows sugar-methylamine mixtures to be
very successful in enhancing protein stability and function (68).
Using sorbitol/GB in rich medium did not only lead to absence of
inclusion bodies, but the active yield of a target was increased up
to 427-fold. In minimal medium the increase was 44-fold at least
partially due to the lower osmotic pressure compared to rich
medium (41). Again the effect of sorbitol/GB depends on amount
and nature of protein production inducing agent, host strain and
the target protein.
The yield of amorpha-4,11-diene synthase from Artemisia
annua was sevenfold in E. coli since the critical aggregation level of
the protein was not reached yet, whereas the yield of germacrene
synthase from Zingiber officinale was only 2.5-fold, implying that
lowering the rate of expression would be better to avoid critical
aggregation level than preventing aggregation by using chemical
chaperones (94).

10

B. Fahnert

The strategies can also be used with and optimized for other
host systems. Salt stress prior to induction was successful to achieve
higher scFv yields in Pichia pastoris (95), whereas salt supplementation impaired the secretion of an Fc fusion protein (96). In
Synechococcus spec. salt stress inhibits the repair of photo-damaged
photosystem II, but GB reversed this inhibition comparable to
supporting correct folding of mis-folded proteins (97). Synthesis
or uptake of ectoine and 5-hydroxyectoine is induced in streptomyces upon salt stress (98).
1.5. Effects
of Amino Acids

The effect of adding amino acids has been studied both in vitro and
in vivo and various modes of action were found. Twenty different
amino acids were added to E. coli cultures and analyzed when
producing periplasmic recombinant cytochrome b5.
Glycine and to a lesser extent histidine doubled the synthesis of
the protein and its release into the medium (99). Moreover, glycine
decreased the aggregation of ribonuclease-A (100). 1% Glycine
supplemented during mid-exponential growth phase increases the
yield of α-cyclodextrin glycosyltransferase in rich medium much
more than if added at the beginning of the culture, where it impairs
cell growth possibly due to increased membrane permeability
(101). However, Ca2+ can remedy cell growth inhibition and
increase the yield (102). The effect of glycine is not always beneficial and depends on the folding rate of the protein as well as on
the concentration ratios.
The same goes for proline. Less than 0.5 M glycine and 1 M
proline improved the in vitro refolding yields of creatine kinase,
but higher concentrations decreased the recovery. In contrast to
glycine, proline was able to inhibit aggregation of creatine kinase
(103–105). Precipitation of hen egg white lysozyme is prevented
in vitro by proline concentrations of more than 4.0 M due to an
ordered supra molecular assembly (106). In vivo, proline reduces
protein aggregation comparable to DnaK (107). Proline’s role in
osmoregulation needs to be considered when using it as a cultivation additive. At normal osmolarity proline is metabolized, but at
high osmolarity 1 mM proline supports growth of E. coli and even
better if combined with K+ (108). So if proline is used it needs to
be combined with salt. K+ and PO43− might be crucial for salt-induced
proline uptake (109). Proline synthesis is rather independent of the
availability of proline in enteric bacteria, not reaching high intracellular concentrations (0.05 mM). Elevated proline levels (90 mM)
can be achieved by genetically modifying the proline biosynthesis
pathway. Such strains could be used as hosts for recombinant protein
production (107). The optimal salt and proline combination can
be monitored in vivo in E. coli using an in-cell fluorescent-labelling
assay (see Subheading 2.2).
Proline solubilizes the native state of an aggregation-prone
model protein, but destabilizes its partially folded states and early

1

Using Folding Promoting Agents in Recombinant Protein…

11

aggregates. 300 mM NaCl is best combined with 20 mM proline
at the time of induction of recombinant production. Proline can
support almost full solubility (25, 110). In S. cerevisiae the uptake
of proline is induced by the addition of sorbitol or ethanol to the
medium (66).
Arginine is preferentially excluded from protein–protein
complexes, but not from the dissociated protein molecules. It acts
as an aggregation suppressor but not as a protein-stabilizer
(111–113). Due to this solubilising effect arginine increases the
yield of native product (e.g., pro-insulin fused to the C-terminus of
DsbA (39); native tissue-type plasminogen activator variant; scFV
(11)). Furthermore it prevents death of animal cell cultures producing
recombinant protein, or compensates the arginine consumption
needed for recombinant protein production (114). Combining
oxidized glutathione (GSSG) and L-arginine allows complete
refolding of scFv in vitro (115). Arginine analogues such as
L-argininamide enhance refolding yield due to their high positive
net charge (116).
The addition of amino acids to cultures for recombinant protein
production can both supplement limitations and directly affect the
target proteins.
1.6. Effects of Sugars

Sugar supplementation establishes osmotic stress conditions, thereby
indirectly affecting the recombinant protein. β-Lactamase aggregation is inhibited in E. coli by adding non-metabolizable sugars
(e.g., sucrose) to the culture, which drive the in vivo folding pathway analogous to the well-analyzed effect of sugars in vitro (117,
118). Sucrose inhibits an increase in protein surface area exposure
by affecting the hydrogen exchange rates of the amide protons
with intermediate rates (119). In vivo, some stress-related sigma32and sigmaE-dependent promoters are rapidly but transiently
induced 15 min after adding sucrose to E. coli cultures following
loss of turgor, which can be exploited during the production of
recombinant proteins (32).
The disaccharide trehalose has a high affinity for water molecules
and hence stabilizes partially unfolded protein molecules unspecifically (unrelated to any secondary structure motif) and inhibits
protein aggregation (77, 120). In vivo, trehalose enhances heat
shock protein mRNA levels in S. cerevisiae in response to stress
(121) and stabilizes the native state of proteins during heat shock
comparable to sucrose and maltose, and suppresses the aggregation of denatured proteins, maintaining them in a partially folded
state from which they can be activated by molecular chaperones.
Vice versa cold and heat shock activates trehalose synthesis in E. coli
(122). Endogenously synthesized trehalose is not necessarily
preventing protein aggregation in E. coli (25), but as an antioxidant it protects against free radicals produced by cells subjected to
environmental stress (83). Trehalose reduces aggregate formation
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also in mammalian cells (123). In vitro, trehalose protects membranes
in addition to proteins both in solution and in a dry environment
(13, 124). Thermo- as well as cryostability is increased by trehalose
(58).
Xylose was proven to significantly increase the rate of folding
and unfolding of staphylococcal nuclease. It stabilizes the folded
state of proteins through surface tension effects (125).
1.7. Effects of Polyols

Glycerol and sorbitol are the polyols used mostly in recombinant
protein production. The presence of glycerol in the culture medium
improved the yield of wild type and mutant forms of the human
recombinant phenylalanine hydroxylase and increased the specific
activity of the purified enzymes in vitro. Also mannitol protected
the enzyme from loss of activity (126, 127). The unfolded state of
the target protein is made unfavourable relative to the folded
state (65, 128). However, glycerol is not only an additive but also
a substrate. Thus a potential decrease of the concentration has to be
factored in. Glycerol is applicable to eukaryotic hosts (e.g., enhancing
the yield and posttranslational stability of human P-glycoprotein
expressed in yeast (129); restoring the mutant TP53-activated
factor 1 to the wild type conformation in human cell lines (130)).
Adding 1–5% (optimal at 5%; detrimental at 10%) glycerol to the
culture medium reduced the aggregation of a recombinant human
phenylalanine hydroxylase mutant with a hexa-histidine tag and
allowed recovery of activity by stabilizing the nascent protein in
E. coli. No change to the molecular chaperone expression was
observed (131). There is also a pharmaceutical interest: antigen
presentation is enhanced by glycerol (132). Even a mouse model
for determining maximum serum glycerol concentrations has been
established in order to test the in vivo efficacy of chemical chaperones for therapeutic use (133).
In vitro, polyols accelerate protein folding in general and disrupt
hydrogen-bridged water bridges due to their ability to compete
with water (134). Glycerol is also used as a cryo-protectant and for
stabilizing proteins in aqueous solution (135).
Soluble expression of the N gene of the Chandipura virus
could be achieved in E. coli by adding D-sorbitol. Without the
chemical chaperone large insoluble aggregates are formed both in
COS cells (derived from CV-1 cells, which are based on African
green monkey kidney cells, and that were transformed by an origin
of replication defective Simian Virus 40 mutant coding for wild
type large T antigen) and in bacteria. The aggregation was significantly reduced in vitro as well (136).
Furthermore, polyols can support soluble expression of an scFv
in E. coli when combined with over-expression of DsbABCD to
catalyze disulphide bridge formation. Adding 0.5 M sorbitol
to the culture medium allowed the best yield of correctly folded target.
0.5 M sucrose was much less effective, 4% NaCl was harmful to the
host and 100 mM GB did not support the production (137).

1

Using Folding Promoting Agents in Recombinant Protein…

13

1.8. Effects
of Trimethylamine
N-Oxide (TMAO)

TMAO can enhance protein folding and ligand binding, stabilizes
both hydrophobic and hydrophilic proteins, and counteracts perturbations by urea and inorganic ions due to modifying water–amide
interactions (58, 138). TMAO has an unfavourable interaction
with the peptide backbone (139). The outcome of using TMAO
depends on the protein and is not predictable. Trypsin activity is
significantly enhanced in presence of TMAO, whereas chymotrypsin
activity is not significantly changed (140). Activity of a recombinant
human phenylalanine hydroxylase mutant with a hexa-histidine tag
was recovered by adding 5 mM (detrimental at 50 mM) TMAO to
the culture medium for E. coli (131).
Given the therapeutic interest in TMAO, tests with eukaryotic
cell cultures were performed. Exposure of scrapie-infected mouse
neuroblastoma cells to TMAO (or glycerol and DMSO) reduced
the rate and extent of the formation of the pathogenic isoform of the
cellular prion protein. The chemical chaperone interfered with
the conversion of the α-helices into β-sheets in the newly synthesized
proteins (141). TMAO restored up to 50% of the wild type activity
in a deficient mitochondrial branched-chain α-ketoacid dehydrogenase complex, which causes maple syrup urine disease (142).

1.9. Effects
of Reducing and
Oxidizing Agents

Disulphide bridge isomerization is insufficient in the periplasm since
DsbA is highly oxidizing and the isomerases cannot correct bridging
sufficiently. Using a GSH/GSSG redox buffer in the medium
allows modified formation and breakage of disulphide bridges in
the periplasm of the bacterial host (143). Specific periplasmic redox
states can be established by varying the redox potential of the
medium. Thus comparable to already known in vitro effects (144),
the addition of redox components allows reshuffling of incorrectly
formed disulphide bridges in vivo in the periplasm. GSH can diffuse
through outer membrane porins into the periplasm (145). The
prokaryotic cytoplasm is not affected and the GSH and GSSG
ratio of 50 to 200:1 maintained (146). In redox mutants this ratio
is altered and hence (recombinant) protein folding by disulphide
bridge formation is influenced.
Wunderlich and Glockshuber (27) reported a fivefold increase
in correctly folded α-amylase/trypsin inhibitor from Ragi after
adding GSH/GSSG to the medium. This successful outcome was
even enhanced by co-expressing DsbA. This approach is confirmed
successfully by others (147). GSH and also other agents (acetamide,
ethylurea) added to the culture medium increased the yield of a
native tissue-type plasminogen activator variant and an scFv up to
10- and 37-fold, respectively (11). The concentration of those
supplements remained constant during cultivation until the ratio
of GSH/GSSG changed after 20 h. Effects of the tested substances
are comparable to those in vitro, and due to folding enhancing
activities rather than secondary osmolyte effects. Nevertheless
GSH/GSSG can also negatively affect the production of correctly
folded target proteins (39).
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An interesting alternative are diselenides such as selenocystamine,
which can cross the outer bacterial membrane and can catalyze
conversion of dithiols to disulphides in vivo, substituting for DsbA
at micromolar concentrations, whilst the structurally analogous
disulphides are only partially effective even at mM concentrations.
Diselenides are more electrophilic than disulphides and are therefore
also rapidly (re)oxidized to diselenides by atmospheric oxygen
(148, 149).Successful use of reducing or oxidizing agents to the
medium has also been reported for eukaryotic systems.
Oculopharyngeal muscular dystrophy is caused by the expansion
of an alanine stretch in the intranuclear poly(A)-binding protein 2,
leading to aggregations. The added chemical chaperone DMSO
reduced aggregation of this protein and thus cell death (12).
Oxidative folding catalysts are even designed. One example
was based on properties of protein disulphide isomerise (PDI) and
found to improve the yield of a model protein up to three times
compared to traditional in vitro protocols and to significantly
improve in vivo folding (150).
1.10. Effects
of Metal Ions

The addition of metal ions is beneficial due to their importance as
cofactors for both recombinant and host proteins. The cofactors can
specifically interact with the unfolded polypeptide. This is sometimes essential for the folding and thereby dramatically accelerates
formation of the functional protein (151). Cofactors stabilize the
native protein as well (152).
Cu2+ was reported to induce and enhance the formation of an
α-helix conformation (153). Moreover copper catalyzes periplasmic
disulphide bond formation under aerobic conditions, which needs
to be considered when using it as a culture supplement (154).
The amount of an active, shortened form of the alkaline phosphatase was increased by addition of magnesium to the medium
(155). Mg2+ ions increase the refolding yield of alkaline phosphatase
and in combination with cyclodextrin to almost full, whereas other
ions lead to low yields (156).
Zinc was not supportive in case of the alkaline phosphatase
mutant but can inhibit proteases in the periplasm (157), which
is also seen for calcium (38). The chaperone activity of TF is
Zn2+-dependent. Thus if TF is co-expressed, addition of Zn2+
could be beneficial (158). On the other hand eukaryotic PDI
forms a dimer incorporating Zn2+, which affects PDI activity in
the ER and therefore needs to be considered when deciding upon
additives (159).
The same goes for other proteins, where metal ions catalyze
oligomerization as a means of post-translational regulation. This
was discussed for the Ca2+-dependent control of lipoprotein lipase
dimerization (160). External free Ca2+ from the environment can
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be concentrated to reach millimolar levels in the periplasm, but cytosolic
free Ca2+ is controlled at micromolar range. So any supplementation
can only support periplasmic recombinant yield (161). Iron is a
major oxidative stress factor (87).
1.11. Effects
of Artificial
Chaperones

Positive effects of artificial chaperones on protein folding have
been found both in vitro and in vivo. Cycloamylose supported the
complete recovery of the enzymatic activity of chemically
denatured citrate synthase, carbonic anhydrase B and a reduced
form of lysozyme (162). The artificial chaperone system cetyltrimethylammonium bromide and β-cyclodextrin enhanced lysozyme
renaturation in vitro (163). Cyclodextrins can simulate chaperone
activity by controlling hydrophobic interactions (164) and are used
for recombinant veterinary growth hormone production and storage
(165). The combination of cetyltrimethylammonium bromide
with dextrin 10 can also refold denatured protein (166).
The synthetic dithiol Vectrase P [(+/−)-trans-1,2-bis(2-mercaptoacetamido) cyclohexane] was successfully used as a folding promoting
agent both in vivo and in vitro showing a partial isomerase-like
function (167, 168). The agent can enter the eukaryotic ER and the
prokaryotic periplasm. In vitro, Vectrase P catalyzed the activation
of denatured bovine ribonuclease A. This dithiol added (0.4–1.5 mM)
to the growth medium increased the heterologous secretion of
Schizosaccharomyces pombe acid phosphatase from S. cerevisiae
threefold (167), while 0.002–0.05 mM added at induction time
increased the formation of native pro-insulin in the E. coli periplasm
by about 60% (168).
New agents are continuously developed. In vitro, glucosylglycerol and glucosylglycerate stabilize enzymes partially better than
trehalose during heat treatment and freeze drying (169).

1.12. Effects
of Pharmacological
Chaperones

Pharmacological chaperones are of recently emerging interest as
folding promoting agents. They specifically support folding of a
certain target protein by non-covalent interactions and are often
ligands or antagonists of the target. Hence pharmacological chaperones are effective at lower concentrations than chemical chaperones and are not toxic (170, 171).
Given the potentially limited range of targets one such chaperone
can be used for in recombinant production, might make them useful
as bespoke solutions for profitable products and certain markets
only. However, pharmaceutical chaperones could be more broadly
used in combination with osmolytes (172).
RNAs are reported to enhance folding of their interacting
proteins in vitro and thus might be used as folding promoting agents
in a broader sense (173).
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2. Experimental
Approaches to
Promoting the
Folding of
Recombinant
Proteins
2.1. Overview

2.1.1. General Cultivation
Strategies

Many different protocols and variations thereof have been published
over time. Any review of the literature shows that every target protein is different and one cannot predict the effect of a certain approach.
More often than not one cannot even speculate. Therefore in the
majority of cases it is necessary to adapt an entire protocol to
the target protein. The procedure either has to be randomly tested
or is chosen according to a certain rationale (e.g., if some protein
parameters are known or there are in vitro findings). Methods for
screening the additive’s benefit have also been developed and
established (see Subheading 2.2).
The cultivation regime (environmental factors) ought to be planned
depending on the most likely conducive medium, temperature,
pH, osmolarity, timeline for additions and production. Those
parameters depend not only on target protein, host and intrinsic
factors such as codon usage, expression vector design and copy
number but also on the context and purpose of the production and
there are no empirical rules. Medium compounds, solubility, purity
and monitoring of additives have to be considered with respect to
the production scale (especially for HCD cultivation) and economic
aspects (4, 44, 174–176).
There are four main approaches:
1. Both pre-cultures and main culture with additives at inoculation
(41, 88, 94)
2. Pre-cultures without any additives, main culture with additives
at inoculation (177)
3. Pre-cultures without any additives, main culture with additives
after inoculation, induction of recombinant protein production
after a certain adaptation time (90, 137, 178)
4. Pre-cultures without any additives, main culture with additives
after inoculation, induction of recombinant protein production
without any adaptation time (25, 131, 179).
A scheme of successful cultivation regimes cited in this chapter
is depicted in Fig. 1. Overviews of used folding promoting agents
(Table 1) and combinations thereof (Table 2) with corresponding
concentrations might support the choice of strategy. The supplements
can be used in rich media (88, 91), minimal media (41) or both
(25, 79). The cultivation temperature has to be chosen according
to the protein’s aggregation tendency as well as economical growth
and production rates. Lower temperatures often promote solubility
due to slower protein production (8, 180). Thus the temperature
ought to be as low as possible. In order to find a compromise in
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Fig. 1. Overview of successful cultivation regimes cited in this chapter. Adapted from ref. 243.

some cases the temperature is lowered at certain points such as the
beginning of the second pre-culture (177) or at induction (41, 88).
Nevertheless it might be more favourable to not change the
temperature during the cultivation to avoid stressing the host cells
additionally. Chosen temperatures in the references cited in this
chapter are 20°C (88), 22°C (29, 168), 24°C (11, 177), 25°C
(41), 26°C (179) and 30°C (32, 181). Thomas and Baneyx found
30°C to be more beneficial than 25, 20, 15 or 37°C (181).
However, as in general lower cultivation temperatures favour solubility this is not a common standard.
2.1.2. Aspects
to Be Considered

Certain agents affect growth and viability of the host cells, which
has to be considered when planning cultivation schemes. More
than 0.4 M of L-arginine (39) as well as 1% glycine (99, 101) lead
to growth inhibition. Cytoplasmic water is a primary determinant
of the growth rate of osmotically stressed cells. The cytoplasmic
osmolality can be estimated by adding in vitro osmotic data of individual solutes and using a local bulk domain model for cytoplasmic
water (92). 1 M NaCl inhibits proline uptake in E. coli (109).
Depending on chain length and substitution, organic solvents
can cause cell lysis (46, 182). Trehalose might be difficult to
handle as a supplement, because it is mostly degraded in the periplasm
as a carbon source. Only endogenously synthesized trehalose in
response to a stressful environment has a recombinant protein
protective function (30, 77). It is known that trehalose is degraded
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Table 1
Overview of folding promoting agents with their corresponding
concentrations for successful in vivo approaches as stated
in the references cited in this chapter
Folding promoting agent

Concentration

Reference

Acetamide

1M

(11)

L-Arginine

0.4 M
1.6–4.2 g/L

(11, 39)
(114)

BA

10 mM

(90)

Dimethylsulfonioacetate

1 mM

(79)

Dimethylsulfoniopropionate

1 mM

(79)

Ectoine

0.5 mM
1 mM

(98)
(79)

Ethanol

3%

(181)

Ethylurea

0.6 M

(11)

Formamide

1M

(11)

Glycine betaine

1 mM
2.5 mM
5 mM
10 mM
20 mM

(79, 88, 94)
(41, 94, 230)
(90)
(91)
(25)

Glycerol

5%
10%
0.6–1.2 M

(131)
(129)
(130)

Glycine

1%

(99)

Glutathione

5 mM

(11, 177, 179)

Hydroxyectoine

0.5 mM
10 mM

(98)
(91)

Methylformamide

0.6 M

(11)

Methylurea

0.6 M

(11)

NaCl

4%
0.3 M
0.5 M
0.6 M

(91)
(25, 29, 110)
(79, 88, 90, 98)
(32)

(NH4)2FeIISO4

0.1 mM

(131)

Polyethylene glycol

0.464 M

(32)

Potassium glutamate

5 mM
0.5 M

(90)
(209)
(continued)
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Table 1
(continued)
Folding promoting agent

Concentration

Reference

Proline

1 mM
20 mM

(79)
(25, 110)

Raffinose

0.3–0.7 M

(179)

Sorbitol

6%
0.5 M
0.66 M
1M

(230)
(91, 137)
(94)
(41)

Sorbose

0.3–0.7 M

(179)

Sucrose

2%
0.9 M
0.464 M
0.5 M
0.3–0.7 M

(41)
(79)
(32)
(137)
(179)

TMAO

5 mM
1M

(131)
(142)

Vectrase P

0.4–1.5 mM
0.002–0.05 mM

(167)
(168)

Zinc

0.5 mM

(91)

in the cells when recovering from stress to not inhibit reactivation
of denatured proteins (13).
Thus additive concentrations need to be found in the range
between minimum effectiveness and inhibiting the cell. Adaptation
times are needed either for accumulation of the folding promoting
agent in the host or for inducing a protein protective physiological
response in the host. The heat shock response in E. coli peaks
within 5–20 min, then declines and normal cell conditions are
re-established within 2 h (183). Osmolytes can sustain heat shocklike conditions for longer. Sometimes adaptation is not necessary.
In case of ethanol supplementation at less than 3% in the medium
had no impact at all and more caused a growth inhibition. Ethanol
added at induction time or 30 min before was less effective
than added at inoculation of the main culture (181). 10% Ethanol
impaired translocation (57).
The ratio of reducing and oxidizing thiols needs to be appropriate.
Most efficient are 3–12 mM of one or various thiol reagents. Less
than 0.1 mM is ineffective and more than 20 mM decrease the
growth rate of the cells and the yield of the target protein. Both
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Table 2
Overview of combinations of folding promoting agents with their corresponding
concentrations for successful in vivo approaches as stated in the references cited
in this chapter
Combination of folding promoting agents

Reference

1

300 mM NaCl
20 mM Proline
20 mM GB

(25)

2

0.5 M NaCl or 0.5 M KCl, 0.9 M sucrose
1 mM GB or ectoine, proline, dimethylsulfonioacetate,
dimethylsulfoniopropionate

(79)

3

0.5 M NaCl
1 mM GB

(88)

4

0.5 M NaCl 5 mM GB
5 mM Potassium glutamate or 10 mM benzyl alcohol

(90)

5

4% NaCl
0.5 M Sorbitol
10 mM GB or hydroxyectoine

(91)

6

2.5 mM GB
660 mM Sorbitol

(94)

7

300 mM NaCl
20 mM Proline

(110)

8

0.1 mM (NH4)2FeIISO4
5% Glycerol or 5 mM TMAO

(131)

9

100 mM GB
0.5 M Sorbitol

(137)

10

Redox system of reducing and oxidizing thiols 5:1 to 10:1
GSH
Cystein
N-Acetylcystein
Cysteamin
β-Mercaptoethanol
0.3–0.7 M saccharides sorbose, sucrose, raffinose

(179)

11

6% Sorbitol
2.5 mM GB

(230)

the application of a single reducing thiol reagent and of combinations
of reducing and oxidizing additives (at ratio 5:1 to 10:1) can
improve the yield of correctly disulphide-bridged proteins (179).
Selenocystine is very toxic to E. coli though (148, 149).
Concentrations higher than 1 mM Vectrase P resulted in an adverse
effect on the target protein (168).

1
2.1.3. Strategies Using
Molecular Chaperones
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Molecular chaperones assist in folding of newly synthesized proteins,
prevent mis-folding and aggregation of proteins in the cells (reviewed
in ref. (184, 185)). They are frequently applied in recombinant
protein production (reviewed in ref. (186)). Here the expression
of chaperones in the host cells as part of the physiological response
to the addition of folding promoting agents is addressed briefly, as
well as the use of folding promoting agents in combination with
co-expressed chaperones. Proteins to be exported into the periplasm
to then be subjected to molecular chaperones there, must not
aggregate in the cytoplasm. As with all already discussed strategies,
the outcome of including chaperones is unpredictable (187).
Chaperone over-production needs to be regulated and must
not add to cellular stress (188). Cellular homeostasis requires a
balance of intracellular concentrations of molecular chaperones.
High concentrations of GrpE can inhibit DnaK-mediated refolding
(189). Down-regulation or selective redirection of heat shock
proteins could be better than over-expression or deletion, because
manipulating the cellular properties based on the component interaction is better than manipulating the component (190). Unsuitable
chaperone impairs not only host viability but also product stability
(191), because E. coli quality control promotes solubility instead
of conformational quality (192, 193). DnaK assists post- and cotranslational folding (194), whereas GroEL/ES provides little or
no co- or post-translational support (195). GroEL is the only
chaperone in E. coli required under all growth conditions tested
(196). However, only 85 host proteins actually require GroEL/ES
for folding and use most of the GroEL capacity (197). Nevertheless,
over-expression of GroEL/ ES enhances the thermotolerance of
E. coli and thereby to conditions similar to heat shock (198).
Target proteins will be folded incorrectly for different reasons
and thus require different chaperone activity for remedy (199).
GroEL (being promoting) and DnaK (being preventing) are
antagonistic in controlling inclusion body formation (200). DnaK
mediates the solubilization or disaggregation of proteins (186, 201).
Yet, over-expression of dnaK can lead to stabilization of inclusion
bodies (202, 203). GroEL supports disaggregation, and IbpA and
IbpB prevent aggregation (204, 205). Unsurprisingly increasing
the yield of soluble protein via over-expressing chaperones does
not always lead to correctly folded target (192, 206).
Given that the necessary molecular tools are widely (commercially and within the research community) available nowadays,
combinatorial approaches for comparative screening the chaperone
impact on the target protein can be used initially. The results can
also be fed into models for experimental planning. De Marco
provided a strategy where combinations of molecular chaperones
are co-expressed with the target. The ratio of the individual chaperones reflects their ratio in E. coli cells under stress conditions.
Then the system, which proved (most) successful, is scaled up.
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As part of the cultivation scheme chloramphenicol is added to
inhibit protein synthesis after sufficient target production to give
time for disaggregation of precipitates and for folding (207).
However, combining chemical and molecular chaperones adds
yet another level of complexity. Therefore the impact on the target
protein cannot be deduced based on just analyzing the effect of
molecular chaperones. Diamant et al. reported low physiological
concentrations of proline, glycerol and especially GB to activate
GroEL and DnaK. So the increased yield of native target protein
might be due to local protein refolding within the chaperone and
stabilization of the product (28). Osmolytes also impact on the
chaperone–substrate interaction. Release and reactivation of proteins
from the GroEL–target complex in the cell follows ATP binding,
but the addition of glycerol (and other polyols such as sucrose,
1,2-propanediol or 1,3-propanediol, but not GB, sarcosine or high
salt) had the same result even in the absence of the nucleotide. As
dextran or Ficoll failed to reactivate a GroEL-bound model protein, the effect cannot be attributed to viscosity or molecular
crowding. Thus glycerol may alter the chaperonin structure similar
to ATP (134). Too high osmolyte concentrations on the other hand
can be detrimental. Especially trehalose inhibits DnaK-dependent
chaperone networks since high viscosity affects dynamic chaperone–
substrate interactions and stabilizes protein aggregates. Different
osmolytes affect chaperones differently, but the protection mechanism against aggregation is similar for all analyzed osmolytes. The
nature of the osmolyte determines partitioning and commitment
of the unfolded species to the proper refolding or improper
mis-folding pathways. Furthermore the osmolyte’s viscosity and
protective effect (e.g., against heat, but not urea) are not always
correlated (28). In order to maximize potential benefits some
authors did additionally co-express certain molecular chaperones
such as DnaK and J (181). DnaJ plus additives caused a dramatic
increase in yield (11). The outcome might depend on the nature
of the target protein, given that osmoprotectants accumulated
in the cell lead to a low production of chaperones anyway. Thus
the protection of destabilized proteins is mainly ensured by osmoprotectants (79, 193).
2.1.4. Recommended
Basic Approach

As stated in Subheading 2.1.1 the cultivation regime depends on
and is informed by the requirements of the protein. Every parameter
has to be optimized. So far this has been mostly a time-consuming
linear approach in shaking flasks. Additionally previously optimized
parameters can require re-optimization later due to interrelations.
This is depicted as a recommended basic approach in Fig. 2 with
respect to medium, temperature, inducer, additives and timing.
Furthermore host strain, target proteolysis, codon usage and
involvement of molecular chaperones might have to be optimized
in the same manner. It is impossible to prioritize any part of
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Fig. 2. Recommended basic approach to a cultivation with additives: The phases of optimization
are interrelated and can require re-optimization. Adapted from ref. 243.

the optimization process, thus making it a sub-optimal successive
approximation. An alternative is the use of the powerful statistic
“design of experiment” approach. This methodology is implemented in modelling toolboxes. Even though it is a step forward,
the next demanding task is the efficient and reliable analysis of the
additive’s effect, which can be studied by means of modern systems
approaches and even in combination with folding/activity screening
assays. Resulting data can be used directly for experimental planning
or fed into knowledge-based modelling as an alternative to design
of experiment.
2.2. Screening
the Impact
of Additives
on the Folding
of Recombinant
Proteins

Finding an effective cultivation supplement, the appropriate concentration and adaptation conditions is in most cases a time-consuming
process. That is why faster approaches are invaluable. Both in vivo
and in vitro methods for screening the influences of osmolytes on
the folding of the target protein have been developed. One strategy
was published by Voziyan and co-workers. There the effects of a
broad array of folding promoting agents (e.g., osmolytes, detergents,
gradients of ionic strength and pH) can be conveniently analyzed
in vitro by using a stable complex of the chaperone GroEL and the
mis-folded target protein. As the target is stabilized, the impact of
osmolytes on promoting the folding reactions towards the native
conformation can be assessed. In some cases the initial aggregation
reaction can be accelerated depending on the protein and the
osmolyte and therefore leads to a negative readout. Using this
screening technology, superior folding conditions for a truncation
mutant of bacterial glutamine synthetase were rapidly identified:
glycerol and sucrose were found to successfully promote folding.
L-Proline or sarcosine supported folding of phosphoinositol
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transfer protein and sucrose was beneficial in case of mitochondrial malate dehydrogenase. (134, 208–210) The GroEL-folding
intermediates complexes can be immobilized on beads in multiwell
plates, which are then used in HT screening of large chemical
combinatorial libraries for specific ligands that prevent mis-folded
intermediates of the target. Hits are read as an increase in the
amount of soluble protein in solution. Identifying drugs against
protein folding diseases is a recent application in addition to biotechnology contexts (211).
Other in vitro screening methods also apply chaperones.
Stressed (mis-folded) protein is detected quickly by monitoring its
binding to an immobilized chaperone by means of surface plasmon
resonance. This sensor is actually used as an approach to detect
stress, but one could equally imagine the opposite, i.e., adapting the
screening to sense a reduction in stress upon exposure to folding
promoting agents (212). An alternative could be a multiwell plate
assay, where denatured firefly luciferase is treated with a mixture of
DnaK and small molecules. The measured luminescence equates to
refolded luciferase and thus the benefit of using the additive.
However, this system is more applicable to finding new potential
folding promoting agents to then try with the target of interest,
since one cannot assume that what works for luciferase also works
for the target (213).
Cell-free systems could be used for pre-screening or to pilot
the concentration range of agents. Both translation initiation and
elongation of globin mRNA were inhibited in a cell-free protein
synthesis by unusually high concentrations of inorganic ions, but
not by the compatible osmolytes GB and myo-inositol (214). Final
concentrations inside the cells will obviously be different then
depending on transport, but invaluable calibration curves of how
the concentration in the cell-free system relates to the concentration when used as a cultivation additive with the same effect on the
target protein, could be produced for further reference.
The data could be linked to known in vitro interaction of
chemical chaperones with model proteins, which have been measured
using various principles. Rösgen and colleagues gained protein
solvation information from experimental thermodynamic data using
Kirkwood–Buff theory. Kirkwood–Buff theory in combination
with the transfer model provides information on the folding
equilibrium of proteins in the presence of osmolytes. Hydration
and osmolation of a protein was thermodynamically assessed based
on measurements with model compounds (215, 216). Additionally
Tanford’s transfer model was used to predict equilibrium
properties of proteins at certain concentration of osmolytes based
on experiments (217). Experimentally derived static structure
factors without and with co-solvents and salts can be analyzed based
on the Derjaguin–Landau–Verwey–Overbeek potential (218).
M-values for osmolytes in the presence and absence of a second
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osmolyte are used to determine the effects of mixtures of organic
osmolytes on protein stability (219). All measurements and findings
could feed into knowledge-based models.
There are also in vitro screening methods based on cell componentfree systems. The conformational change of a mis-folded polypeptide upon exposure to a test agent is measured by detecting
the change in fluorescence intensity of the polypeptide in combination with a fluorescent compound. If the signal compares to the
one of the correctly folded protein, the tested agent had a beneficial effect. Analyzing changes in the nuclear magnetic resonance
spectrum or the circular dichroism as well as tracing the specific
binding of an antibody to the peptide are other means of assessing
the test agent (220).
If the target protein is a ligand its correct folding can also be
efficiently screened by detecting successful binding to its receptor.
Such a method was developed for recombinant human bone
morphogenetic protein 2 to monitor the outcome of recombinant
production strategies (193). The target is bound to a nitrocellulose
membrane and then incubated with biotinylated receptor (here:
ecto-domain of Alk3). Binding is detected colourimetrically. The
signal is specific since two of the receptor molecules can bind only
to native bone morphogenetic protein 2 dimer by contacting both
monomers (221, 222). In vitro screening is only of limited use
though, because the impact of additives does not merely depend
on the folding pathway. A transcriptomic analysis (223) of the host
(here: E. coli) response to 13 different cultivation strategies using
either a single folding promoting agent or combinations was
performed to complement the results of the in vitro assay of the
recombinant product conformation (193). The analysis showed
that producing the target fused to maltose binding protein without
any additives led to an increased protein-protective stress response
(increased expression of periplasmic factors and cytoplasmic groEL,
ES), which was not the case if sorbitol and GB were added to the
cultivation. This is in accordance with findings of Bourot et al. (79).
Meanwhile also other systems approaches were used to collect
data about the changes in the host during recombinant production
in an attempt to address (i.e., to correct detrimental states) them
subsequently or to exploit them (i.e., the beneficial states) when
developing cultivation strategies (224). The metabolic response to
salt stress in Streptomyces sp. involves an up-regulation of amino
acids and di- and tripeptides containing proline or glycine, which
can inform supplementation (225). Proteomic information from
stress response identified over-expressed molecular chaperones that
can be used as bespoke fusion partners or for co-expression (226).
In case of HCD cultivation recombinant production of antibodies in E. coli the proteome showed an increase in the stress
protein phage shock protein A, which can be co-produced to
improve soluble periplasmic yield (227). Transcriptomic analysis
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revealed that in dual stress conditions (heat shock and recombinant
protein production) the response of E. coli cells is not a simple
additive of the ones to individual stresses. Amino acid-tRNA genes
were elevated for the dual stress, which again might be a folding
supporting “side effect” also seen when using a cultivation parameter that contributes to triggering heat shock (228). Osmotically
stressed E. coli were analyzed using DNA arrays. Stationary phasespecific genes and genes responsible for the de novo synthesis of
GB and proline as well as for corresponding uptake (proU operon)
were increased as was the transcriptional level of universal stress
protein A (78).
Despite the groundbreaking benefits of combining in vitro
screening for alternative/beneficial concentrations of agents or
combinations, which could then be tried in vivo, direct in vivo
screening is a much more straightforward approach. Several technologies were developed and established recently. Kraft et al.
described in vivo monitoring of the formation of mis-folded
proteins and their aggregates in the E. coli cytoplasm. Host cells
are transformed with a plasmid encoding a luciferase reporter gene
under control of a tandem promoter based on sigma32-dependent
promoters ibpAB and fxsA. Not much light is produced in the
absence of mis-folded proteins, whereas the stress response to misfolded protein results in a significant signal, which can be detected
both online (flow through luminometer) or offline (plate reader).
The system is suitable for all scales from multiwell plate to bioreactor/
fermenter (229). A periplasmic variant is available based on the
sigma 24-regulated degP promoter. The on-line luciferase signal is
inversely proportional to functional recombinant protein and was
used to demonstrate the folding promoting activity of sorbitol and
GB to commence very rapidly, while Skp over-expression prevents stress for some time with a later onset (230).
An in-cell fluorescent labelling method for monitoring protein
stability and aggregation in vivo was developed by Ignatova et al.
A tetra-Cys motif is inserted in a protein of interest or a model
protein to allow binding of a fluorescein-based dye. Unfolding of
the model protein leads to enhanced fluorescence. Hence direct
and real time observation of protein production and aggregation
in bacterial cells is possible, allowing for monitoring the effect
of folding promoting agents. However, inserting the motif causes
disruption of the target (potentially leading to inconclusive findings)
and the method requires lysozyme treatment, which is not feasible
for production conditions. Yet it is a very useful tool for screening
and experimental planning (25, 231, 232). The same goes for a
reporter-based monitoring system for protein folding in the E. coli
periplasm described by Mansell et al. An N-terminal signal peptide
is fused to a target protein, which in turn is N-terminally fused to
β-lactamase. This model can be applied to general screening for
periplasmic factors that support protein folding rather than to find
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a solution for a certain target protein due to the unknown impact
of the fusion (233).
All discussed in vivo and in vitro screening approaches in combination with analyzing the host responses are invaluable tools for
using folding promoting agents in recombinant protein production.

3. Concluding
remarks
It is well worth to optimize the production conditions for recombinant
proteins and depending on the eventual use of the target, more or
less effort, time and resources can be afforded. Initially substances
and protocols proven instrumental in both in vitro refolding and
in vivo approaches ought to be considered within the constraints
of the production scale (laboratory, pilot, industry). This chapter
was intended to guide through the plethora of recent applications
of folding promoting agents in recombinant protein production
in support of finding or choosing a suitable one since despite the
many successful strategies some do not show any effect or are even
disadvantageous.
Traditional shaking flask trial and error experiments only allow
a linear optimization without considering interrelations directly.
A multidimensional DOE procedure would be more efficient.
Combining the cultivation strategies with systems approaches for
analyzing the host response and with protein folding assays to
screen for the impact on the target, and making the data available
for knowledge-based modelling is trend setting and crucial, and
will be characteristic of future strategic concepts. Any good modelling
requires the combination of large amounts of data covering the target
protein, the host, the folding promoting agents and any interactions.
Moreover, suitable search criteria need to be used when applying
the models to predict a feasible cultivation process.
It can be anticipated that eventually there will be repositories
and searchable databases in support of such concerted schemes.
Access might be free or limited to certain clients. Comparable developments were seen for in vitro refolding protocols. The REFOLD
database (http://refold.med.monash.edu.au) allows browsing of
hundreds of methods of refolding and purification of recombinant
proteins and even includes molecular chaperone-assisted strategies
(234–236).
Additionally HT technology including automation and miniaturization will contribute to more economic strategies. Recombinant
protein expression and purification have already been subjected to
HT approaches (237, 238). Identified successful folding promoting
agents can be subsequently used in in vitro or in vivo screenings
and in vivo optimizations. As an intermediate stage one might also
use supplemented in vitro translation methods (239–242), which
are even suitable for large-scale protein analysis (240, 241).
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Chapter 2
Routine Identity Confirmation of Recombinant Proteins
by MALDI-TOF Mass Spectrometry
Brett J. Savary and Prasanna Vasu
Abstract
Peptide mass fingerprinting (PMF) by matrix-assisted laser-desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) provides a simple and direct means to unequivocally confirm identity of
recombinant proteins based on predicted peptide profiles. Many universities or research institutions now
carry mass spectrometry instrumentation as part of their core bioanalytical facilities or provide public
service to outside investigators. This chapter provides methods we have used to generate routinely high
quality samples for MALDI-TOF MS analysis. Following resolution of protein preparations by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), we easily process sets of 12 samples
manually for MS analysis. Target bands are alkylated and digested in-gel with trypsin, followed by extraction
of peptides and desalting with a C18 adsorbent resin (e.g., a “ZipTips”). Acquisition of PMF data on
MALDI-TOF mass spectrometers is fast, and with on-site instrumentation, the entire process can be completed
within 2 days.
Key words: Peptide mass fingerprint, Protein identification, MALDI-TOF MS, Trypsin digestion,
SDS-PAGE

1. Introduction
Preparation of a recombinant protein generally involves separating
the protein of interest from the bulk of host cell proteins, purification
by means of sequential chromatography (typically at least three steps),
followed by biochemical and structural analysis. If the recombinant
protein is a fusion protein containing an affinity tag such as a
C-terminal poly-His sequence, it may be directly purified by one-step
metal chelation affinity chromatography to get milligram quantities
of pure proteins. The purity of the recombinant protein is usually
evaluated by SDS-PAGE, which also provides critical information
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for structural analysis and identification (1). The identity of putative
recombinant protein band(s) may be confirmed by electroblotting
to a suitable membrane, then probing by immunodetection (2) or
by N-terminal amino acid sequence analysis (3). Immunodetection
requires a suitably selective antiserum be available for the target
protein. Matching the N-terminal amino acid sequence requires
the N-terminal amine not be chemically modified, which blocks
the Edman sequencing chemistry and results in no sequence information. In cases like this, more complex processing of samples is
required to obtain internal peptide sequences for matching (4).
This can take considerable time and expense. With the proliferation
of high resolution biomolecule mass spectrometers over the past
10 years or so, a relatively simple and direct means for identifying
proteins is available. This is based on the highly reproducible digestion
of proteins with trypsin and acquiring highly accurate mass spectra
of peptides (5), a process termed as peptide mass fingerprinting
(PMF) (6). PMF by matrix-assisted laser-desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) provides direct
structural identification by matching highly accurate masses determined
from peptide ions predicted peptide profiles determined from the
known amino acid sequence. Mass spectrometry is now the method
of choice for direct and unequivocal identification of a protein and
it can readily distinguish between closely related isoforms (7).
Universities and research institutions now commonly carry a
MALDI-TOF MS instrument as part of proteomic or core analytical facilities. Many also provide public service to outside investigators for routine protein identification (e.g., see Association
of Biomolecular Resource Facilities, http://www.abrf.org/index.
cfm/dir.yp). Commercial bioanalytical service companies can also
be readily located via an internet search. MALDI-TOF mass
spectrometers are highly accurate (10–50 ppm) with resolution
(FWHM, full width half maximum) better than 12,000 in reflectron mode with sensitivity for detecting sub-femtomole levels of
peptides. Owing to this high sensitivity, it is critical that high quality
(clean) samples be prepared to enable ready detection and matching
of protein-specific peptides – i.e., samples must be free of exogenously
introduced proteins. Particularly, contaminating peptides from
proteins such as keratins (from skin) introduced by direct contact
or dust particles, or from microbial contamination in old buffer
solutions, can overwhelm the MS spectrum, obscuring the peptides
from the target protein.
This chapter describes procedures we have used routinely to
generate high quality samples for MALDI-TOF MS identification
of recombinant proteins (see Chapter 21). Trichloroacetic acid
(TCA) precipitation of soluble protein in extracts (e.g., from
plant tissues, yeast cells, or culture media) is used to remove salts
and other interfering substances prior to separation by SDS-PAGE.
Sample loading on PAGE is calibrated to provide ca. 1 μg of a target
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protein resolved as a gel band. Individual bands are excised from a
PAGE gel and then transferred to a microcentrifuge tube for alkylation, digestion with trypsin, and recovery of the resultant peptides.
Extracted peptides may be immediately desalted and spotted with
matrix solution onto target plates for immediate on-site MALDITOF MS analysis, or the extracted peptides may be stored in dry
form until sending to a bioanalytical facility for final processing and
analysis. We routinely process (manually) up to 12 protein samples
at a time from a standard SDS-PAGE gel, and the sample processing
and analysis can be completed in 2 days with a local instrument.
The chapter concludes with a description for using PMF data to
confirm identification of a protein.

2. Materials
2.1. General
Considerations

2.2. General

Minimally detectable protein bands (at least 0.1 μg) taken from
SDS-PAGE gels stained with (any) Coomassie Blue stain generally
provide good yields for strong peptide ion signals by MALDI-TOF
MS. We describe here our use of Invitrogen’s NuPAGE gels with
Bis-Tris buffer system, but any manufacturer’s system for SDS-PAGE
(or original Laemmli buffer system) can perform equally well.
Similarly, proteins spots from two-dimensional PAGE gels can be used.
What is critical for MS identification is to use ultraclean water in
preparing solutions, prevent inadvertent dust or protein contamination, or to introduce chemicals that suppress peptide ionization
(detergents, non-volatile buffers, plasticizers, salts) (see Note 1).
1. 0.15% Sodium deoxycholate: 10 mL working solution.
2. 75% TCA: 10 mL working solution from 100% reagent; (e.g.,
Sigma-Aldrich).
3. Acetone: pre-chilled at −20°C.
4. SpeedVac® or similar vacuum concentrator.
5. Sonication bath (optimal, but not essential).
6. Water bath (temperature at 70°C or 37°C).
7. NuPAGE Novex BisTris gel: 12% monomer (Invitrogen).
8. 4× NuPAGE LDS sample loading buffer (Invitrogen).
9. 10× Reducing agent (Invitrogen).
10. Antioxidant (Invitrogen).
11. 20× NuPAGE MOPS-SDS running buffer (Invitrogen).
12. XCell Surelock mini electrophoresis cell (Invitrogen).
13. Gel loading tips.
14. Electrophoresis power pack.
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15. Coomassie-Blue G-250 stain: a pre-mixed colloidal dye solution
such as SimplyBlue™SafeStain (Invitrogen).
16. Acetonitrile (ACN), LC grade or better.
17. 50% ACN with 0.1% trifluoracetic acid (TFA): 100 mL ACN,
0.2 mL TFA, and 99.8 mL water.
18. 0.1% TFA: 0.1 mL TFA and 99.9 mL water.
19. 1 M ammonium bicarbonate (NH4HCO3) stock: 0.7906 g
NH4HCO3 dissolved in 10 mL, pH 7.8.
20. 100 mM NH4HCO3 in 50% ACN: 1.0 mL 1 M stock, 5 mL
ACN, and 4 mL water.
21. 40 mM NH4HCO3 in 10% ACN: 0.40 mL 1 M stock, 1 mL
ACN, and 8.6 mL water.
22. 5% TFA in 50% ACN: 0.50 mL TFA, 5 mL ACN, and 4.5 mL
water.
23. Trypsin Gold (Promega) or other mass spectrometry grade
TCKP-treated trypsin.
24. 50 mM acetic acid: 0.0287 mL glacial acetic acid into 9.97 mL
water.
25. 10 mM dithiothreitol (DTT) in 25 mM NH4HCO3:
15.4 mg/10 mL, prepared ahead and stored frozen in 0.5 mL
aliquots.
26. 25 mM NH4HCO3: 19.8 mg NH4HCO3 in 10 mL water.
Important: always make up fresh.
27. 30 mM iodoacetamide (IAA) in 25 mM NH4HCO3: 11.1 mg
in 2.0 mL (always prepare fresh).
28. C18 ZipTips (Millipore, ZTC18S096).
29. Stainless steel MALDI target plate (matches local instrument).
2.3. Gel Electrophoresis Buffer
Preparation

1. 1× NuPAGE® SDS Running Buffer: prepare 800 mL by adding
40 mL of 20× MOPS NuPAGE® SDS Running Buffer to
760 mL of deionized water (dH2O). Mix thoroughly and set
aside 600 mL of this solution for use in the lower (outer) buffer
chamber of the XCell SureLock Mini-Cell.
2. Immediately, prior to electrophoresis, mix 500 μL of NuPAGE®
Antioxidant into the remaining 200 mL of 1× Running
Buffer for use in the upper (inner) buffer chamber of the XCell
SureLock Mini-Cell.

2.4. Matrix
and Calibration
Standards Preparation
for MALDI-TOF MS
Analysis

1. CHCA (matrix) solution: dissolve 10 mg of recrystallized
α-cyano-4-hydroxy-cinnamic acid (CHCA, Sigma Aldrich)
into 1 mL of solution containing 49.5% ethanol, 49.5% ACN,
and 1% aqueous 0.1% TFA. Prepare and use as freshly made
solution.
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2. Sodiated PEG (polyethylene glycol) for instrument mass
calibration standards: Prepare 10 mg/mL stock solutions for
each PEG in 50% ACN, then for final working solution, mix
1 μL PEG 1000, 2 μL PEG 2000, and 6 μL PEG 3000 with
9 μL of CHCA solution, then add 3 μL of 2 mg/mL of sodium
iodide.
3. Adrenocorticotropic hormone (ACTH; 18–39 clip, 2,465.
1989 Da, Sigma-Aldrich) for instrument resolution and sensitivity testing: Mix 1 μ L 1 mg/mL ACTH with 39.5 μ L
of 0.1% TFA to give 10 pmol/μL. Mix 1 μL of 10 pmol/μL
solution with 9 μL of 0.1% TFA to give 1 pmol/μL. Mix 1:1
with CHCA solution to give 500 fmol/μL.
4. GluFib peptide B (GFPB; 1,570.6774 Da, Sigma-Aldrich) for
instrument lock mass: Mix 1 μL of 1 mg/mL GFPB with 62.7 μL
of 0.1% TFA to give 10 pmol/μL. Mix 1 μL of 10 pmol/μL
solution with 9 μL of 0.1% TFA to give 1 pmol/μL. Mix 1:1
with CHCA solution to give 500 fmol/μL.

3. Methods
Protein samples are initially prepared for SDS-PAGE by TCA precipitation in the presence of sodium dioxycholate (see Subheading 3.1).
This step is used to stabilize and concentrate proteins in samples
extracted from cells and tissues. Recombinant enzymes secreted
into culture media, as described in Chapter 21 of this book, were
prepared and analyzed by the methods provided here. Your target
protein(s) is assumed to be expressed in a soluble form and in
sufficient yield that it is readily observable by SDS-PAGE (see
Note 2). If SDS-PAGE methods (Subheading 3.2) are routinely
used in your laboratory, and your protein of interest is observable
as a band on a Commassie Blue stained gel, then, proceed to
Subheading 3.3 for trypsin digestion. The dried peptides recovered from the trypsin digestion can be submitted directly to a
MALDI-TOF MS facility, or if you have access to a local instrument, Subheading 3.4 describes sample clean up. The process for
sample preparation is summarized in Fig. 1. Subheading 3.5 introduces use of the Mascot search engine with PMF data acquired
from your samples to established protein identity.
3.1. Trichloroacetic
Acid Precipitation
of Protein Samples (8)

1. Pipet a volume from samples determined to contain 10–100 μg
of total protein into a 0.5-mL microcentrifuge tube and add
water or extraction buffer to provide a final volume of 100 μL
(see Note 3).
2. Add 10 μL of 0.15% sodium deoxycholate, mix well, and place
on ice for 10 min.
3. Add 10 μL of 75% TCA, mix well, and place on ice for 20 min.
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Fig. 1. Sample preparation for MALDI-TOF MS analysis. The selected protein band (indicated
by small arrow) is excised from the SDS-PAGE gel (a) and transferred to a microcentrifuge
tube to be destained and digested with trypsin. The digested fragments (b) are desalted
using a ZipTip (c) and are directly eluted into the CHCA matrix solution, which is then spotted
onto the target plate. (d) Lanes in the SDS-PAGE gel are molecular weight markers
and two recombinant xylanolytic enzymes (β-xylanase C, AN1818.2; and β-xylosidase,
AN2359.2; which are described in Chapter 21).

4. Centrifuge in a microcentrifuge at ca. 17,000 × g for 10 min
and immediately decant or siphon off the supernatant (carefully draw from the side opposite of the pellet). The pellet will
appear as a slight white residue along the outer side of the
microcentrifuge tube.
5. Wash pellet with 0.25 mL of cold acetone. Incubate at −20°C
for 20 min (see Note 4).
6. Centrifuge again for 10 min and aspirate acetone from the
pellet. Apply vacuum in a SpeedVac briefly to remove traces of
solvent, but do not dry excessively. At this stage, you can cap
and store samples at −20°C until ready to run electrophoresis.
7. Dissolve the dried pellet in 50 μL of 1× LDS sample loading
buffer using vigorous vortexing or sonication – the buffer solution should be blue in color (see Note 5).
8. Heat samples at 70°C for 10 min, then place on ice. Centrifuge
again before loading on to an electrophoresis gel.

2

3.2. SDS-PAGE
for Separating
Proteins (9)
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1. Prepare precast BisTris page gel and assemble electrophoresis
cell (see Note 6).
2. Fill fully the upper (inner) buffer chamber with 1× running
buffer containing antioxidant. Confirm there is a good seal – no
immediate leakage is observed from the chamber.
3. Fill the lower (outer) buffer chamber with 600 mL of 1× running buffer.
4. Using a pipet with gel loading tips, load protein samples,
control proteins, and molecular mass markers (see Note 7).
5. Run power with 200 V constant for 55 min.
6. Rinse the gel three times for 5 min each with 100 mL of dH2O
(discard each rinse). Be sure gloves are on and rinsed before
handling gel!
7. Stain the gel with ca. 25 mL with Coomassie Brilliant Blue for
up to 1 h at room temperature (RT) with gentle mixing.
8. Discard the staining solution, rinse the gel briefly in dH2O and
then continue destaining for 1 h with gentle mixing. Repeat with
a second 100 mL volume to further clear gel background.
9. Transfer gel to a Zip-lock bag and obtain a gel image, such as
by flatbed scanner (600 dpi) (Fig. 1). Gel can be stored in
temporarily at 4°C (1 or 2 days) before further processing by
trypsin digestion in the next section.

3.3. In Gel Trypsin
Digestion of Protein
Samples (10)

1. Place the gel on a clean glass cutting surface. Cut out the target
protein bands using a new razor blade. Transfer the gel slices
(see Note 8) to a prewashed 0.5-mL microcentrifuge tubes (see
Note 9).
2. Destain gel pieces by adding 200 μL of 100 mM NH4HCO3 in
50% ACN, shake well, cap the tubes, and incubate at 37°C for
45 min. Spin down briefly; then pipet off (or use vacuum
siphon) supernatant and discard. Repeat this step once.
3. Add 100 μL of 10 mM DTT in 25 mM NH4HCO3 at 37°C for
30 min to reduce proteins in gel pieces. Remove the supernatant.
4. Add 100 μL of 30 mM IAA in 25 mM NH4HCO3 and incubate
in the dark at 37°C for 30 min to alkylate cysteine residues.
Remove the supernatant.
5. Add 200 μL of 25 mM NH4HCO3 for 15 min at RT with
occasional mixing to wash gel pieces. Spin down the gel slices
and discard the supernatant. Repeat this twice.
6. Add 100 μL of 100% ACN for 10 min at RT to dehydrate gel
pieces. The gel pieces will shrink and become “whitish.” Briefly
spin down and remove the solvent, then dry gel pieces in the
SpeedVac (for 10–15 min – no heat). Samples can be stored
temporarily in this dried form (longer term storage with desiccant
in the freezer).
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7. Add 25 μL of trypsin working solution (or about 1.5× the
original gel slice volume) to each tube, cap tightly, and incubate
for 1 h at RT (see Note 10). The slices will rehydrate during
this time period promoting trypsin diffusion into the gel slice.
If the gel slices appear white or opaque after 1 h, add an additional 10 μL of trypsin working solution and further incubate
30 min.
8. Remove excess trypsin solution that is not absorbed into the
gel piece, then add 50 μL of 40 mM NH4HCO3 in 10% ACN.
Cap the tubes tightly and incubate overnight at 37°C.
9. The next day, add 150 μL of ultrapure water to the gel slice
containing tryptic digests and incubate for 15 min with frequent
vortex mixing (use sonication bath, if available). Spin down
briefly and transfer the supernatant containing the extracted
peptides to a new pre-washed and labeled microcentrifuge tube.
10. Add 50 μL of 5% TFA in 50% ACN to the gel pieces and incubate at 37°C for 30 min (vortex or sonicate intermittently) to
further extract peptide products. Spin down the gel slices and
pool with the supernatant from step 9. Repeat this step once.
11. Dry the pooled supernatants in the SpeedVac. Do not use heat.
Samples can be stored in this dry form until ready for desalting
and MS data acquisition (see Note 11).
3.4. C18 ZipTip
Treatment of Samples
and Spotting on the
MALDI Target Plate
(see Note 12)

1. Reconstitute dried peptide samples by adding 10 μL of 0.1%
TFA – vortex or sonicate to dissolve. Briefly centrifuge to bring
fluid to bottom of the tubes and set aside.
2. Place ca. 1.0 mL each of 100% ACN, 50% ACN containing
0.1% TFA, and 0.1% TFA into cleaned microcentrifuge tubes.
These are working solutions for ZipTip activation.
3. Prepare a C18 ZipTip by pipetting in 10 μL of 100% ACN and
expelling it to waste, three times, then repeating with three
times with 10 μL of 50% ACN containing 0.1% TFA, then
finally treating three times with 10 μL of 0.1% TFA. Do not
draw air into the resin bed between volumes.
4. Bind the peptides to the ZipTip resin by pipetting in and out
the 10 μL peptide sample five times.
5. Wash the ZipTip by pipetting in 10 μL of fresh 0.1% TFA and
discharging the solution to waste. Repeat this at least three
times.
6. Elute peptides by pipetting in 10 μL of freshly prepared CHCA
solution, then expelling into a pre-washed and labeled microcentrifuge tube. Re-pipet the sample volume in and out three
cycles, being careful to not introduce air into the resin packing.
Expel the last volume of solvent from the tip by raising the tip
just above the solution in the tube and pushing out with air.
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7. Pipet 1 μL of each target protein sample and control standards
(gel blank and BSA or ADH digestions) onto wells of a MALDI
target plate (see Note 13). Make sure you record on a log sheet
the well positions of all samples and standards.
8. Pipet 1 μL each of a resolution check standard working solution
(e.g., ACTH) and calibration standard working solution
(e.g., sodiated PEG) onto wells of the target plate and finally
1 μL of GFPB solution onto calibration (a.k.a. lock mass) wells
of the target plate.
9. Place target plate in a covered desiccator for 20 min at RT. Do
not warm the plate during solvent evaporation. The MALDI target
plate is now spotted and ready for loading into the MALDITOF MS instrument for data acquisition (see Note 14).
3.5. Identification
of Recombinant
Proteins with Mascot
(see Note 15)

1. Go to http://www.matrixscience.com to open Mascot search
engine. Click on Peptide Mass Fingerprinting to open the program for information entry (see Note 16).
2. Enter the all necessary information and search parameters.
Provide Name, Email, and Search Title. Select: Database(s)
(SwissProt and/or NCBInr), Enzyme (Trypsin), and Allow up to
(1) missed cleavages. For Taxonomy, select appropriate classification to limit the taxonomic search to related groups, e.g.,
(Viridiplantae) for all green plants. For Fixed modifications,
select (carbamidomethyl) for alkylated cysteine residues and
for Variable modification, select (Oxidation – M) for variable
oxidation of methionine residues. The field Protein mass is left
blank and set Peptide tol. ± to (50 ppm), and finally select for
Mass values (M + H+) and Monoisotopic ions.
3. Select Browse to activate window to select file path to the saved
MS data file, launch by activating Start Search button.
4. Your search result will be displayed with a histogram indicating
best “hits” (protein scores with significance p < 0.05) (Fig. 2b).
5. If your protein is not indicated in the Protein Summary Report,
manually inspect the MS spectrum using the list of peptide ions
generated by in silico trypsin digestion of your recombinant
protein (see Note 16).

4. Notes
1. Use powder-free nitrile gloves (rinsed with dH2O) at all times
for handling gels, tips, vials, etc. Use “low-protein-binding”
polypropylene tubes that are cleaned of plasticizers, as well as new
vials, disposable plasticware, and new razor blades. We recommend using high quality bottled water, such as a Spectro- or

Fig. 2. The MALDI-TOF mass spectrum (“peptide mass fingerprint”) (a) from a trypsin digest of Aspergillus nidulans
β-xylosidase, AN2359.2 (see Chapter 21). The inserted histogram (b) shows results from a protein database search with
the MS spectrum peak list data using Mascot. The top score (209) matches the correct A. nidulans accession. Theoretical
peptide ion list from the protein sequence (c) (range for 750–3,500 m/z) is used for direct manual inspection of MS data.
Peptides observed in the spectrum are indicated. Sequence of coverage is commonly 30–60%.
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LC-grade water for preparing MS reagent solutions. Laboratory
water deionization systems (e.g., Nanopure or MilliQ) that
are regularly sanitized may provide suitable in place of bottle
ultrapure water. Always use fresh solutions, including electrophoresis solutions and reagent buffers. Minimize introduction
of dust by storing materials in sealed dust-free containers.
If available, use a laminar-flow transfer hood during all steps
for processing samples following the electrophoresis stage.
Clean staining containers and all other equipment that
comes into contact with the gel or gel slices with laboratory detergent (e.g., Alconox), rinse thoroughly with dH2O, and finally
wipe with alcohol or 50% aqueous acetonitrile immediately
prior to use.
2. In depth discussion and details for extraction, solubilization,
and quantification of protein preparations are readily found in
manuals and reviews (11–13). For concentration of dilute proteins
(such as from culture medium), microcentrifuge ultrafiltration
devices can also be used (e.g., Millipore Microcon-3).
3. Approximate protein determination is needed to calibrate
sample protein loadings on SDS-PAGE gels. We use Coomassie
Brilliant Blue G-250 dye (“Bradford’s reagent”) for routine
protein determination. Prepared solutions are available from
vendors such as Pierce Chemical or Bio-Rad.
4. If a large amount of protein is precipitated resulting in a thick
pellet, vigorously vortex or sonicate it to break it up, then
incubate at −20°C, centrifuge, and repeat pellet washing with
cold acetone.
5. A greenish-yellow sample indicates presence of residual TCA.
This may be corrected with 1 μL aliquots of 1 M Tris solution.
If the sample does not then readily turn blue, you should repeat
the precipitation step by adding 4 volumes of cold acetone,
incubate, and centrifuge as before.
6. The assembly of electrophoresis cells and running gels are taken
from the Invitrogen instruction guide (9). Be sure to rinse out
the samples wells in the BisTris precast gel with 1× NuPAGE
running buffer and to remove the sealing tape on the bottom.
Clamp the gel into XCell SureLock Mini-Cell according, using
the plastic buffer dam if you are using only one gel.
7. Generally, load a volume of protein samples containing between
2.5 and 25 μg of total protein, depending on anticipated relative
purity of the target protein(s). Ideally, minimal bands (at least
0.5 μg) stained by Coomassie Brilliant Blue are suited for processing
for MALDI-TOF MS analysis. Loading samples at multiple
volumes (e.g., 5, 10, and 20 μL) allow for variance from estimated
protein contents. Be sure to use at least one known protein
such as BSA or ADH loaded in separate lanes. These are used
as positive controls to assess the effectiveness of the trypsin
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digestion, peptide recovery, and peptide ion signal intensity.
Leave at least one lane empty to use for negative control gel
pieces in Subheading 3.3, step 1.
8. Gel bands should be cut at ca. 0.5–0.8 mm wide, eliminating
as much unstained polyacrylamide as possible. For heavy protein
bands, cut gel piece from the upper edge of the band (multiple
bands can be excised and treated from large bands). From
empty gel lanes, cut similarly sized gel pieces for use in negative
control digestions – these samples are used to assess for background peptide ions introduced by systemic contamination.
9. Plasticizer residues present in microcentrifuge tube will interfere with MALDI-TOF MS analysis by contributing polymer
peaks and suppressing peptide ionization by affecting matrix
crystallization. Microcentrifuge tubes must be prewashed thoroughly with a solvent solution such as 50% ACN in 0.1% TFA
to remove these residues. Fill microcentrifuge tubes with solution
for ca. 10 min and then rinse with an alcohol or ACN. Store
washed dry microcentrifuge tubes in a sealed container.
10. Trypsin Gold (V5280) from Promega (10) is prepared by
adding 100 μL of 50 mM acetic acid directly to the vial containing 100 μg trypsin. After dissolving completely, dispense
5 μL (5 μg) aliquots into microcentrifuge tube (0.5 mL, prewashed) and store at −20°C freezer. To prepare working trypsin
solution, add 45 μL of 50 mM acetic acid to an aliquot, then dilute
with 200 μL of 40 mM NH4HCO3 in 10% ACN. This provides
a final working solution with concentration of 20 μg/mL,
which is sufficient for performing for 10–12 digestions. Unused
trypsin working solution can be stored at −20°C; discard after
five freeze–thaw cycles. Trypsin digestion of proteins can be
accelerated and peptide recovery improved with 0.1% w/v
1-O-n-octyl-β-d-glucopyranoside or the acid-labile surfactant
RapiGest SF (0.05%) added to the working trypsin solution
(14). These are particularly useful for hydrophobic proteins.
Trypsin digestion is complete in 2 h, providing an alternative
to overnight digestion.
11. Dried peptide samples are stable for short-term storage (refrigerated or in freezer), and you should submit your samples to a
biomolecule mass spectrometry facility in this form. Contact
the facility you will be sending your samples to for specific
shipping instructions. To support effective analysis of a sample,
send an image of the SDS-PAGE gel along with the samples
and the expected amino acid sequence (best as a FASTA file).
Include contiguous sequence(s) for any inserted epitope or other
affinity tag (e.g., poly-His peptides). The facility should be able
to do basic matching of peptide ions from the sequence with the
MS spectrum and provide a summary of results. If you have
direct local access to a MALDI-TOF MS instrument, proceed
with ZipTip sample cleanup as described in Subheading 3.4.
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12. This section describes final treatment to samples for analysis
with a local MS instrument. C18 ZipTips (Millipore; 15) are
micropipet tips packed with 0.6 μL of C18 reversed-phase resin.
They are used to bind peptides from aqueous solution and
wash them free of salts and contaminates introduced during
gel digestion and extraction, resulting in improved spectral
data from MALDI-TOF MS. ZipTip treatment is best done
immediately before acquisition of MS data, because the CHCA
used in the ZipTip elution solution will start to decompose
once samples are spotted onto a target plate, resulting in degraded
spectral data.
13. Stainless steel MALDI targets plates must match the instrument.
Samples may be further diluted with matrix solution at 1:3 and
1:10 (v/v) before spotting, which sometimes improves signal
intensities.
14. An experienced user must perform operation of the local mass
spectrometer. Skill in instrument tuning and calibration is as
critical as high quality sample preparation. MALDI-TOF
MS spectrum peak list data files acquired from protein digests
(i.e., the PMF) will be evaluated with integrated software for
search and matching, or the data files are saved for export and/
or later analysis. Be sure to obtain peak list data files for samples
submitted to a core or commercial facility. How to use the
Mascot search engine to identify a protein from MS spectrum
peak list data file is described in the next section.
15. The high mass accuracy of current generation MALDI-TOF
mass spectrometers enables confident identification of proteins
from PMFs using a search engine such as Mascot (16). However,
identification of an unknown protein requires that the sequence
for it already exist in a protein database (e.g., NCBInr or
SwissProt). A recombinant protein whose sequence that may
not be publically disclosed can be identified simply from
manual inspection of the MS spectrum for predicted peptide
ions. There will be multiple peptide ions present that match
masses calculated from a theoretical peptide list (Fig. 2). Software
programs and related tools for protein identification and
characterization are accessed through the EXPASy Proteomics
Server (http://expasy.org). Links to various search engines are
found there as well as prediction tools such as PeptideMass for
in silico trypsin digestion.
16. To generate a list of theoretical peptide ions for manual
inspection of an MS spectrum (Fig. 2) open PeptideMass at
http://www.expasy.ch/tools/peptide-mass.html and paste in
the sequence. The sequence of any signal peptide should be
removed first using the SignalP 3.0 program found in the ExPASy
Proteomic Tools. Select for peptide masses: cysteines treated
with (Iodoacetamide) and check or activate “with methionine
oxidized,” “[M + H]+,” and “monoisotopic.” Select an enzyme
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(Trypsin) and set for display mass bigger than (750) and smaller
than (3,000) Da. You can select to “sort by” peptide masses or
in chronological (sequential) order in the protein. Click on
Perform button to obtain the peak list.
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Chapter 3
A Matter of Packaging: Influence of Nucleosome Positioning
on Heterologous Gene Expression
María de la Cruz Muñoz-Centeno, Gonzalo Millán-Zambrano,
and Sebastián Chávez
Abstract
The organization of DNA into the various levels of chromatin compaction is the main obstacle that restricts
the access of transcriptional machinery to genes. Genome-wide chromatin analyses have shown that there
are common chromatin organization patterns for most genes but have also revealed important differences
in nucleosome positioning throughout the genome. Such chromatin heterogeneity is one of the reasons
why recombinant gene expression is highly dependent on integration sites. Different solutions have been
tested for this problem, including artificial targeting of chromatin-modifying factors or the addition of
DNA elements, which efficiently counteract the influence of the chromatin environment.
An influence of the chromatin configuration of the recombinant gene itself on its transcriptional
behavior has also been established. This view is especially important for heterologous genes since the general parameters of chromatin organization change from one species to another. The chromatin organization of bacterial DNA proves particularly dramatic when introduced into eukaryotes. The nucleosome
positioning of recombinant genes is the result of the interaction between the machinery of the hosting cell
and the sequences of both the recombinant genes and the promoter regions. We discuss the key aspects of
this phenomenon from the heterologous gene expression perspective.
Key words: Chromatin reassembly, Cryptic transcription, Recombinant gene expression, Insulator,
Nucleosome positioning, +1 Nucleosome

1. Introduction
Gene expression is a complex phenomenon involving a broad set
of integrated steps that helps decipher the information encoded in
the DNA. The natural configuration of DNA in living cells is chromatin, a highly ordered structure in which the nucleic acid packages itself when interacting with a number of structural proteins.

Argelia Lorence (ed.), Recombinant Gene Expression: Reviews and Protocols, Third Edition,
Methods in Molecular Biology, vol. 824, DOI 10.1007/978-1-61779-433-9_3, © Springer Science+Business Media, LLC 2012
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The main protein components of chromatin are histones H2A,
H2B, H3, and H4. These four histones are the core of the
nucleosome, the basic element contributing to folding DNA into
chromatin.
Nucleosomes are the main obstacle restricting the access of the
transcriptional machinery to genes. Both in vitro and in vivo experiments have clearly documented the repressive role of nucleosomes
in transcription. Nucleosomes can hinder the access of activator
proteins to their binding sites within enhancers and upstream activating sequences, they preclude the assembly of preinitiation complexes on the core promoters, and play an inhibitory role during
RNA polymerase II-dependent transcription elongation (reviewed
in ref. 1).
In spite of this general negative function of chromatin in transcription, positive contributions of nucleosomes to gene expression have been described (2–7). In these cases, the precise location
of these regulatory nucleosomes is critical. Translational positioning (high preference of a 146-bp sequence to be wrapped around
the histone octamer in comparison to the adjacent linker regions)
can be required for a nucleosome to bring two distant binding sites
together (2, 4). In other cases, a fix rotational setting (the orientation of the sequence in relationship to the surface of the histone
octamer due to the 10-bp periodicity of the DNA helix) is needed
for the stable binding of a transcription factor to the positioned
nucleosome (5) or to allow the optimal synergism between the factors regulating a transcriptional promoter (8).
Genome-wide chromatin analyses have shown that there are
common chromatin organization patterns for most genes, but have
also revealed important differences in nucleosome positioning
throughout the genome (9, 10). Genome-wide analyses have also
described the distribution of covalent histone modifications, such
as H3K4, H3K9, and H3K36 methylation, H4K16 acetylation, or
H2BK123 ubiquitination, which directly relate to the euchromatic
or heterochromatic state of a chromosomal region and, consequently, to its transcriptional activity (11).
These differences are particularly marked in mammals where
specialized genome domains are numerous and relate to the epigenetic processes that influence cell fate. This chromatin heterogeneity of the mammalian genome is one of the reasons why the
expression of transgenes is highly dependent on the integration
sites, and is one of the main fields of research to improve mammalian cell factories (12, 13). Different solutions have been tested for
this problem, including the creation of hot spots for integration,
the artificial targeting of chromatin-modifying factors to the transgene, or the addition of DNA elements which efficiently counteract the influence of the chromatin environment. The first part of
this chapter reviews the experimental results obtained by following
the last cited strategy.
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The second part analyzes some cases in which an influence of
the chromatin configuration of the recombinant gene itself on its
transcriptional behavior has been established. This perspective is
especially important for genes of a heterologous origin since the
general parameters of chromatin organization change from one
species to another (14, 15), or even between different cell-types
from the same organism (16).

2. Influence
of Chromatin
Environments
on the Expression
of Recombinant
Genes

Integration of transgenes in the recipient genome normally occurs
at random. Every clone exhibits a different integration site, while
the expression levels of the transgene and its transcriptional properties are highly influenced by the locus of integration (17). In
contrast, endogenous genes in their natural context can be transcribed from their promoters and be regulated by their enhancers
without any interference of the regulatory elements (enhancers
and silencers) of their neighboring loci. According to this view,
natural genes are isolated from their chromosomal context. The
elements responsible for this isolation are called insulators which
are separable from the other elements that drive transcriptional
regulation (18). After the functional description of transposable
elements in Drosophila harboring insulating functions (19), the
first insulator from vertebrates was found in the chicken β-globin
locus (20), and many others have since been described (reviewed
in ref. 21).
Insulators, also called boundary elements, show at least one of
the following functions: enhancer-blocking and silencing barriers.
When an enhancer-blocking insulator is located between the target
promoter and an enhancer, the promoter does not respond to the
regulatory inputs mediated by the enhancer, although it maintains
its capacity to enhance the transcriptional activity of a different
promoter located on the other side of the insulator (Fig. 1).
Although the mechanism of action of enhancer-blocking insulators is not completely clear, two main models have been proposed. The first is based on the formation of chromosomal loops,
which would prevent the interaction of the target promoter with
an enhancer located outside the loop. In the second model,
enhancer-blocking insulators act as decoy promoters, which are
able to directly interact with the enhancer and, therefore, to impede
the interaction between the enhancer and the target promoter. The
binding of different transcription factors and the transcriptional
complex, including RNA polymerase II, to enhancer-blocking elements, supports the second model (22). The first model is supported by the enhancer-blocking insulators’ ability to interact with
each other (23). Based on the genome-wide mapping of factors
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Fig. 1. Boundary elements (B) insulate recombinant genes from the genomic environment. Enhancer blocking insulators
(Be) prevent the influence of external enhancers (E) on the internal promoter (P); Silencing barriers (Bs) counteract surrounding heterochromatin. The recombinant gene is silenced in the absence of silencing barriers.

involved in enhancer-blocking insulation, a new dynamic model
has been recently proposed. According to this, an insulator–insulator
loop, which allows a productive enhancer–promoter interaction,
would switch into an enhancer-blocking situation by favoring insulator–enhancer contacts (24).
Silencing barriers are the other type of insulator elements.
They prevent silencing heterochromatin spreading across an active
locus (Fig. 1). Silencing barriers, therefore, mark the borders
between open and condensed chromatin. The mechanisms by
which this kind of insulation works remain unclear, but several
experimental results suggest that chromatin modification is the key
molecular aspect of these elements. The well-known HS4 element,
which insulates the chicken β-globin locus from neighboring heterochromatin, is not only bound by factors that recruit histone
acetylases and methylases, but impedes the spread of DNA methylation (25, 26). These molecular features resemble those of CpG
island promoters, and they allowed Raab and Kamakaka (24) to
propose how silencing barriers and promoters also share common
mechanisms. In fact, the spread of heterochromatin in Saccharomyces
cerevisiae yeast is efficiently restricted merely by active regular promoters driven by either RNA polymerase II (TEF1 and TEF2) or
RNA polymerase III (HMR tRNAThr) (reviewed in ref. 27). In fact,
the recruitment of the activation domain of the powerful transcriptional regulator Rap1 is sufficient for barrier activity in yeast (28).
According to this perspective, transcriptional isolation is the
result of combining functions that (1) keep chromatin free of
silencing marks and (2) counteract the action of the active enhancers present in the neighboring loci. Do all boundary elements
exhibit these two functions? Several reported insulators are simultaneously barriers and enhancer-blockers: the aforementioned HS4
from the chicken ß-globin, the boundary element associated with
the 5 -end of the mouse tyrosinase locus (21), the SINE2B element

3

A Matter of Packaging: Influence of Nucleosome Positioning…

55

present in the murine growth hormone locus (29) and the
Drosophila SF1 element (30).
Other elements that are unable to act as a barrier confer
enhancer-blocking activity. For instance, the CCCTC-binding factor (CTCF) operates as an enhancer-blocking factor in HS4, but
the barrier function of this insulator is not mediated by CTCF
(31). However, the activity of CTCF is also required for the D4Z4
microsatellite repeat’s antisilencing activity (32), which suggests
that the contribution of CTCF to barrier insulation depends on
the genomic context.
The insulators flanking the mouse whey acidic protein (WAP)
gene operate in a CTCF-independent manner by not only acting as
enhancer blockers, but also avoiding the interference of the mammary gland-specific regulation of this gene by the two neighboring
ubiquitously expressed loci (33). An essential feature of these elements is the presence of matrix-attachment regions (MARs) which
induce a chromatin loop organization that efficiently insulates the
WAP gene (34).
The common objective of many of the experimental attempts
performed so far has been to identify the sequences capable of
ensuring a sustained transcription of the transgene independently
of the integration site. The simplest approach is to use an artificial
chromosome containing a euchromatic locus as the vector backbone. The expression of porcine WAP proved efficient and strictly
specific to the mammary gland of lactating transgenic mice when a
long genomic fragment, containing the transgene flanked by 145
and 5 kb of the 5¢ and 3¢ sequences, respectively, was expressed
from a bacterial artificial chromosome (BAC) (35). BACs have also
been successfully used to improve recombinant protein production. For instance, the constant region of human IgG1 was stably
produced over time when the transgene was expressed in human
HEK 293 cells from a BAC containing the euchromatic murine
Rosa26 locus as the vector backbone, and protein production
increased by a factor of 10 when compared with a conventional
vector (36).
In general, YACs (yeast artificial chromosomes) or BACs based
on large genomic sequences are the best solution for optimizing
the expression of a transgene (37). However, huge efforts have
been made to construct universal vectors that are capable of ensuring the accurate expression of any recombinant gene in all possible
genomic environments (12, 37). For instance, MARs have been
incorporated into viral and nonviral vectors to increase the transgene expression in recombinant protein production and experimental approaches to gene therapy (38, 39); nonetheless, the
effects of MARs on the recombinant gene expression are not copy
number-dependent (38).
The accumulated knowledge on insulators has been also applied
to the expression of heterologous recombinant constructs in a
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position-independent manner. The use of the HS4 chicken β-globin
insulator has improved the performance of integrative vectors for
gene therapy. For instance, the addition of this insulator element to
retroviral and lentiviral vectors significantly increases the likelihood
of the expression of γ- and β-globins after mouse bone marrow
transduction and transplantation (40, 41). In contrast with the
improved efficiency observed in gene-therapy vectors, the addition
of insulator elements to transgene constructs does not guarantee
the full level of expression in all the transgenic animal lines produced
(reviewed in ref. 21), and is unable to confer a copy numberdependent expression of transgenes (42).
The HS4 insulator also improves the recombinant protein production mediated by the nonintegrative lytic virus. This insulator
enhances the production of green fluorescent protein (GFP),
alkaline phosphatase, and luciferase when inserted downstream to
the polyhedrin promoter-directed gene expression cassette of the
AcMNPV baculovirus (43). The effect of the HS4 insulator on
the expression of the target genes was mediated by its influence on the
neighboring chromatin since it is orientation-dependent, sensitive
to inhibitors of histone acetyltransferases and increases the sensitivity of the surrounding DNA to DNAse I (43). This is a good
example of the function of an insulator from vertebrates in insect
cells. However, the function of heterologous insulators among
metazoa is not always optimal (44).
Other elements that are able to protect transgenes from silencing are derived from CpG islands or promoter regions of ubiquitously expressed housekeeping genes. One of these so-called
ubiquitous chromatin-opening elements (UCOEs) has been successfully incorporated into mammalian expression vectors to
increase the average expression of the transgene from the hCMV
promoter/enhancer by up to 16-fold (45).
Nondirected screening technologies have also been successfully used to identify stabilizing and antirepressor (STAR) elements, which confer a stable position-independent expression to a
transgene and allow the efficient production of recombinant proteins in human cells, in a copy number-dependent manner (46).
STARs can be incorporated into expression vectors in combination
with other antisilencing elements to enhance the recombinant protein expression in mammalian cells. The targeting of p300 histone
acetyl transferase to strong viral or cellular promoters is sufficient
to increase the expression of the target gene; when this strategy
was applied to recombinant genes flanked by STARs, a significantly
longer stability of the enhanced expression was obtained (47). No
enhancement in stable protein expression was achieved by targeting the chromatin-remodeling factor Brahma to the same vectors
and target genes; this indicates that histone acetylation is a better
tool for counteracting silencing chromatin environments in mammalian cells.
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As we have shown, the genomic environment strongly affects the
chromatin organization of recombinant genes, and several strategies have been put forward to avoid the negative consequences of
this influence on their expression; however, chromatin interferences can also originate from inside. The chromatin organization
of the recombinant gene is the result of the combination of several
components, some of which are inherent to either the sequence of
the recombinant gene or the interaction between its sequence and
the hosting cell.
One question that firstly arises from this perspective is: just
how strong is the influence of the sequence of a recombinant gene
on its chromatin organization? This is the particular case of a
broader question: what controls nucleosome positions? This has
been a hot field of discussion over the last 20 years. First of all,
nucleosome positioning, defined as the probability of a nucleosome
being located in a given position, should be distinguished from
nucleosome occupancy, the probability of a base pair being covered
by nucleosomes irrespectively of their exact positions (see ref. 48
for a detailed discussion of these definitions).
A large number of in vitro reconstitution studies have shown
that DNA sequences display different intrinsic tendencies to be
organized in chromatin, and that the distributions of nucleosomes
along some DNA fragments are not random and resemble in vivo
distribution (49–51). According to these results, nucleosome positioning would be determined in cis. Correlation between good
in vitro positioning sequences and DNA bendability has been well
established using models in which positioning in vivo would be
mainly determined by the sequence of every positioned nucleosome
(52, 53). In other cases, however, there was no clear correspondence between the in vitro and the in vivo results. There are two
possible explanations: either trans factors were involved which
were not present in the in vitro experiments, or the cis elements
controlling the positioning in vivo were distant and, therefore,
were not included in the fragment analyzed in vitro. Both explanations are compatible with the statistical positioning concept (54).
According to this model, barriers are located at specific sites along
the genome which prevent nucleosome binding; in this scenario,
positioning would be the consequence of nucleosomes being
packed between the barriers. The barriers would be either intrinsically reluctant sequences to nucleosome positioning or factors
capable of displacing nucleosomes by binding specific sequences
with a very high affinity.
In the last 5 years, genome-wide studies have produced complete nucleosome positioning maps in yeast, worms, Drosophila,
and human cells (reviewed in ref. 55). The picture that emerges
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from these studies is a genome in which very extensive regions are
covered by positioned nucleosomes and where transcriptional promoters are key elements in the organization of genomic chromatin.
In both yeast and metazoa, 160–180-bp nucleosome-free regions
(NFRs) precede the transcriptional start sites. The sequences of
these NFRs are rich in polyA/T, a composition that in vitro studies
have demonstrated to be somewhat incompatible with nucleosome
binding. The genomic picture also displays that the two nucleosomes
flanking these NFRs (+1 and −1) are highly positioned, and that
the degree of positioning is also high for the 5¢ half of the transcribed region, although it decreases progressively toward the
midpart of the gene. In addition, nucleosome reconstitution experiments have been performed with total genomic DNA and also
analyzed by massive DNA sequencing to allow genome-wide
comparisons between in vitro and in vivo nucleosomes (56, 57).
The general conclusion drawn from this huge amount of information is that DNA sequence plays an important role in establishing
nucleosome positioning in the promoter regions, mainly through
NFRs. However, the direct influence of the rest of the genomic
sequence on nucleosome positioning is poor, with the exception of
promoter-proximal and enhancer sequences (57, 58).
This conclusion supports a new synthetic model that reconciles
the opposite views of DNA-directed and statistical positioning.
The equilibrium model by Segal and Widom (48) proposes that
nucleosome positioning is a dynamic phenomenon in which the
probability of chromatin configuration would be the result of integrating the concentration and affinities for the DNA of nucleosomes
and sequence-specific binding factors. Since promoters and transcriptional enhancers are the richest sites of those factors binding
across the genome, their sequences are key modulators of chromatin structure and have been shaped during evolution to deal with
nucleosome positioning (15, 59).
According to this knowledge, the potential positioning-related
problems of recombinant genes may originate from undesired
interactions between the sequences present in the construct and
trans-acting factors of the hosting cell. These spurious interactions
may alter the distribution of positioned nucleosomes, either directly
by competing with nucleosomes on their binding sites or indirectly
by recruiting chromatin remodelers, histone-modifying complexes,
or DNA methylases to the transgenes (48). Other potential problems may arise when the recombinant construct includes sequences
that can act as NFRs or strong nucleosome positioners.
All these problems can be minimized if the recombinant construct is the chimeric combination of a homologous promoter and
a heterologous gene body. If we choose a promoter, together with
its regulatory sequences, from the genome of the hosting species,
we prevent most of these undesired events. However, the body of
the recombinant gene can still bring sequence information which
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could either be recognized by the trans-acting factors of the hosting
cell or have extremely low or high affinities for nucleosomes (NFRs
or positioning sequences).
The probability of this kind of event increases with the evolutionary distance between the hosting species and the transgene, and
is maximal when we introduce bacterial DNA into a eukaryotic
host, in which case, nucleosome positioning simply does not take
place (Fig. 2a). Experiments performed in S. cerevisiae using the
strongly positioned and well-characterized GAL1-10 promoter
have demonstrated that the E. coli lacZ gene is quite unable to adopt
a positioned nucleosomal distribution, whereas similar chimeric
constructs between the GAL1 promoter and other eukaryotic transgenes exhibit positioned patterns (60, 61). This phenomenon may
explain why lacZ reporters show strong variegation when they are
included in mammalian transgenic constructs, whereas similar constructs lacking bacterial DNA behave much more uniformly (62,
63). These observations fully agree with the results of in vitro reconstitution experiments, where the nucleosomes assembled by salt
dialysis were almost ten times more likely to form on yeast than
E. coli DNA (57). These results demonstrate that eukaryotic DNA
has evolved to favor nucleosome formation. They also partially contradict the statistical positioning model because not every DNA can
be positioned when located adjacent to a barrier.
One likely consequence of its reluctance to position nucleosomes
stably is that the bacterial DNA in eukaryotes promotes the transcription from cryptic promoters (Fig. 2a). The multiple transcripts
initiating in the bacterial backbone of conventional yeast vectors
have been mapped (64), and the DNA motive present in E. coli
pBR322 or pUC19 serves as upstream activating sequences in S.
cerevisiae (65, 66).
In light of these phenomena, it is rather surprising that the
expression of bacterial transgenes is still possible in eukaryotes. We
may wonder whether the eukaryotic transcriptional machinery
somehow counteracts any intrinsic chromatin alterations induced
by the sequence of recombinant genes. The answer to this question
stems from the genetic and molecular analyses carried out by
Winston and coworkers. They described how a set of co-transcriptionally recruited factors is responsible for the reassembly of
nucleosomes on the passage of elongating RNA pol II (67). The
list of factors involved in preventing cryptic transcription from
inside transcribed genes includes several histone chaperons and
general elongation factors (68). The malfunction of these factors
dramatically alters chromatin through the action of RNA pol II,
originates an accumulation of free histones (69), and leads to the
activation of cryptic promoters sequences which are usually present
in the body of eukaryotic genes (Fig. 2b).
Mutations impairing some of these factors, such as Spt6 or the
FACT complex, disrupt the nucleosome positioning of recombinant
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Fig. 2. The chromatin influence on the expression of recombinant genes also comes from
inside. (a) When expressed in eukaryotes, bacterial DNA never displays positioned
nucleosomes, but favors the appearance of cryptic transcripts. (b) Chromatin reassembly
factors (Chr R) act cotranscriptionally with elongating RNA polymerase II (Pol II) to ensure
nucleosome rebuilding after the passage of the polymerase. In the absence of chromatin
reassembly factors, chromatin organization is impaired and cryptic transcripts arise from
the body of the gene. (c) Chromatin reassembly factors are required for repressing the
basal transcription of recombinant genes; in their absence, basal transcription increases.
The presence of a positioned +1 nucleosome (dark) is required for the effective repression
of the recombinant gene.

genes in yeast under nonactivating conditions. A chimeric construct
formed by the yeast Ty1 promoter and the 5¢ end of the HIV transcribed region shows a strong delocalization of the nucleosomes in
the mutant strains under conditions that do not induce the Ty1
promoter (70). This chromatin distortion is accompanied by a
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threefold increase in the basal expression of the recombinant gene,
which allows a predicted function of the chromatin reassembly factors in HIV latency (70). These results indicate that chromatin
reassembly machinery plays a role in the control of basal transcription
by preserving nucleosome positioning (Fig. 2c). One intriguing
finding is the deletion of the 5¢ end of the recombinant gene, corresponding to the sequences holding the +1 nucleosome of HIV,
which causes a similar phenomenon (increased basal expression
and absence of nucleosome positioning) in the wild type (70).
According to these results, the sequences that are able to stabilize the +1 nucleosome would be essential for the function of the
chromatin reassembly factors in controlling the basal expression
(Fig. 2c). In a different work, our team found a second functional
interaction between the FACT complex and the nucleosome positioning sequences located in the 5¢ end of recombinant genes
which, on this occasion, were driven by an activated yeast promoter (61). The functional importance of the positioned +1
nucleosomes explains why it has been so evolutionary preserved
(15) and why their sequences usually direct nucleosome positioning (55) either directly or in collaboration with “an early step in
the transcription process,” as previously proposed (57).
Controlling the expression “noise” of recombinant genes due
to inside chromatin distortion is, therefore, facilitated by chromatin reassembly machinery, which operates co-transcriptionally.
Nevertheless, it is convenient to add an optimal sequence in the 5¢
end of the transcribed region to favor the positioning of the +1
nucleosome. Whenever possible, the best solution would be to
express our favorite recombinant gene under the control of an
endogenous promoter, including its +1 nucleosome sequence.
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Chapter 4
Tools of the Trade: Developing Antibody-Based Detection
Capabilities for Recombinant Proteins
Maureen C. Dolan, Giuliana Medrano, Anthony McMickle,
and Carole L. Cramer
Abstract
Protein-specific antibodies serve as critical tools for detection, quantification, and characterization of
recombinant proteins. Perhaps the most important and widely used antibody-based procedures for recombinant protein applications are Western immunoblotting and enzyme-linked immunosorbent assays
(ELISAs). These analyses require well-characterized, sensitive, and high-affinity antibodies that specifically
and selectively recognize the recombinant target protein in the native or denatured form. Although the
number of commercially available antibodies is quite substantial and rapidly growing, the appropriate antibody tools for many applications currently do not exist. In this chapter, strategies to develop and characterize both polyclonal and monoclonal antibodies directed against a specific protein of interest are discussed.
Experimental strategies and methods are presented for producing and selecting the best antibodies and
optimizing protocols for Western analyses, ELISAs, and other applications. Once antibody and procedure
optimization is completed to ensure specificity, sensitivity, accuracy, and reliability, these immune-based
approaches can now serve as powerful and enabling tools in the characterization, detection and diagnostics,
structure/function analysis, and quality assessment of recombinant proteins.
Key words: Polyclonal antibodies, Monoclonal antibodies, Western immunoblot, ELISA, Recombinant
protein detection

1. Introduction
When considering the synthesis of a foreign protein whether using
microbial, animal-, or plant-based expression platforms, there are
many aspects of its production process that need to be considered.
One important component to determine prior to initiating expression
of the protein is the availability of tools for detecting the product
throughout the bioproduction process. High-affinity and selective
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antibodies are powerful tools used in tracking and quantifying a
recombinant protein of interest. Robust, well-characterized antibodies and associated ELISA kits are frequently available for many
human proteins and a number of other widely used model systems,
such as the mouse. However, these important tools are generally
lacking or of poor specificity for many recombinant proteins under
development for medical, veterinary, bioenergy, and industrial
applications. This limitation can be addressed initially by engineering epitope tags such as the widely used histidine, c-myc, and FLAG
tags into the recombinant protein in order to track the expression
of the protein product and facilitate its recovery for initial characterization and study (1). However, the presence of such tags on
recombinant products for clinical applications and other commercial strategies is often not desirable. Regulatory constraints linked
to the application of many protein products may prohibit presence
of a tag and/or the tag may result in unpredictable effects on the
protein function. Therefore, in addition to producing purified
product for your intended studies, your recombinant protein can
be used as an immunogen in generating protein-specific antibodies. These antibodies can ultimately enable quality and quantity
assessment of the recombinant protein when integrated into commonly used tests including Western blotting, ELISAs, immunomicroscopy applications, and in vitro bioassays (Fig. 1).
Leveraging plant-based production platforms, our research
team has recently expressed a chicken interleukin-12 (ChIL-12)
protein with the intention of enhancing vaccine efficacy and/or
promoting avian immune health (2). While we outline in a later
chapter detailed methods and strategy for identifying the recombinant protein and establishing a product quality assessment process
(see Chapter 29), ChIL-12-specific antibodies were needed to
effectively execute these objectives. As our laboratory was the first
to express recoverable amounts of ChIL-12, protein standards or
specific antibodies were neither reported to have been produced
nor available commercially. As one embarks on production of a
new recombinant protein target, it is worth investigating whether
homologous protein standards (e.g., isoform or homolog in a
related species) and accompanying antibodies that could be used in
detecting your protein of interest are available. In the case of our
ChIL-12 protein, an antibody raised against the feline IL-12 (feIL12) was reported to have moderate cross-reactivity for detecting
the chicken protein homolog by Western blot analysis (3). However,
we found this antibody lacked the specificity for effective and accurate quantification of our recombinant product either by Western
blot densitometry or indirect ELISA. We addressed this limitation
in two ways by (a) incorporating a 6×-histidine tag (HIS) that
enabled us to use commercially available antibodies to the HIS
epitope and (b) using our purified plant-derived ChIL-12 as an
immunogen to develop protein-specific antibody tools.
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Fig. 1. Strategy for the development of an immunological-based toolbox to support recombinant protein product quality
assessment.

In order to develop the appropriate immune tools for ChIL-12,
we have taken a systematic approach to first producing a ChIL-12
polyclonal antibody in rabbits and then initiating monoclonal antibody production with a goal of developing paired antibodies for
establishing a highly sensitive and quantitative sandwich anti-ChIL-12
ELISA (Fig. 1). Production of these anti-ChIL-12 antibodies
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necessitated that we test and optimize their performance on
both Western blot analysis and ELISA platforms. In addition, the
polyclonal antibody exhibited neutralizing activity on the recombinant ChIL-12 therein providing a valuable tool for conducting
bioactivity assays (2).
The following sections outline the strategies and methodologies
our group has taken in constructing our “toolbox” for characterizing and detecting plant-expressed recombinant proteins. Specifically,
we describe the strategies and methods that we used to:
1. Prepare our recombinant protein as an immunogen
2. Characterize and “clean-up” our newly developed antibodies
3. Select and optimize antibodies and conditions for sensitive and
selective Western immunoblotting, and
4. Develop ELISA platforms for detection and quantification of
ChIL-12.
This chapter is not intended to provide comprehensive
methodologies for antibody production and their integration into
assays; we will refer you to appropriate resources throughout this
chapter for such details. Rather our goal is to share a general work
plan that we have successfully employed for creating antibody tools
in detecting and assessing a model recombinant protein, plantderived ChIL-12. We believe a similar strategy may be applicable
when expressing your foreign protein of interest on any one of the
commonly used recombinant protein bioproduction platforms discussed in this book.

2. Materials
2.1. Polyacrylamide
Gel Electrophoresis
and Dye Staining

1. 10% Novex
(Invitrogen).

Bis-Tris

precast

SDS-polyacrylamide

gels

2. 4× NuPAGE LDS Sample Buffer (Invitrogen).
3. 1 M DTT (dithiothreitol) or 1× commercial reducing agent.
4. 1× SDS-PAGE running buffer: Dilute 20× NuPAGE MOPS/
MES SDS running buffer (Invitrogen) 20-fold with dH2O to
obtain the desired dilution.
5. Molecular weight standards (e.g., Precision Plus Protein
marker, Bio-Rad; unstained for silver- or Coomassie-stained
gels).
6. Mini-format protein electrophoresis unit (e.g., Invitrogen
XCell Surelock Electrophoresis Apparatus).
7. Power supply (e.g., Power Pac Basic, Bio-Rad).
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8. Gel stain: e.g., 0.1% (w/v) Coomassie Blue R250 (Sigma) in
20% (v/v) methanol, and 10% (v/v) acetic acid or SimlpyBlue
SafeStain (Invitrogen Cat# LC6060).
9. Destain solution: 50% (v/v) methanol with 10% (v/v) acetic
acid in water (for Coomassie stain) or water (for SimplyBlue
Safestain).
10. Deionized water, clean scalpel blade, glass plate, microfuge
tubes.
2.2. IgG Enrichment
for Polyclonal
Antibodies

1. Protein A Sepharose 4B Fast Flow resin (Sigma).
2. 10 mL Poly-prep column (Bio-Rad).
3. Binding buffer (1× PBS): 4 mM KH2PO4, 16 mM Na2HPO4,
and 115 mM NaCl pH 7.4.
4. Elution buffer: 0.1 M Glycine pH 3.0.
5. Neutralization buffer: 1 M Tris–HCl pH 9.5.
6. YM-30 Centricon (Millipore).
7. Glycerol.
8. Spectrophotometer (280 nm; e.g., SmartSpec, Bio-Rad).
9. Column stand, microfuge tubes and tube rack.

2.3. Anti-ChIL-12
Western
Immunoblotting
Antibody Testing

1. Primary antibody: αChIL-12p70 (rabbit); produced by
Cocalico (see Subheading 3.2.1).

2.4. Anti-HIS Tag
and Anti-ChIL-12
ELISA Checkerboard
Tests

1. HIS-tagged protein standard (e.g., HSP90αHIS, SignalChem
Cat#H36-50 H).

2. Secondary antibody: α-rabbit IgG-AP (goat) used at 1:5,000
(Bio-Rad Cat#170-6518).

2. Anti-HIS tag detection antibody [e.g., α-6×HIS(C-term)HRP (mouse mAb), Invitrogen Cat#R931-25].
3. Antigen-targeting antibodies for sandwich ELISA:
(a) αFeIL-12/23p40 (goat) (R&D Systems Cat#A-4187).
(b) α6×-HIS mAb (mouse) (Calbiochem Cat#OB05).
(c) αChIL-12p70 (rabbit); produced by Cocalico (see
Subheading 3.2.1).
4. Universal detection antibodies for sandwich ELISA:
(d) α-goat IgG-HRP (rabbit) used at 1:4,000 (Southern
Biotech Cat#6020-05).
(e) α-rabbit IgG-HRP (goat) used at 1:2,500 (Pierce
ThermoScientific, Cat#31460).
(f) α-mouse IgG-HRP (goat) used at 1:5,000 (Southern
Biotech Cat#1030-05).
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3. Methods
3.1. Immunogen
Preparation

The structural and/or functional form of the recombinant protein
that is used in producing a diagnostic antibody significantly
impacts the utility of this new antibody in detecting and characterizing the recombinant protein on Western immunoblot,
ELISAs, immune microscopy, and bioassay platforms. As depicted
in Fig. 1, the recombinant protein used for immunization of the
antibody-producing host animal, referred to as the immunogen, can
derive from any number of sources including a purified or enriched
fraction containing the protein of interest (typically “native” and/
or functional protein) or protein resolved by electrophoresis
and recovered as a gel slice or following transfer to a membrane
(denatured protein). Alternatively, one can synthesize a peptide
corresponding to a potentially immunogenic region (e.g., based
on computational predictions) of the recombinant protein of
interest and conjugate this to an appropriate “carrier” for immunization. Issues including the quantity and quality of your protein
available for antibody production, the animal host used for producing the antibody, and the diagnostic application(s) for which the
antibody is intended, all need to be considered when deciding
the strategy for antibody production. Production of polyclonal
antibodies in rabbit typically requires 300–500 μg of the purified
protein of interest (less is required for a peptide immunogen). For
monoclonal antibody production in mice, 250 μg of protein is
recommended by most service providers. Choosing to develop
polyclonal versus monoclonal antibodies (or both), is a strategic
decision based on anticipated application(s), amount of antibody
required, and cost, discussed further in Subheading 3.2.

3.1.1. Preparation
of Soluble “Native”
Protein Immunogen

Ideally, if the recombinant protein can be purified in an active form,
this is the most desired form of the protein against which to raise
antibodies. In practice we have found that this form of the immunogen typically has the highest probability of generating antibodies that will recognize the native protein. The ability to detect
protein that is structurally and functionally intact is often important and necessary for their use in ELISAs, immunoprecipitation
assays, immunomicroscopy, and bioassessment platforms. The
purity of your protein of interest in the immunogen sample will
greatly impact the specificity of the resulting antibodies. It should
be noted that different proteins can be more or less immunogenic –
a minor contaminant that is highly immunogenic can unfavorably skew the resultant antibody population. A sample of the
submitted immunogen solution should be retained and used in
Western blotting procedures to assess the quality of the antibodies
produced. There are ways to enhance the specificity (i.e., to recover
sub-populations from a polyclonal antibody population) once you
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have your antisera. However, the potential to “chase the wrong
band” or to misrepresent the amount of your target protein due to
cross-reactivity to endogenous co-purifying contaminant proteins
is very real. As described below, characterization of your newly
developed antibodies with appropriate controls (e.g., extracts from
“mock” or empty vector transfections as negative control; extracts
from the gene-origin organism as positive control) are important
to developing quality reagents.
In the case of our plant-expressed ChIL-12 protein, we were
able to recover sufficient quantities of relatively pure protein to use
as antigen in generating both anti-ChIL-12 polyclonal and monoclonal antibodies. The purification of this HIS-tagged recombinant
protein is described in detail in Chapter 29. Prior to submission of
ChIL-12 protein for antibody production, purity was assessed by
silver staining (see Chapter 29, Subheading 3.5.1), the sample was
“cleaned up” by buffer exchange to phosphate buffered saline
(PBS), and the concentration was estimated using anti-HIS and
anti-feIL-12 antibodies. The protein was stored at 4°C and shipped
overnight on ice. If your protein is stable following lyophilization,
this is also an good option for recombinant protein storage.
In the case of another protein produced in our laboratory
using an Escherichia coli production platform, the protein of interest was only recovered in the inclusion bodies and not in a soluble
or native form. The inclusion bodies containing the recombinant
protein were subject to standard refolding protocols containing
detergent and chaotropic agents to generate the immunogen. In
this case, while this post-production process did enable solubilization of the protein, the recombinant product was rendered inactive
likely due to improper refolding of the polypeptide. While this
is typically not an ideal immunogen for generating polyclonal antibodies with maximum probability of recognizing the native protein, in this instance the resulting antibody did offer a high-quality
reagent that recognized the denatured recombinant protein by
Western blotting analysis with antibody titers at 1:20,000 and that
exhibited notable sensitivity (as low as 1 ng/lane; data unpublished, M. Reidy and C. Cramer).
3.1.2. Preparation
of Immunogen
in a Denatured
or Non-native Form

If chromatographic purification yields insufficient quantities of
your protein of interest, another approach for generating the
immunogen source is to size fractionate an enriched protein extract
containing your recombinant product by sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE). Subsequent excision
of the Coomassie-stained gel slice corresponding to the expected
protein band size as determined by a protein mass standard will
provide recombinant protein that is further enriched from host
contaminating proteins. You will need to estimate the amount of
the protein in the gel slice by either densitometry of the stained gel
or Western blot analysis with an alternate antibody (e.g., anti-6×
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HIS antibody if your recombinant protein has been expressed with
a histidine tag). The excised gel slice can be processed and used
directly for immunization of the host animal. This “presentation”
may provide an added benefit of slow release of the immunogen
into the host facilitating a good quality antibody response. The
downside of this approach is the immunogen is denatured and
antibodies generated by this method may not be capable of recognizing your recombinant protein in its native state. Again for some
applications (e.g., Western blot analysis) this is generally not an
issue. However, if you require the antibody to detect your recombinant protein in its functional and/or structural conformation
(e.g., ELISAs, immune microscopy, etc.) this is not the approach
of choice. Although not described here, it is also possible to provide
your immunogen to an antibody production service on a membrane. In this case, proteins size-separated by SDS-PAGE are transferred to a membrane (e.g., PVDF, nitrocellulose) and visualized by
Coomassie staining. The membrane can be submitted directly to
the antibody service provided along with a scan of the membrane
with the specific band(s) to be used as the antigen clearly delineated. The service provider will excise the band and process the
protein of interest according to their established protocols.
The procedure for running a protein sample on an SDS-PAGE
in the NuPAGE system has been detailed in a later chapter (see
Chapter 29, Subheading 3.2). The following summarizes the
process of generating immunogen as a gel slice to be used for
subsequent antibody production:
1. Set up the precast gels (e.g., NuPAGE Novex Bis-Tris) in an
electrophoresis apparatus as per instructions, prepare 1× SDSPAGE running buffer and fill chamber with buffer (detailed in
Chapter 29, Subheading 3.2.2). All reagents and supplies for
this procedure are provided in Subheading 2.1 above.
2. Prepare your protein sample with sample buffer (LDS) and
reducing agent as described in Chapter 29 Subheading 3.2.1.
Typically, we do not exceed 30 μg total soluble protein per well.
Depending on the purity/concentration of your target protein
and the amount required as immunogen, more than one lane
or a “preparative gel format” may be needed (see Note 1).
3. Load samples into wells of NuPAGE gel. Load an unstained
protein marker standard (e.g., Bio-Rad Precision Plus Protein
marker) in a lane adjacent to the protein sample lanes (see Note 2)
and carry out the electrophoresis as described (see Chapter 29,
Subheading 3.2.2).
4. Stain the gel using either a Coomassie stain or other comparable commercially available stain (e.g., SimplyBlue Safe Stain;
Invitrogen) and then destain as appropriate to resolve bands
corresponding to expected size of the recombinant protein.
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5. Transfer the gel to a clean glass plate and wrap the gel/plate
sandwich in transparent plastic wrap (e.g., Saran wrap) to hold
the gel in position. Using a clean, sharp, scalpel blade, excise
the band(s) containing the target protein from the gel and
transfer to a plastic tube.
6. Further destain the gel slices. If an organic-based destain is
used, it is necessary to perform a final rinse in deionized water
to remove any traces of methanol and acids.
7. Store the tube containing gel slices at 4°C for immediate transport on ice to the antibody production facility of choice.
A peptide-based polyclonal antibody may be the best option in
the event that (1) sufficient amounts of your recombinant protein
cannot be obtained, (2) an antibody to detect native protein is
requisite and/or (3) discrimination of your target protein from
other related proteins that share considerable homology is needed.
Peptide-based antibodies are most commonly derived from C- or
N-terminal regions of a target protein and are often selected based
on computation predictions of regions having greater potential for
antigenicity (4, 5). If these terminal amino acids are predicted or
known to present on the surface of the structured polypeptide, the
corresponding antibody may in fact be capable of detecting the
protein in its native conformation. Most peptide immunogens
range from 12 to 16 residues. As a general rule these shorter amino
acid sequences generate antibody with selectivity to a single epitope,
whereas longer peptides may generate antibodies corresponding to
several epitopes on the recombinant protein. To ensure immunogenicity, the peptide needs to be conjugated to a carrier protein
such as keyhole limpet hemocyanin (KLH), bovine serum albumin
(BSA), ovalbumin or thyroglobulin. There are a number of companies that produce polyclonal antibodies who also provide peptide synthesis and conjugation services (e.g., Invitrogen, Pacific
Immunology, Covance, etc.) for an additional fee. This can generally streamline the production process and can be more cost effective than subcontracting these steps to other companies or doing
the conjugation chemistry yourself.
As mentioned above, there are recommended amounts of protein immunogen required depending on the animal host used and
type of antibody produced. Immunogens may be submitted in a
variety of buffers; however, PBS or saline solution (0.9% sodium
chloride) are most commonly used (see Note 3). It is often recommended to keep the protein concentration high and buffer volume
as low as possible; generally immunogens should be around 1 mg/mL
and not lower than 100 μg/mL. In the case of peptide immunogens, most polyclonal antibody production services require 2 mg
for production in a rabbit host. Finally, the antigen should be filter
sterilized in efforts to reduce inflammation at the injection site of
the host animal not only for ensuring good laboratory animal
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Table 1
Comparison of key features in considering the production of polyclonal
and monoclonal antibodies to detect a recombinant protein of interest
Polyclonal Ab

Monoclonal Ab

Timeline production/
characterization

³3 months (e.g., rabbit)

6–12 months

Cost

~$350 to $1,000

$6,000 to $15,000+a

Limited

Unlimited

Generally higher

Generally lower

Specificity

Multi-epitopec

Single epitope

Production host(s)

Varied: rabbit, rodents, goat, donkey,
chicken, etc.

Limited: mouse, less commonly
rat and rabbit

Supply
Relative avidity

b

a

Widely variable depending on vendor
Avidity represents overall binding intensity between antibodies and a multivalent antigen presenting multiple epitopes
c
Peptide-based monospecific polyclonal Abs can be directed at a single epitope
b

practices but to avoid undesired immune responses in the host
that could adversely affect the quality and quantity of the antibody
desired.
3.2. Producing
Antibodies
for Detecting
Recombinant
Protein

The two choices of antibodies most commonly used in R&D for
detection of proteins are polyclonal and monoclonal antibodies.
In general, monoclonal antibodies detect a single type of antigen
binding site (epitope) and are derived from a single B cell clone.
Conversely, polyclonal antibodies are generally complex mixtures
directed against different epitopes, derived from multiple B cell
clones and each antibody type in the mixture has differing affinity
for the immunogen. Detailed discussion of these two types of antibodies is beyond the scope of this methods chapter; however,
Table 1 provides a comparison of their distinguishing features that
can impact the decision process. The choice of antibody production platform to use in generating an antibody against your recombinant protein may be dictated by differences in their production
costs, need for epitope specificity, amount of antibody ultimately
required, the application for which the antibody will be used and
the relationship between the donor of the antigen and the antibody producer. More comprehensive discussion of polyclonal and
monoclonal antibodies can be found in a recent review (6) as well
as standard protocol manuals (7, 8).
Many universities have core facilities that offer polyclonal and/
or monoclonal production services both for their campus clients as
well as off-campus patrons. Alternatively, there are numerous commercial vendors that will produce antibodies at a varying range of
price points. Here is where it is very important to do your homework!
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The first consideration is identifying the producer who will deliver
the desired quality antibodies, with an important second consideration that the service is at a cost compatible with the project budget. Based on our experience, we have found that it is important to
determine the level of services you desire and have the detailed cost
breakout of these services clearly delineated by the service provider
producing the antibody. Understanding the number of boosts to
be performed, number of animals to be used, if pre-testing of host
will be performed, the extent of screening performed by the producer throughout the process, and the quality and quantity of
antibody(s) that will be delivered are all important are all determining an accurate cost for producing your antibody.
Due to the lower complexity associated with the overall production process, services for production of polyclonal antibodies
are typically simpler to compare and easier to accurately estimate
the real cost for the product up front. Conversely, monoclonal
antibody production services can vary extensively and differences
in advertised costs are generally linked with the methods and
schedules used in inoculating the host, the types of technology
used in screening and choosing elite antibody candidates and establishing the best antibody pairs, and the amount and number of
independent monoclonals guaranteed. If you are considering producing monoclonal antibodies against your recombinant protein,
we would strongly encourage contacting the producer prior to
production and have them clearly delineate the process, the associated cost of each step and the potential pitfalls in the process that
may result in additional fees. Another important aspect that can
significantly impact the performance of the monoclonal product(s)
generated is associated with the biochemical and structural properties of the target protein. Undoubtedly monoclonal antibody production is a multifaceted process and thus a firm production cost
can sometimes be difficult to predict a priori.
As the goal in the research setting is often to produce antibodies with high sensitivity (titer) and specificity (affinity), another
component to be considered is the adjuvant that will be co-administered with the antigen. An adjuvant aids in stimulating the host
immune response and improving the quality and quantity of the
antibody produced. In general, there are three commonly used
adjuvants for antibody production (9, 10). Freund’s adjuvants are
water-in-oil emulsions that enable slow-release of the immunogen
(up to 6 months) and are associated with eliciting robust immune
stimulation for diagnostic antibody production. Complete Freund’s
adjuvant (CFA) is typically used for the initial inoculation of
immunogen. Incomplete Freund’s adjuvant (IFCA) must be used in
all subsequent booster immunizations if FCA was used in the initial
immunization. The use of the Ribi adjuvant (oil-in-water emulsions) has advantages associated with its ability to interact with
membranes of immune cells which help to enhance the uptake,
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processing and presentation of the target protein. Titermax adjuvant
system has gained popularity and more widespread adoption
recently as a means of potentially minimizing the inflammatory
response that may negatively impact the quality and performance
of the antibody produced. In some cases the organization producing your antibody may designate the adjuvant used which is linked
with their registered Standard Operating Procedures for producing antibodies in laboratory animals.
A useful website that is regularly updated and a good place to
start your search for either basic information on antibodies and
antibody production as well as a current list of companies that will
produce custom antibodies is http://www.antibodyresource.com/.
3.2.1. Polyclonal Antibodies

In general, polyclonal antibody production is the most common
and often best choice for generating antibody to detect your
recombinant protein of interest. As outlined in Table 1, the lower
relative cost and shorter timeline for generating product are usually the driving factors that favor this antibody production platform
in the research setting. However, due to the finite amount of antibody generated from a given host animal, you will want to determine the number of animals to immunize for each target
immunogen. Many production facilities recommend immunizing
two animals as the animal hosts used are primarily outbred species
and therefore each animal can respond quite differently to the same
antigen. Following your antibody screening (e.g., Western blotting, ELISA, etc.) if multiple animal hosts produce similar quality
antibodies to a given immunogen, the serum may be pooled to
create a single lot of polyclonal antibody in meeting the needs of a
research laboratory and will last for years if properly stored.
If the antibody is to be more broadly used (e.g., as a commercial research reagent or as a certified QA/QC component of a
certified product), one must recognize that the yield per animal is
limited and the animal is sacrificed. Immunization of additional
animals with the same antigen will require full characterization of
the new antibody population, which may demonstrate different
affinities. To address these limitations, commercial applications
often employ monoclonals or use polyclonal antibodies that have
been raised in larger host animals. Polyclonal antibody production
in rabbits, clearly the most common host for antibody production,
provides an estimated 100 mL of whole serum recovered per animal (8). If your project requires large amounts of an antibody be
produced, you may consider a larger mammal (e.g., goat, horse)
for production. Another commonly used host for generating polyclonal antibodies is chicken. While polyclonal antibodies produced
in mammals are predominantly of the immunoglobulin G subtype
(IgG), the circulating Ig counterpart in avian species is IgY. Chicken
IgY polyclonals are structurally similar and functionally equivalent
to serum IgG antibodies and in some cases offer several advantages
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over mammalian-based antibodies (11). Because of the volume of
eggs produced by laying chickens, the amount of antibody generated can approach that obtained from a large mammalian host. It
should be noted that in our project we intentionally avoided this
host system due to its phylogenetic identity to our targeted recombinant ChIL-12 protein. However, we have generated IgY antibodies for other plant-expressed recombinant proteins with success.
For polyclonal antibody production against our plant-expressed
recombinant ChIL-12 protein, we chose a rabbit host and used a
commercial producer (Cocalico Biologicals). It should be noted
that each antibody producer may have slightly different requirements for the immunogen and/or inoculation schedules. For the
ChIL-12His expressed transiently in Nicotiana benthamiana leaves,
we provided purified protein taken through a two-step fast
protein liquid chromatography (FPLC) process outlined in detail
in Chapter 29. Typically when producing a polyclonal antibody in
a rabbit host, approximately 300 μg of protein per animal is
requested. In this case, pricing was based on a 90 day production
timeline at a cost of $279/rabbit. The immunization schedule of
the host rabbits used in producing our ChIL-12 polyclonal antibody was as follows:
●

Day 0 – Prebleed/initial inoculation

●

Day 14 – Boost

●

Day 21 – Boost

●

Day 35 – First test bleed-serum tested by Western and ELISA

●

Day 49 – Boost

●

Day 56 – Second test bleed-serum tested by Western and
ELISA

●

Exsanguination – Third/final bleed; antibody optimization for
establishing standard anti-ChIL-12 Western and ELISA

The initial inoculation of 100 μg of ChIL-12 (soluble in PBS;
>90% purity) was administered in Complete Freund’s adjuvant
(CFA). For the three subsequent boosts 50 μg antigen admixed
with Incomplete Freund’s adjuvant (ICFA) was used. The route of
injection is typically subcutaneous and/or intramuscularly administered at multiple sites (see Note 4).
The antibody producer generally ships the pre-bleed sample
for each host at the time the first test bleed serum is sent unless
pre-testing serum of multiple hosts prior to initiating the immunization process is requested by the client. The second bleed should
exhibit a titer (amount of antibody targeting the immunogen) greater
than that exhibited for the first bleed (see Subheading 3.4.2).
Initial titer and specificity can be determined by direct ELISA
(using your immunogen as the capture reagent) and/or Western
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immunoblot (described below in Subheadings 3.3 and 3.4). If the
titer is not at the level desired, consultation with the producer may
provide an option for performing additional boost(s)/bleed(s) to
enhance the antibody pool for detecting the recombinant protein.
Upon satisfactory test results from the second bleed sera containing the antibody, the client contacts the producer to confirm the
final bleed (exsanguination) of the host animal(s). If multiple hosts
for a single immunogen were requested, all serum fractions at each
bleed should be tested independently as these are by definition
different antibody pools. Overall, the quick turnaround time (about
4 months) for generating a ChIL-12 polyclonal was a significant
advantage in this project as it allowed for rapid mobilization of our
studies in meeting the requisite research timeline.
In an effort to lower costs, we typically order non-filtered
sera and conduct all testing of our polyclonal antibodies in house
by Western blot analysis and ELISA. For long-term use (years),
aliquots of the polyclonal antibody can either be maintained and
stored as whole serum or further purified. In the case of our
ChIL-12 polyclonal antibody, sufficient titers and sensitivity were
obtained without purification from the rabbit whole sera. We
typically store single-use aliquots in a manual defrost −20°C
freezer to maximize reproducible performance of the antibody in
our assays. Larger aliquots of sera are stored at −70°C. It should
be noted that freeze-thaw cycles adversely impact antibody quality and can differentially impact antibody subpopulations potentially changing the behavior of the overall population. Thus
storage should address long-term and short-term needs in a way
that provides stable storage and minimizes freezing and thawing.
Alternative storage options include addition of 30–50% glycerol to
limit antibody loss due to denaturing during the thawing process
and addition of sodium azide to inhibit any bacterial growth for
shorter term maintenance (generally months) of antibody at 4°C.
The websites of many polyclonal antibody producers provide
relevant information and guidelines for producing antibodies with
them. In addition they often provide useful general information
on the subject. Some sites we have found helpful are listed at the
end of this chapter.
3.2.2. Monoclonal
Antibodies

Because of their precise single-epitope selectivity, monoclonal
antibodies (mAb) can provide distinct advantages over polyconal antibodies. However, the need, value, and anticipated return on investment for producing monoclonal antibodies to a recombinant
protein should be critically evaluated before committing to this
process. As highlighted in Table 1, the issues of cost and time are
significantly higher than in developing a polyclonal antibody.
Therefore, before investing in this major undertaking, clearly identify the questions needed to be addressed regarding the recombinant protein (quantity, protein structure, protein function, etc.)
and the “tools” needed in designing the appropriate assay(s) to
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answer these questions. It is quite possible that a polyclonal to the
recombinant protein, an existing commercial antibody that cross-reacts
(e.g., antibody to the protein in a related species) or an antibody
targeting a purification tag on the recombinant protein may be
sufficient for designing an effective assay.
As part of our project expressing recombinant ChIL-12, we
were interested in also developing a diagnostic ChIL-12 ELISA to
integrate as part of a quality assessment program for producing
recombinant ChIL-12 as a veterinary therapeutic (see Chapter 29
of this book) as well as delivering a high-performance ChIL-12
detection assay of value to the poultry research arena and industry.
In meeting this objective, it was important that the antibody
sources used in developing this assay were renewable. Due to the
heterogeneity of polyclonal antibody pools (animal-to-animal variation of immune response), when one antibody supply is depleted,
a new pool of polyclonal antibody must be produced. This new
antibody pool is subject to a complete retesting process and the
ELISA parameters must be re-optimized to ensure quantitative
accuracy of the assay. In contrast, the clonal nature of monoclonal
antibodies enables individual B-cells expressing a given antibody to
be immortalized and cryopreserved, thus providing continuous
access to an antibody reagent having the volume and lot-to-lot
consistency that will support a commercially sustainable ELISA or
other immune-based assay.
There are many production options for monoclonals; however, a highly skilled and established facility to produce the antibody to your recombinant protein (e.g., Antibody Solutions) can
facilitate the process when project timeline constraints are a concern. It is worth mentioning that although at a higher price
point, those companies that integrate more advanced technology
throughout this process generally deliver higher success rates and
a better-quality monoclonal product. Specific vendors may differ
in the details of their process for mAb production, but the general
steps discussed here are fairly universal for all monoclonal production facilities. While detailing this process is beyond the scope of
this chapter, the following summarizes the general workflow we
followed for producing monoclonal antibodies to recombinant
ChIL-12 protein.
For the production of ChIL-12 monoclonal antibodies, a five
step process involving: (1) immunization, (2) hybridoma libraries,
(3) monoclonal cultures, (4) pairing analysis and (5) grow/store/
purify/conjugate – took approximately 10 months to complete.
A total of 2.5 mg of purified protein was required when initiating
immunization with four mice. Two mice exhibiting the highest
serum ChIL-12 antibody titers (as determined by indirect ChIL12 ELISAs; see Subheading 3.4) were moved forward in establishing hybridoma libraries to immortalize this antibody response
(process that fuses immunized mice spleen cells with an immortal
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myeloma cell line). From these libraries, monoclonal cultures
originating from single, viable cells selected by flow cytometry cell
sorting resulted in 20 independent monoclonal lines being established and cyropreserved. Because our goal in producing monoclonal antibodies for ChIL-12 was to develop a sandwich ELISA,
a pairing analysis with the 12 lead monoclonal antibodies was
performed that employed the Surface Plasmon Resonance technique.
This step, which quantified the affinity and binding equilibrium
between different known concentrations of the ChIL-12 antigen
and each of the monoclonal antibodies, involved the testing of a
total of 72 possible antibody pairs. Following identification of the
lead pairs, the monoclonal facility expanded production, purified
and cryopreserved the three lead monoclonal cell lines (M6, M8,
M19). This process ensured sustainability and provided reagent for
testing and assay development. Select monoclonals were also biotinylated for purposes of designing an anti-ChIL-12 sandwich ELISA
(see Subheading 3.4).
3.2.3. Purification Options
for Antibodies

Several purification methods can be employed in “cleaning up”
and/or concentrating a new antibody. For monoclonal antibody
production, purification methods are typically integrated during
the scale-up phase of the process. As approximately 10% of the
serum proteins are immunoglobulins (Igs) and of these the
antibodies of interest that react specifically to your recombinant
protein typically only account for about 1–5% (reviewed in ref. 6),
we commonly perform purification of our polyclonal antibodies
in-house. In the case of our ChIL-12 polyclonal antibody, purification was not necessary as the whole sera fraction provided
good sensitivity with no background interference in both
Western immunoblotting and ELISA. However, in the event
that the antibody demonstrates higher background noise in
your assay than desired and/or the titer is low (see Note 5), you
may chose to use one of a number of available purification
approaches to enrich for the antibodies targeted to their protein
of interest. In the case of polyclonal antibody production, purification is done after the test sera has been confirmed to have
antibody specificity for the intended recombinant protein target
(e.g., by Western blot analysis see Subheading 3.3; by ELISA,
see Subheading 3.4) and the host animal(s) has been exsanguinated and all sera collected.
There are two basic approaches typically used to enrich for the
Igs – salt fractionation and chromatography. In our laboratory we
have used both methods for enriching some of the polyclonal antibodies produced. There are a number of references and resources
with detailed protocols for both methods (e.g., (12)). The following method focuses on a chromatographic IgG enrichment strategy we have successfully employed that reduced the background
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on Western blots compared to that observed when using a whole
sera fraction containing rabbit-produced polyclonal antibody to a
plant-expressed protein:
1. Use Protein A-based chromatography (e.g., Protein A
Sepharose; Sigma) to enrich for the total IgG fraction according to manufacturer’s instructions (see Note 6).
2. Equilibrate 1 mL packed resin of Protein A Sepharose (binding
capacity = ³30 mg/mL human IgG) with 5 mL Binding buffer
(PBS) by gravity flow in a 10 mL column clamped to a ring
stand (see Note 7).
3. Dilute 1.5 mL of sera (based on an estimated IgG concentration of 12–14.5 mg/mL in rabbit sera) with 3 volumes of
Binding buffer and load onto the column. Pass the flowthrough back through the column several times to ensure
binding of IgGs to the resin.
4. Remove unbound material by washing with 3 column volumes
of PBS.
5. Prior to elution of the IgG fraction, prepare microfuge collection tubes that contain 30 μL of 1 M Tris–HCl pH 9.5. This
allows the elution fractions (0.5 mL) to be immediately neutralized, thus stabilizing the antibodies following acid elution.
6. Elute the bound IgG from the column by adding 10 mL of
Elution buffer (100 mM glycine pH 3.0) and collecting 0.5 mL
fractions into the collection tubes containing the neutralizing
buffer.
7. Assay the fractions for absorbance at 280 nm to identify protein
(i.e., antibody) containing fractions; pool fractions containing
significant levels of antibody.
8. Repeat this chromatography process for additional fractions of
sera; and collect and pool all IgG fractions.
9. Concentrate pooled IgG antibody via YM-30 Centricon
(Millipore) following manufacturer’s instructions.
10. Add glycerol to a final concentration of 30–50% to stabilize
antibody for freezer storage conditions.
11. Aliquot antibodies and store at −20°C (typically working stocks
and single-use aliquots) and −70°C (generally larger volumes for
longer-term storage). See Subheading 3.2.2 for further details.
Protein G is an alternative resin, which has particular advantages in purifying mouse IgG1 subclass immunoglobulins (the
dominant form in IgG in mice) from ascites (e.g., Thermo Pierce
NAb Protein G Spin Kit, #89949). Alternatively, Protein A/G columns based on a chimeric protein combining the Protein A and
G IgG binding domains (e.g., Thermo Scientific Pierce
Protein A/G Resins) provides a more universal option for recovery
of multiple IgG subclasses present in polyclonal and monoclonal
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antibodies as well as for some of the other Ig subtypes (with the
exception of mouse). A variety of binding buffers are available that
are designed to effectively bind Ig subtypes and subclasses to the
resins as well as optional elution buffers for “gentler” release of
antibodies compared to the classic acid buffer release (e.g., see
Thermo Pierce for a number of Protein A, G and A/G Binding
and Elution buffers). Protein L, which binds to certain immunoglobulin kappa light chains that occur in members of all classes of
immunoglobulin (i.e., IgG, IgM, IgA, IgE and IgD), may provide
an option for purifying these different classes of antibody.
Comparable protocols and kits are also available for IgY purification from eggs (e.g., Pierce Chicken IgY Purification Kits #44918
and 44922) where a major challenge is delipidation to ensure optimal function of IgY antibodies in diagnostic assays.
Often regarded as the “poor man’s alternative” to a monoclonal antibody, peptide-generated polyclonal antibodies subsequently
processed using a peptide affinity column is a good option. The
peptide can also be used to select for antibody detecting a single
epitope on the recombinant protein (monospecifc polyclonal antibody) at a fraction of the cost of mAb production and with similar
specificity. Likewise, phospho-specific IgG antibodies may be purified using a phospho-peptide column. Also by using a nonphosphorylated peptide, the phospho-specific IgG can be obtained
by a subtractive strategy by collecting the flow through.
3.3. Optimizing
Antibodies for Use
in Western Blot
Analysis

The Western blot analysis is commonly the first assay used to “test
drive” a new antibody that has been produced to detect a recombinant protein. In this procedure, proteins are denatured by boiling in SDS, size separated by gel electrophoresis, transferred to a
membrane, and the protein of interest is specifically detected based
on interactions with antibodies. This immune-based test is typically
carried out using one or two antibodies. In this assay, the antibody
produced to recognize the recombinant protein is referred to as
the primary antibody and binds directly to the antigenic epitope(s)
on the protein of interest. While the primary antibody can be covalently coupled with an enzyme that reacts with an added substrate
in driving the detection of the antigen/antibody complex (e.g.,
anti-HIS coupled to alkaline phosphatase, see Subheading 3.4.2),
a secondary antibody is more often used in Western blot analysis.
A secondary antibody whose epitope is selective for the Fc region
of the host used in producing the primary antibody is covalently
conjugated (in its Fc region) with either biotin or any number of
reporter enzymes; the most commonly used are horse radish peroxidase (HRP), alkaline phosphatase (AP), and β-galactosidase.
Such conjugated secondary antibodies are widely available from a
number of commercial antibody vendors and generally work with
a variety of substrates for yielding detectable products. As general
rules, secondary antibodies are aliquoted for purposes of maximizing
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reagent shelf-life and purchased from a limited number of vendors
(see Note 8) to reduce need to re-optimize assay conditions associated with source and/or lot variability (see Note 9). Finally, our
laboratory typically uses a chemiluminescence-based system for
Western blotting detection as described in Chapter 29, While less
sensitive, subheading 3.2.3 of this chapter outlines a colorimetricbased method as an alternative detection option.
When testing a new antibody for Western immunoblotting,
running the proper controls during the optimization phase of
the assay is crucial. It is useful to establish the specificity of the
antibody for the recombinant protein in not only the purified
sample but also crude extracts and at various stages during the
protein purification process in defining the diagnostic breadth of
this immunological tool. Inclusion of these control samples is
critical for ensuring that the new antibody indeed has specificity
and selectivity for its intended target. If the recombinant protein
can be obtained from another source (e.g., expressed in an alternative production system, cells/tissues naturally expressing the
protein, synthetic peptide, etc.) this can provide an additional
positive control to confirm the selectivity of the new antibody
for your target protein. Testing negative controls that represent
the corresponding “background” of the sample containing the
recombinant protein is vital to this optimization process. For
example, in our study, we use samples corresponding to plants
transfected with an “empty” vector (i.e., the pBIB-Kan vector
lacking the gene that encodes our recombinant protein of interest)
and treated in parallel through the extraction and purification
process as plants expressing the recombinant ChIL-12. These
samples, referred to as “pBK” or “mock,” serve as negative controls and ideally should show no cross-reactivity to the newly
developed antibodies. Another often overlooked control when
optimizing a new Western blot assay is testing the secondary
antibody alone (e.g., no incubation with primary antibody) to
confirm that it does not cross-react with proteins in the various
test samples. The importance of running the proper controls
during the optimization of your Western blotting procedures
cannot be overstated and is essential to developing an accurate
assay that reliably characterizes and defines a recombinant protein product.
3.3.1. Designing a Western
Blot Optimization Test
for New Antibodies

Among the challenges in working with a new antibody is establishing
the appropriate concentrations of not only the new antibody but
also the relative concentrations of this antibody to the secondary
antibody, both of which are important in confirming the specificity
of the new antibody for the intended target protein. While the following section details the procedure we have used in optimizing a
ChIL-12 polyclonal antibody, the concepts, controls, and technical
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tips used in conducting this matrix test can be applied for developing
a well-performing Western blot analysis for any new polyclonal or
monoclonal antibody:
1. Load protein samples onto a 12% NuPAGE Bis-Tris gel and
resolve according to the protocol detailed later in this book
(see Chapter 29, Subheading 3.2.2). Include the recombinant
protein (purified and crude extract) and an equivalent volume
of the empty vector (pBK) negative control in a repeated series.
Multiple gels may need to be run depending on the number of
antibody conditions to be tested. It is important to include at
least one lane with a protein molecular size standard for establishing/confirming target protein molecular mass on SDSPAGE (see Note 10).
2. Following electrotransfer of the gel to a nitrocellulose membrane (see Chapter 29, Subheading 3.2.3), remove the membrane, rinse it with water, and place it sample-side up on a
clean paper towel (see Note 11).
3. To perform an antibody optimization test, cut the nitrocellulose membrane into strips with each test strip including recombinant protein and pBK negative controls. Light pencil marks
can be used to mark on the membrane for cutting membrane
test strips (see Note 12).
4. Place each membrane strip in a small container with protein
sample side of the membrane facing up (see Note 13). The
membrane must lay completely flat in the container to ensure
proper coverage by solutions during the incubation and wash
processes. Ideally in an effort to limit the amount of antibody
reagent required, use a container that minimizes the volume of
solution needed while providing coverage of the membrane
(see Note 14).
5. “Block” the membrane strips by incubating in 20 mL of 3%
BSA in PBS per container for 1 h on a platform shaker at
~100 rpm. While many protocols call for using non-fat dry
milk as a blocking agent, we have found much better consistency and improved backgrounds on Western blots using
BSA as the blocking agent. In addition, we strongly encourage using the same vendor/product catalog number for
your blocking agent of choice to mitigate possible background issues associated with different brands of product
(see Note 15).
6. Use 20 mL of solution per container for all primary and secondary antibody incubations and wash steps. Perform these
incubations in accordance with the procedure outlined in
Chapter 29 Subheading 3.2.3 of this book employing various
dilutions of primary and secondary antibody (see discussion
below).
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Fig. 2. Optimization of ChIL-12 polyclonal antibody on Western blot analysis. Crude (C) and
purified (P) ChIL-12HIS or crude pBIB-Kan “mock” control (−) protein extracts separated by
SDS-PAGE run under denaturing conditions. Immunoblotting was performed with serial
dilutions of primary antibody in characterizing a new anti-ChIL-12 polyclonal as described in
Subheading 3.3. The positions of the ChIL-12 p70 and p55 bands are indicated on the left.

7. Following the final wash step, arrange the membrane strips
such that each strip is abutted adjacent to each other and positioned between the sheets of a plastic page protector. Add
developing solution to all of the aligned membrane strips cover,
and incubate to enable visualization of target proteins.
The first experiment in conducting an antibody screening test
involves using the pre-bleed serum as the primary antibody to
determine the antibody titer at which no signal is observed on the
immunoblot under standard assay development conditions.
Specifically for our ChIL-12 polyclonal antibody, pre-immune
serum was tested at six different dilutions ranging from 1:200 to
1:10,000. In this test the conjugated secondary antibody, antirabbit IgG-AP, was used at 1:5,000. As shown in Fig. 2, the preimmune serum of the host rabbit began to exhibit non-specific
binding to proteins in both crude protein extract lanes [ChIL-12
(C) and negative control pBK (−)] at a 1:1,000 dilution that was
not detected when antiserum was used at 1:2,000. Following this
pre-bleed test, several concentrations of the new first-bleed primary antibody were tested with the lowest dilution limit defined
by this pre-bleed serum test, i.e., the dilution level showing no
non-specific cross-reactivity. Beginning with this starting dilution,
we generally dilute the test-bleed antiserum further by a factor of
2 (depending on the titer of the antiserum) and test a minimum of
three different antiserum dilutions. In the case of our ChIL-12
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Fig. 3. Optimizing secondary antibody for improved Western blot detection. Purified (P)
ChIL-12HIS resolved by SDS-PAG and immunoblotted with a mouse monoclonal anti-6×HIS
primary antibody was tested at different secondary anti-mouse IgG-AP conjugated antibody
to improve signal-noise ratio on Western blot analysis.

antibody, antiserum from the first bleed was tested at 1:2,000,
1:5,000 and 1:10,000 (Fig. 2). While all three dilutions detected
the predicted 70 kDa (p70; full length protein) and 55 kDa (p55;
cleavage product) bands in purified ChIL-12 lanes, only the lower
1:2,000 dilution of antiserum was capable of detecting this recombinant protein in crude protein extracts. Moreover the pre-immune
serum from this same host rabbit showed no cross-reactivity with a
band corresponding to either p70 or p55 in both crude and purified ChIL-12 samples further supporting the specificity of this
polyclonal antiserum for our ChIL-12 recombinant protein.
Subsequent bleeds (e.g., second and final) exhibited slightly
improved but similar titers. Additional optimization is also recommended if the antiserum fractions are subsequently pooled and/or
purified for establishing the standard assay parameters.
In addition to varying the primary antibody dilutions, the secondary antibody may also need to be optimized. In practice we
have found that high background that does not appear to be markedly improved with primary antibody dilution may be associated
with non-specific interactions of the secondary antibody. A case in
point is shown in Fig. 3, where an anti-HIS tag antibody we use for
detecting ChIL-12 exhibited high background at a relatively short
exposure time (5 min). By only increasing the dilution of the
AP-conjugated anti-mouse IgG secondary antibody fourfold
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(1:10,000–1:40,000), a significant reduction in the membrane
background was obtained even with longer film exposures. In addition,
the ability to increase antibody dilutions (both primary and
secondary) is desirable, especially when any of these reagents are
limited (e.g., polyclonal antibody).
3.3.2. Some General
“Tricks-of-the-Trade”
for Optimizing Western
Blots

In efforts to optimize the Western blotting conditions for a new
antibody, a number of common problems may arise that are independent of adjusting the antibody concentrations. There are several
vendor websites listed at the end of this chapter and other references (e.g., (13)) that provide useful troubleshooting tips for
Western blotting analysis. Here are just a few “tricks-of-the-trade”
our group has employed over the years to reduce or eliminate some
of these commonly observed issues that can introduce an uncontrolled variable in determining optimal Western blot conditions for
the new antibody targeting your recombinant protein:
1. High background noise:
In our experience this has been one of the most notable issues
with Western blotting using new antibodies whether newly
produced or commercially purchased.
(a) Purify the antibodies from the whole serum or yolk fraction to reduce overall non-specific protein that may attribute to Western blot background (see Subheading 3.2.3).
(b) Blocking agent may be interacting with the new antibody.
Try an alternative blocking agent and make sure the blocking agent used is of high quality. Commonly used blocking agents include non-fat dry milk, casein, BSA, or a
commercial blocking solution available from a number of
vendors (e.g., Pierce, Roche, KPL) (see Note 16).
(c) Increase the amount of blocking agent (e.g., BSA) and/or
detergent (e.g., Tween 20) used in the blocking step for
some antibodies. We typically use 3% BSA in our blocking
step; however, BSA concentration in blocking solution can
range from 1 to 5% (see Note 15).
(d) Include BSA in one or both antibody incubation steps to
discourage non-specific binding of the antibodies. We frequently include 1% BSA in primary and secondary antibody incubation solutions.
(e) Increase the relative amount of your target protein through
enrichment or concentration; without the presence of a
high-affinity target, antibodies as a rule tend to exhibit
non-specific binding behaviors.
2. Multiple bands detected
(a ) Reduce the amount of secondary antibody used. We have
used this strategy with success on numerous occasions
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when optimizing conditions for a new primary antibody
(whether a new uncharacterized antibody or one purchased
commercially).
(b) Compare secondary antibodies bearing different detection
mechanisms, i.e., biotin-based strategies or different enzyme
conjugates (alkaline phosphatase versus horse radish peroxidase) for detection.
(c) Further purify antibody subpopulations from your antisera.
In some cases, the immunogen may have contained very
antigenic contaminants yielding an antibody population
that recognizes both the target recombinant protein and
the co-purifying “contaminating” endogenous protein(s).
Elimination of the non-target antibodies can be facilitated
by immunoprecipitation with host protein extracts from
production runs lacking the transgene or using affinity
columns where these proteins have been conjugated to the
resin. Alternatively, we have had some success by spotting
non-transgenic protein extracts onto a nitrocellulose membrane and incubating the dried membrane with the primary antibody solution to remove undesired non-specific
antibodies (see (14)). The incubation solution now containing the unbound target antibodies is transferred and
incubated with the Western blot membrane. It should be
noted that many of these procedures can result in significant loss of the antibody.
(d) Multiple bands may represent “legitimate” cross-reactivity, that is, the new antibody may be recognizing multiple
glycoforms, isoforms, endogenous homologs, or breakdown products of the targeted recombinant protein.
Modification of the blotting procedure cannot fix this but
further analyses may provide important insights as to the
source of this complexity (see Note 17).
3. Expected band not observed
(a) Extend the development time of the western blot up to
overnight to determine protein product detection.
(b) Address non-specific interactions (as discussed in points
above) to eliminate competition for the antibody and thus
render it capable of binding to its intended target.
(c) Extend the incubation times or increase the incubation
temperature to 37°C to promote protein interaction. We
do caution against extended incubations especially at room
temperature and higher temperatures as this can promote
unintended bacterial growth which can advance the
appearance of non-specific background on your Western
blot. If extending incubation step beyond a few hours
consider incubating at 4°C and/or including sodium
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azide (generally recommended at 0.02%) in the incubation
buffer.
4. Patchy spotting pattern on the Western blot
This problem can be associated with:
(a) Bubbles becoming trapped between membrane and gel
during the setup of the transblot sandwich cassette. To
minimize this problem, carefully roll membrane onto gel
surface and remove any potential bubbles using a roller or
glass pipette rolling in one direction across the membrane
surface.
(b) Uneven distribution of the chemiluminescence or other
developing reagents across the blotted membrane. To
minimize this problem use a pipet to regulate the even
distribution of the developing reagent across the entire
membrane surface.
(c) At the initiation of the developing period, air bubbles
become trapped between the membrane surface with the
reagent and the overlaid plastic page protector sheet (or
plastic wrap). To avoid introducing bubbles, have the protector page cut to a size slightly larger than your membrane; carefully place it on the membrane starting at one
edge and gently “rolling” the plastic cover on such that
contact is initiated progressively and any bubbles are guided
off of the membrane as the interface is established.
(d) Incomplete removal of excess developing reagent prior to
film exposure or the developing agent becoming trapped
in the folds of the plastic sheet or wrap covering the membrane. Use a kimwipe to completely press out the reagent
after the development time has elapsed.
(e) Reused plastic page protector sheets for developing
Western blot. Use a new plastic page protector (cut to a
size just larger than the membrane) for each blot.
5. Diffuse bands
This problem may be a feature associated with structure or
post-translational modifications of the recombinant protein
itself and cannot be avoided. For example, glycan-modified
proteins can have a “fuzzy” appearance on Western blot analysis.
However, other issues that may result in this problem might be
addressed by:
(a) Decreasing the amount of protein loaded per lane. Don’t
exceed suggested well volume and protein concentration
given by the gel manufacturer.
(b) Avoid incubating gel for an extended period in transfer
buffer before assembling the unit and engaging the electrotransfer process.
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(c) Reducing the distance that your target protein moves by
decreasing electrophoresis running time or adjusting acrylamide concentrations to optimize resolution in the size
range of your protein.
3.4. Optimizing
Antibodies
for Use in ELISAs
3.4.1. Choosing Your ELISA
Format

The ELISA is a widely used application for analyzing soluble antigens
(15). As a general rule there are three common features that all
ELISA formats share: (1) one of the reactants (capture component)
is bound to the solid surface (usually a 96-well plastic microtiter
plate), (2) as other reactants are subsequently added to the system,
those molecules with affinity to the capture component become
“bound” and the “free” reactants are eliminated with simple washing steps, and (3) the “bound” components are ultimately detected
based on a shift from a colorless (or inactive) substrate to a colored
(or active) product that indirectly measures the presence and
amount of the target analyte (16). In the context of recombinant
protein production, ELISAs can provide quantitative, structural or
functional information about a target protein depending on the
binding specifications of the antibodies used. We have designed
many ELISAs in a number of configurations for characterizing
several of our plant-expressed proteins (e.g., (2, 17–19)). Some of
these more common configurations including direct, indirect, sandwich, and indirect sandwich ELISAs are illustrated in Fig. 4.
If a robust ELISA (e.g., a commercial ELISA kit) is not available for your recombinant protein, consider designing your own
assay either using commercially available antibodies that detect your
protein or producing your own antibodies (see Subheading 3.2).
When designing and optimizing an ELISA, there are a number of
features to consider in validating the assay:
1. Linearity of the assay using a serial dilution curve of the protein standard (e.g., purified and validated ChIL-12HIS protein
or HSP-90HIS protein standard).
2. Sensitivity of the assay by replicating the lowest detectable
standard concentration value relative to the background sample (e.g., pBK plant extract).
3. Specificity of the assay showing no cross-reactivity to negative
controls (e.g., pBK crude/parallel purified sample and/or an
unrelated recombinant protein expressed in the same bioproduction system).
4. Spike recovery determined by running a serial dilution of standard in the biological matrix (e.g., sample background as in
our model pBK crude/parallel purified sample) and obtaining
predictable linearity in the concentration curve. If antibodies
are specific, such matrix interaction more often results in
underestimating the amount of your recombinant protein in
the samples.
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Fig. 4. Commonly used enzyme-linked immunoabsorbant assay (ELISA) formats for
characterizing and assessing a recombinant protein of interst.

5. Intra-assay reproducibility for testing repeatability of the
absorbance values obtained for the same sample both within a
given plate and on different plates; typically we run three experimental replicates for all unknown samples and standards.
6. Inter-assay variation is identified by establishing reproducibility
of ELISA standard and sample absorbance values on different
plates, run on multiple days and by different technicians.
A measurable parameter in these tests for establishing an
acceptable performance rating of the ELISA is the coefficient of
variation (CV). The CV is calculated as the standard deviation
between samples relative to the mean and is expressed as a percentage of variance to the mean. As detailed discussion of this analysis
and other calculations are beyond the scope of this chapter, we refer
the reader to more comprehensive ELISA methods development
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resources (e.g., (16, 20)). However, in general, for linearity,
spike and intra-assay and inter-assay tests, CVs of 80–120% are
regarded as acceptable, with values at 100% indicative of optimal
performance.
An excellent resource if you need to develop or troubleshoot
an ELISA is “The ELISA Guidebook” (16), which provides detailed
methodology and practical discussion of the topic. In addition, we
have listed weblinks at the end of this chapter with useful troubleshooting and protocols published by a number of companies that
sell ELISA kits and reagents. In order to provide real-life examples,
we have chosen to highlight two ELISAs recently developed for
the assessment of our recombinant ChIL-12 protein. Within the
context of these examples, we will focus on the overall strategy
used and significant aspects in their development that may be
broadly applicable to designing an ELISA for your protein of
interest.
3.4.2. Developing a Direct
ELISA for HIS-Tagged
Recombinant Protein
Quantification

In expressing a protein for which there is no previously characterized
or available standard, the ability to establish an assay that provides
quantification for the recombinant protein is critical and a common challenge in the field. For our model recombinant protein
ChIL-12, a 6×-histidine tag was engineered at the carboxy terminus that not only facilitated purification (2) but with the commercial availability of anti-HIS tag antibodies, provided a means for
determining the quantity of this recombinant expressed protein.
While we have used both anti-6×HIS and antiFeIL-12 Western
blots in combination with densitometry to estimate the amount of
plant-derived ChIL-12, significant limitations including the limited linear range of X-ray film used for detection and the restricted
sample lanes on an SDS-PAGE are associated with this gel-based
approach. A direct ELISA (see Fig. 4) using a anti-HIS tag antibody can provide a far more sensitive, accurate, simplified, and
higher throughput assay for recombinant protein quantification.
To design a direct ELISA using anti-HIS antibodies to quantify your HIS-tagged protein, you must utilize a well-characterized
HIS-tagged standard. This is preferably a protein with a similar
mass to the target protein and of a known concentration (established and validated in accordance with industry standards), which
permits you to effectively establish a relative protein concentration
value of a HIS-tagged recombinant protein. We chose the recombinant and commercially available heat shock protein 90 protein
expressed with a carboxy-terminal histidine tag (HSP-90HIS) to be
used as a relative standard. However, it should be noted that any
protein: (1) with a histidine tag matching that of the recombinant
protein (e.g., carboxy-terminal 6×-HIS; amino-terminal 10×-HIS;
etc.), (2) whose concentration is quantifiable by a standard method
and (3) from a sustainable source (e.g., commercially available for
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enabling ready access to the reagent) can be used in designing a
HIS-tag protein direct ELISA. While the detailed method for this
direct ELISA is described in a later chapter (see Chapter 29,
Subheading 3.5.3), the following summarizes a checkerboard titration (CBT) strategy used in designing this anti-His tag direct
ELISA as a reliable quantification tool for the ChIL-12 protein:
1. Set up a twofold serial dilution of the HSP-90HIS protein
(calibrated standard) in PBS (100 μL/well). The dilution
scheme initiated in lane 1 with 1 μg/mL of the protein is illustrated in Fig. 5 (see Note 18). Therefore each column has a

Fig. 5. Strategy using a checkerboard titration test to optimize an anti-HIS tag protein
direct ELISA. Serial dilutions of both a HIS-tagged heat shock protein 90 (HSP90) used as
a standard HIS-tag protein and a mouse monoclonal anti-6×HIS alkaline phosphataseconjugated antibody were plated in a checkerboard titration test (top) to determine the
appropriate antibody dilution (bottom) in designing a direct ELISA for quantifying recombinant ChIL-12HIS protein as described in Subheading 3.4.2.
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different but predicted concentration of standard protein.
Note the last row (H) of each column on the plate is reserved
for controls including wells run with no protein as shown.
2. Process ELISA as outlined in Chapter 29 Subheading 3.5.5 of
this book to bind protein HSP-90HIS standard protein samples
to the wells of the plate, wash to remove excess, unbound protein and block with BSA blocking solution to bind any unoccupied surface of the well.
3. Set up a similar twofold serial dilution range for the HRPconjugated anti-6×HIS detection antibody beginning at
1:2,000 from row A and on to row G (depicted in Fig. 5);
incubate to allow binding (see Note 19).
4. Following a wash step, add chromophore/substrate and allow
color to develop.
5. Add stop solution as detailed in Chapter 29 Subheading 3.5.5
to each well and determine the absorbance using a plate spectrophotometer at 450 (see Note 20).
Based on this initial CBT analysis, a best fit curve of the
HSP-90HIS serial dilution was determined by plotting standard
concentration versus absorbance values and analyzed using
Microsoft Excel (or another comparable computer program). As
a general rule the most accurate ELISAs have a plateau maximum of ~1.7 O.D and the antigen can be titrated down to background levels as described in further detail in ref. 16. Therefore,
based on the antigen titration curves shown in Fig. 5 (dotted
line designates targeted plateau level), an antibody dilution of
1:8,000 is predicted to provide the best antibody dilution for the
direct ELISA.
With the linear range of this direct ELISA established, serial
dilutions of plant-expressed ChIL-12 (e.g., ChIL-12 purified
sample) and “mock” plant controls lacking the transgene (pBK)
are run in this direct ELISA. For example, a typical direct ELISA
analysis might contain the standard curve (minimum of five points
in duplicate), a dilution series of your mock control (done in triplicate), and dilution series of the samples to be quantified (done in
triplicate). The concentration values for recombinant ChIL-12HIS
are interpolated from the HSP-90 standard curve and expressed
as a relative concentration to HSP-90HIS. Due to cross-reactivity
with competing histidine-containing proteins in plant extracts, we
have found this direct ELISA to be most applicable and reproducible with more purified ChIL-12 protein fractions. This direct
ELISA along with the one described below are fundamental tools
in establishing a quantitative quality assessment program for our
recombinant ChIL-12 as outlined in Chapter 29 of this book
(see Note 20).

4
3.4.3. Design Strategy
Used in Developing a
Sandwich ELISA to Detect
ChIL-12
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Among the most useful ELISAs for recombinant protein assessment
is a two antibody “sandwich” ELISA (Fig. 4). This configuration
generally offers improved specificity over a direct ELISA and can
determine the absolute amount of the recombinant protein in a
sample if a purified protein standard is available. To design a sandwich ELISA, two or more antibodies that target non-overlapping
epitopes on the recombinant protein need to be available (see
Note 21). If the two antibodies are from the same type of production
host (e.g., paired IgG monoclonal antibodies produced in mouse)
at least one of the antibodies needs to be linked with a reporter
enzyme to enable detection. However, in considering the optimization of an ELISA, this requirement either limits the number of
testable antibody configurations (as only one of the antibodies is
modified for detection) or becomes a more costly pre-test (as multiple antibodies would need to be conjugated for assessing each in
the context of a capture and detection antibody). Conversely, if the
antibody pairs being tested were generated in different types of
production hosts, an indirect approach (Fig. 4, “indirect sandwich”
ELISA) is a commonly used configuration that is especially useful
when initially designing a new sandwich ELISA. In this case, all
antibodies that target the recombinant protein can be tested in
both orientations in the “sandwich” (e.g., binding antigen either
in the capture orientation or detection orientation). A third antibody, conjugated to the reporter enzyme that binds the constant
region (Fc) of the secondary antibody heavy chain, enables recordable detection. While the use of a third antibody does require an
additional incubation and wash steps and extends the assay time,
there are many commercially available options for such modified
antibodies and they can be used in optimizing additional sandwich
ELISAs targeting other proteins. Upon determining the best
“matched pair” and their relative orientation in the sandwich configuration, the antibody positioned for detection can subsequently
be modified with a reporter enzyme to streamline the assay into a
direct sandwich ELISA (see Fig. 4).
One of the initial ChIL-12-specific ELISAs we developed was
a sandwich ELISA using our anti-ChIL-12 (αChIL-12) polyclonal
antibody. At this point in the project, in addition to our αChIL12p70 antibody produced in rabbit, we had two other antibodies
that could detect ChIL-12, an antibody against the feline IL-12
homolog and an antibody detecting the C-terminal histidine tag of
ChIL-12HIS. Both of these antibodies had been shown to detect
recombinant ChIL-12HIS by western blot analyses (2). Figure 6
illustrates the overall summary of our initial checkerboard titration
test in establishing an αChIL-12 sandwich ELISA. A similar checkerboard titration test used in designing the direct ELISA described
above is applicable although a total of four reagents require optimization in an indirect sandwich (compared to two for a direct
ELISA). As only two components can be varied by dilution in a
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Fig. 6. Designing an anti-ChIL-12 sandwich ELISA. The anti-ChIL-12 polyclonal antibody was challenged in a checkerboard
titration test paired with an anti-feline IL-12.23 p40 antibody (αFeIL-12p40) or anti-HIS tag monoclonal antibody (α6×HIS)
and detected with the appropriate conjugated tertiary antibody. Four test configurations (TC) were used in establishing the
optimal ChIL-12 sandwich ELISA; ELISA results for the two configurations where ChIL-12HIS was detected is shown and
further described in Subheading 3.4.3.

given test, initially the dilutions of the tertiary antibodies were held
constant and at levels suggested by the vendor (see Subheading 2.4)
as well as one of the antibody sets that bind the antigen (the two
commercial antibodies, αFeIL-12 and α6×-HIS). In summary, an
antibody test matrix with a serial dilution of the new αChIL-12p70
antibody tested first as capture antibody was paired with each of
the commercial antibodies (αFeIL-12 and α6×-HIS) tested as a
detection antibody each at their respective dilutions. A second
antibody matrix tested the reverse orientations with the αChIL12p70 used as detection and each of the two commercial antibodies used for capture of the antigen. All antibody test matrices were
evaluated across a range of antigen (e.g., serial dilution of purified
ChIL-12) with the goal of determining the best performing configuration for the sandwich ELISA.
Based on a series of these checkerboard titration tests, it was
shown that when the ChIL-12 is captured with the anti-6×-HIS
antibody (binds to the C-terminal HIS-tag on the p40 subunit),
our αChIL-12p70 polyclonal antisera can detect the protein [see
Fig. 6, Test Configuration 4 (TC4)] with good linearity, selectivity,
and sensitivity. This configuration appears to be specific for the
chicken homolog of IL-12 as neither the FeIL-12 heterodimer
or p40 subunit can be detected. In considering the fact that the
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FeIL-12 is not detected in TC2 or TC3 as well, this might suggest
that the ChIL-12 protein epitopes to which the highest affinity
antibodies in the αChIL-12 antisera bind are likely common to
high affinity antibodies in the αFeIL-12 antisera (Fig. 6, TC3).
Likewise, a sub-population of antibody(s) in the αChIL-12 antisera with the highest affinity for the protein in fact blocks binding
to the p40 C-terminal HIS-tag of the recombinant ChIL-12
(Fig. 6, TC2). Furthermore, as TC1 (see Fig. 6) exclusively detects
the feline p70 heterodimer and p40 subunit suggest the epitopes
the αFeIL-12 antisera recognize on the ChIL-12 protein are common to or hindered by the antibodies in the αChIL-12 antiserum
and a subpopulation of antibodies in αFeIL-12 are specific for the
feline homolog. Taken together, this example highlights that the
inherent heterogeneity of most polyclonal antibodies makes interpretation of such results complex and tedious and elevates the
importance of integrating the proper controls into such analyses.
This anti-ChIL-12 checkerboard titration test provided the basis
for optimizing the first described ChIL-12 ELISA that recognizes
a HIS-tagged ChIL-12 protein. This ELISA is an important tool
for establishing a quality assessment program for plant-based production of ChIL-12 as discussed in Chapter 29 of this book. Efforts
are ongoing to design a quantitative αChIL-12 ELISA that incorporates our ChIL-12 monoclonal antibodies (Subheading 3.2.2)
for a more sustainable and universal (e.g., detect native ChIL-12)
ELISA with value to the poultry industry and academic R&D
sectors.
3.5. Characterization
of Antibodies
for Additional
Applications

High-affinity selective antibodies to your protein-of-interest can be
broadly useful to many additional applications that may include
assessing function, monitoring protein uptake and trafficking,
identifying cellular and subcellular sites of accumulation, or purifying your proteins. While an in depth discussion of these applications is beyond the scope of this chapter, it may be useful to
mention some of these approaches and the characteristics of the
immuno-tools that may be important for a particular application.
More detailed discussions of these applications are available in several reviews and methodology texts (6, 21–23). It should be noted
that most of these applications are focused on recognizing the protein in a native conformation which impacts the choice of antigen/
immunogen in developing and selecting your antibodies.

3.5.1. Using Antibodies
for Functional Analyses

The specificity of some antibodies can provide a “window” into
functionality of your protein of interest. Antibodies can be selected
for a particular conformation or modification. One example, are
antibodies developed to only bind a particular protein in the phosphorylated site thus providing insight into activation of a regulator
or signal transduction pathway (e.g., the antibody against
phospho-Akt(Ser473) only recognizes the Akt1 protein if it is
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phosphorylated at Ser473). Typically antibodies with this level of
site-specific selectivity are identified from a monoclonal antibody
library. However, it should be noted that particular sub-populations
of antibodies can be selected from a polyclonal antibody population. For example, if you are interested in having antibodies that
only cross-reacts with the protein component of a glycoprotein,
it is possible to enzymatically deglycosylate your recombinant
protein and bind it to membranes or resin in order to select the
peptide targeted sub-population of antibodies. Alternatively, unrelated glycoproteins can be conjugated to the chromatography resin
such that your protein-specific antibodies “flow through” while
those binding to the carbohydrate components bind to the resin
and are removed.
“Neutralizing” and “activating” antibodies can be very useful
for functional analyses (24). These are antibodies that specifically
interfere with or promote the protein’s function. In the case of
neutralizing antibodies this may involve binding or interfering with
the active site and thus disrupting enzymatic activity. However, the
most common applications are in blocking protein binding to its
effector sites. We have used this type of antibody with our plantderived IL-12 to confirm functionality (18). We demonstrated that
our purified IL-12 triggered the induction of interferon-gamma
production in primary splenocytes and that this induction was
blocked when the IL-12 was pre-incubated with anti-IL-12 neutralizing monoclonal antibody. This confirmed that the interferongamma inducing activity observed was directly due to IL-12 and
not to other components that may have co-purified from the plant
tissues. We have also used neutralizing antibodies to demonstrate
that the carbohydrate binding activity of a plant lectin is the critical
component mediating mammalian cell uptake of associated payload
proteins. Thus, this class of antibodies can provide valuable mechanistic insights into the function of your recombinant protein.
In regards to producing neutralizing antibodies, they can be
generated either using a monoclonal or polyclonal production
platform. By definition, the “neutralization” aspect is based on
interfering with function and thus the antibody is recognizing
native epitopes (although it may also cross-react with denatured
proteins). Therefore, it is advantageous to immunize with conformationally intact (active) protein when generating your antibody
population. In the case of plant-expressed ChIL-12, the polyclonal
antibody which was generated from intact soluble immunogen (see
Subheading 3.2.2) has been shown to demonstrate neutralizing
activity (2). This neutralizing antibody enabled validation that our
ChIL-12 protein was in fact responsible for stimulating chicken
splenocyte activation and confirmed the functionality of a plantderived recombinant protein.
In some cases, “conformational antibodies” can be identified.
These are antibodies that only recognize proteins when they are in
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a particular structural state. An example of a conformational antibody our group has worked with is one available for the mouse
IL-12 protein which only recognizes the heterodimeric p70 form
of the protein (e.g., rat anti-mouse IL-12p70 clone 48110.111;
R&D Systems; used in ref. 18). During the initial characterization
and purification of mIL-12 from plants, this antibody provided us
quick quantification of the assembled p35 and p40 subunits even
in crude plant extracts and excluded detection of any non-function
mIL-12 (e.g., p40, p35 or p40 homodimers). To date we have not
identified a similar conformational antibody for our plant-expressed
ChIL-12.
3.5.2. Microscopy
and Immunodetection

Antibodies are also quite valuable for analyzing proteins in the context of cells. Protein-specific antibodies have been very powerful
tools for localization of proteins in tissues, cells and organelles using
fluorescence or electron microscopy. Typically the antibodies are
labeled with either gold particles for electron microscopy or fluors
for fluorescent or confocal microscopy and incubated with the target cells or tissues (that may be permeabilized and/or fixed to facilitate antibody access). Again, it should be noted that antibodies that
effectively recognize native proteins are needed for such assays. In
addition, the specificity of your antibodies is critical for these applications. Because all antibodies in your population will be labeled, if
10% of your antibody cross-reacts non-specifically to a different
protein which is highly abundant in your cells or tissue, the potential for generating misleading data and incorrect interpretation is
quite likely. For this reason, more extensive clean-up of your antibodies and identifying and exploiting appropriate controls is critical. Similar requirements are also required of the antibodies used in
assays that fractionate populations of cells into different groups
[e.g., fluorescence activated cell sorting; magnetic activated cell
sorting (MACs)] for using select cell subpopulations in follow-on
analyses and in assays that quantitatively determine the presence of
select proteins on cells by a flow cytometry-based approach.

3.5.3. Affinity Purification
of Proteins Based
on Antibodies

Once you have identified antibodies specific to your proteins, these
can also be developed as protein purification tools. In this application, the antibody is chemically conjugated to commercially available chromatography resins (or magnetic beads) yielding a highly
selective affinity purification resin. Several commercial resins and
kits (e.g., Pierce’s AminoLink Plus Coupling Resin and Kits) are
available for such applications. While antibody-based columns can
be very useful, there are several caveats and issues that need to be
considered. First, the selectivity of an antibody column directly
reflects the quality and specificity of the antibody population. This
is an important as contaminating proteins will be co-purified along
with your target protein if your antibody cross-reacts with additional
proteins. Second, antibodies have a tendency to leech off the column

100

M.C. Dolan et al.

during use. This limits the number of times a column can be reused
(often permitting only ten runs) and column lifetime is further
impacted by the method of protein elution which can be pH-based
(harsh) or peptide-based (gentler). Elution of antibodies from the
column can affect the purity of the target protein (antibody fragments may now contaminate your sample), as well as detection and
quantification (your secondary antibodies in ELISAs or Westerns
may cross-react with the antibody). Finally, if purifying a recombinant human protein, antibody-based purification is typically not
supported for clinical applications based on guidance from the regulatory agencies to minimize any animal-sourced reagents in the
production process of biologic drugs.

4. Electronic
Resources
Antibody and antibody production:
●

Great resource for general background about antibodies and
troubleshooting antibody production issues and uses. Site also
provides updated weblinks to numerous antibody producing
facilities http://www.antibodyresource.com/.

●

Cocalico Biologicals – used for producing our polyclonal antibody http://www.cocalicobiologicals.com/.

●

Antibody Solutions – used for producing our monoclonal antibody http://www.antibody.com/.

Western blot analysis:
●

Pierce-ThermoScientific “Optimize antigen and antibody concentrations for Western blots,” Technical Resource, #TR0024.0
http://www.thermo.com/eThermo/CMA/PDFs/Articles/
articlesFile_7172.pdf.

●

Abcam “Western Blotting – A Beginner’s Guide” and “Western
blot Troubleshooting Tips” http://www.abcam.com/ps/pdf/
protocols/WB-beginner.pdf http://www.abcam.com/index.
html?pageconfig=resource&rid=11352.

ELISA:
●

Pierce-ThermoScientific, “ELISA Technical Guide and
Protocols,” TechTip#65 http://www.piercenet.com/files/
TR0065-ELISA-guide.pdf.

●

R&D Systems “ELISA Development Guide,” April, 2002
http://www.rndsystems.com/DAM_public/5670.pdf.

●

Millpore ELISA Protocols http://www.millipore.com/immunodetection/id3/elisaprotocols.
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Abcam “Troubleshooting Tips-ELISA” http://www.abcam.com/
index.html?pageconfig=resource&rid=11390.

5. Notes
1. While we have typically run standard multi-welled gels for this
procedure, the use of preparative, pre-cast SDS-PAGE gels also
commercially available provide a valuable alternative format
(one lane for molecular weight standard and one large well for
sample). In practice, this reduces the amount of polyacylamide
accompanying your antigen sample.
2. Unstained protein standards provide a better estimation of size
than pre-stained standards. Stained standards are generally
ideal for confirming the electrophoresis run and estimating the
efficiency of transfer onto a membrane.
3. Other buffers including 6–8 M Urea, SDS or other detergents,
distilled water, HEPES, or Tris that provide improved solubility
and/or stability of your protein of interest may be used; consult the facility that will be producing your antibody to confirm
that your buffer is compliant with their protocols.
4. Cocalico Biologicals accepts antigens supplied in a variety of
forms including liquid, lyophilized, in polyacrylamide gels, as a
precipitate or contained on nitrocellulose membranes. Check
with the company producing your antibody for antigen forms
accepted for immunizations.
5. In this context we define “low titer” as <1:1,000 dilution of
the antisera from the second and/or final bleed containing the
polyclonal antibody yet is capable of detecting the intended
target on a Western immunoblot.
6. Several vendors sell Protein A purification kits that can simplify
the IgG enrichment of your antibodies from serum (e.g., Sigma
PURE1A; ThermoPierce #44667). In addition depending on
the antibody sources, select subclasses or subtypes of antibodies
can also be obtained by similar purification.
7. We typically purify only a small portion of a polyclonal antibody
supply by Protein A chromatography at a given time. While
the method detailed uses 1 mL of resin, this procedure is
commonly scaled proportionately to 5 mL of Protein A
sepharose.
8. Secondary enzyme reporter-conjugated antibodies we use
includes: Bio-Rad goat anti-mouse IgG-AP (#1170-6520);
Bio-Rad goat anti-rabbit IgG-AP (#170-6518); Abcam goat
anti-rabbit IgG-HRP (#ab6721-1).
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9. For plant-expressed recombinant proteins, we have found that
AP-conjugated secondary antibodies provide better selectivity,
particularly in crude plant extracts, due to the presence of plant
endogenous peroxidases that interact with the substrate and
may result in the appearance of additional, non-specific protein
bands being detected.
10. A positive control such as the feline IL-12 protein standard
(a species variant of ChIL-12) in this case, can be used to
establish if the new antibody is recognizing epitopes common
to both homologs.
11. If extra lanes are present on your SDS-PAGE gel, either skipping a lane between the sample series or running a dyed molecular weight marker between each set of samples will provide a
convenient guide for cutting the membrane into strips.
12. It is best to minimize handling of the blotted membrane surface at this step which can contribute to increased background on the developed Western blot. When cutting the
membrane into strips we often place it on a layer of two kimwipes or a paper towel, grasp the membrane with forceps and
cut the membrane using either a clean scalpel blade or sharpened scissors.
13. An alternative to accelerate the Western immunoblot process
and quickly test and optimize the use of new antibodies is to
use the Millipore SnapID unit. This vacuum-based Western
blot detection system allows up to six independent antibody
conditions to be tested at a single time in about 35 min. To
conduct a matrix test for new primary and secondary antibodies, the unit will need to be configured with two, triple well
blot holders. Some important considerations in using this system include the standard buffer condition recommendations
suggested by the manufacturer may deviate from your standard
detection method; be aware that altering these condition
when switching detection systems may impact the outcome of
your Western blot. It is important to refer to the User
Instructions in calculating the appropriate dilution of the antibody when using the multi-well blot holders so that antibody
concentrations can be properly translated when running a standard
Western analysis. Some technical considerations include: (1) when
adding antibody use a transfer pipet to ensure complete coverage of the membrane surface; (2) an alternative to three times
– 10 mL washes is a single 30 mL wash; (3) to pre-equilibrate
the membrane for detection by vacuuming a small volume of
detection buffer prior to removing membrane and proceeding
with development step; (4) blot holders should be marked and
not used more than ten times (or less depending on the
antibodies).
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14. If single lane membrane strips are being used they can be
placed into the troughs of a mini strip eight channel tray
(e.g., Bio-Rad immunological screening tray); incubations
are conducted on a platform shaker at 50 rpm with 2 mL of
solution.
15. There are multiple types of BSA in a standard chemical catalog
that varies in purity, cost, extraction method, presence/absence
of other albumin fractions. We in fact use a higher quality BSA
for both Western blotting and ELISAs; Sigma BSA Cat
#A7906; ³98% (agarose gel electrophoresis) to reduce previous background noise issues.
16. While many protocols use non-fat dry milk as blocking agent,
we have found much better consistency and improved Western
blot background with BSA. In addition, we strongly encourage using the same vendor/product catalog number for your
blocking agent of choice to mitigate possible background
issues associated with different brands of product.
17. To determine if the additional bands comprise alternate glycoforms, deglycosylation experiments can be performed (see
Chapter 29 of this book for more details). Cross-reactivity to
endogenous homologs can be detected by comparing extracts
from the production host with and without the target recombinant protein (see above). Lower molecular mass bands may
reflect degradation products. This interpretation can be further supported if time course analyses show a temporal reduction of full-length product correlated with an increase in the
smaller products. This can be confirmed by either N-terminal
sequencing or mass spectrometry (see Chapter 29, Subheadings
3.4.1 and 3.4.2).
18. When establishing this direct ELISA assay, it is advisable to the
run standard in triplicate; upon establishing this assay the HSP90HIS standard curve can be run in duplicate.
19. In addition to peroxidase-based reporter enzymes (e.g., HRP),
alkaline phosphatase (AP) conjugated detection antibodies,
while less sensitive, can also be used.
20. Substrates used with the reporter horse radish peroxidase
(HRP) enzyme includes 2,2¢-azo-bis(3-ethylbenzthiazoline-6sulfonic acid) (ABTS), o-phenylenediamine (OPD) and
3,3¢5,5¢-tetramethylbenzidine base (TMB), which yield green,
orange and blue colors, respectively.
21. The amount of effort taken to optimize a sandwich ELISA
warrants determining at the onset that the antibodies chosen
and used in this ELISA assay are of sufficient supply and
availability.
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Part II
Prokaryotes

Chapter 5
Heat-Shock Protein Fusion Vectors for Improved Expression
of Soluble Recombinant Proteins in Escherichia coli
Christos A. Kyratsous and Christos A. Panagiotidis
Abstract
Molecular chaperones or heat-shock proteins (HSPs) are protein machines that interact with unfolded or
partially folded polypeptides and assist them in attaining their proper conformation. The folding reaction
relies on a complex array of scaffolding effects and ATP-driven conformational changes that mediate the
temporary unfolding and subsequent refolding of protein substrates. DnaK and GroEL are the two major
Escherichia coli chaperones. They belong to the HSP70 and HSP60 families of proteins, respectively, and
play a major role in protein folding. Here, we describe a set of bacterial expression vectors that permits the
fusion of a protein of interest to DnaK or GroEL and its subsequent quantitative expression in a soluble,
easily purifiable form. We also provide a set of compatible co-chaperone expression constructs that permit
the simultaneous co-expression of the DnaK and GroEL physiological partners to further increase protein
solubility. The system was successfully tested using the murine prion protein (PrP). Although PrP is normally
insoluble when expressed in E. coli, we show that utilizing our vectors it can be produced in a soluble form
as a DnaK or GroEL fusion. This system is useful for the production of a large array of proteins that fail to
fold properly when expressed in E. coli.
Key words: Chaperones, DnaK, GroEL, Fusion proteins, Protein folding

1. Introduction
The ever-growing need for vast quantities of specific proteins in
biotechnological or pharmaceutical applications cannot be met solely
through their isolation from natural sources. Modern biotechnology
has developed a large number of recombinant protein expression
systems that allow high-level protein expression in a wide variety of
host organisms. Of these, the undisputed champion remains the
enterobacterium E. coli. The popularity of this lowly bacterium as
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a cell factory for the production of recombinant proteins has much
to do with its ease of culture, its rapid growth under relatively low-cost
conditions, the extensive knowledge of its genetics, and the abundance
of available protein expression systems optimized for this organism
(8–10, 14, 17).
The overproduction of recombinant proteins in E. coli is not always
a straightforward process. Protein accumulation can be severely
reduced by bacterial proteases (14). Additionally, the differential
codon utilization of mammals and bacteria can result in the translational stalling of many mammalian genes expressed in E. coli and
this may subsequently lead to premature transcriptional termination.
However, the major factor that hinders the value of this bacterium
as an expression host is the inability of many overproduced heterologous proteins to fold properly (14), often leading either to their
accumulation within compact intracellular structures termed inclusion bodies or to their degradation by bacterial proteolytic systems
(1, 4, 23). This inability to fold properly could stem from the
fact that the synthesis of massive amounts of recombinant proteins
overwhelms the cell’s protein-folding systems (11). Without the
aid of such systems recombinant proteins, more often than not, fail
to fold properly (6, 20). Such misfolded polypeptides are rather
prone to aggregation due to interactions of their exposed hydrophobic surfaces with other hydrophobic components within the
very crowded intracellular environment (1, 4, 23).
To circumvent this problem of limiting amounts of proteinfolding chaperone proteins (6), a number of plasmid systems have
been developed to allow co-expression of various combinations of
chaperones together with the target proteins (3, 16, 18, 19, 21, 22,
25, 26). While such systems have improved the solubility for a
significant number of previously insoluble bacterially expressed
proteins, their success in protein folding is far from universal. Thus,
a need for even more efficient refolding systems for proteins overproduced in E. coli remains.
Here, we describe the use of a set of plasmid vectors that allow
for the expression of recombinant proteins as cleavable N-terminal
fusions with the two major chaperones (HSPs) of E. coli, i.e., DnaK
(Hsp70) and GroEL (Hsp60). We have shown (13) that gene
fusions between a target-protein and an HSP can improve targetprotein folding, possibly due to an increase in the HSP local
concentration within the proximity of the folding area. Since the
activity of these chaperones requires the presence of co-chaperone
proteins, i.e., DnaJ and GrpE for DnaK and GroES for GroEL,
we also describe the effects of co-expression of these co-chaperones
on the solubility of the recombinant HSP-fusions.
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2. Materials
2.1. Bacterial Strains
and Media

All strains are grown at 37°C, either on 2XYT agar plates or with
aeration in 2XYT broth, supplemented with 100 mg/mL ampicillin, 50 mg/mL kanamycin, and/or 25 mg/mL chloramphenicol,
as necessary.
1. E. coli strains: Top10 (F− mcrA D(mrr-hsdRMS-mcrBC) j80lacZDM15 DlacX74 deoR recA1 araD139 D(ara-leu)7697 galU
galK rpsL (StrR) endA1 nupG l−) and BL21(DE3) (F− ompT
hsdSB (rB−mB−) gal dcm (DE3)).
2. Media: 2XYT Broth is prepared by dissolving 16 g tryptone,
10 g yeast extract, and 5 g of NaCl in 900 mL deionized H2O,
adjusting the pH to 7.2 with 5N NaOH, bringing the volume
to 1 L with distilled H2O and sterilizing by autoclaving at
121°C for 20 min. Solid 2XYT/agar for plates is made by adding
16 g of agar in 1 L of 2XYT prior to the autoclaving step.
3. 1,000× Ampicillin stock: 100 mg/mL Ampicillin sodium salt
in H2O, filter-sterilized with 0.22 mM pore-size syringe filtration device, and stored at −20°C.
4. 1,000× Kanamycin stock: 50 mg/mL Kanamycin in H2O, filtersterilized with 0.22 mM pore-size syringe filtration device, and
stored at −20°C.
5. 1,000× Chloramphenicol stock: 25 mg/mL Chloramphenicol
in ethanol; filter-sterilized with 0.22 mM pore-size syringe filtration device, and stored at −20°C.
6. Isopropylthiogalactoside (IPTG) is dissolved in distilled H2O
at 1 M, filter-sterilized with 0.22 mM pore-size syringe filtration
device, and stored at −20°C.

2.2. Plasmids,
Plasmid Construction,
and Cloning

1. Tris–EDTA (TE) buffer: 10 mM Tris–HCl, pH 8, and, 1 mM
EDTA.
2. 5× TBE buffer: Dissolve 54 g Tris base and 27.5 g boric acid
in 900 mL H2O, add 20 mL 0.5 M EDTA, pH 8.0 and bring
the final volume of the solution to 1 L.
3. 0.5× TBE buffer: Dilute 5× TBE tenfold with H2O.
4. Ethidium bromide (EtBr) solution: Prepared as a 10-mg/mL stock
solution in H2O and kept at room temperature (RT), protected
from the light. Extreme care must be taken in handling and
disposing of EtBr, as it is mutagenic.
5. SEVAG: Prepared by mixing 24 volumes chloroform with 1 volume
isoamyl alcohol. SEVAG is stored at RT in a glass bottle.
6. Phenol–SEVAG: Commercially available equilibrated phenol
stabilized with 0.1% (w/v) 8-hydroxyquinoline.
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7. TA-cloning derivative of pZErO 2.1: Prepare 20 mL aliquots
at a solution at a final concentration of 50 ng/mL and store
at −80°C (see Note 1).
8. pET-21a(+) (Novagen) is used for the expression of control
recombinant proteins carrying a carboxy-terminal hexahistidine (6×His) tag.
9. The chaperone-fusion vectors pXCK-K and pXCK-EL (13) allow
for the expression of recombinant proteins carrying an HSP
fused at their amino-terminus (DnaK for pXCK-K and GroEL
for pXCK-EL) and a 6×His tag fused at their carboxy-terminus,
as shown in Fig. 1.
10. The co-chaperone expression vectors pXCK-E/J and pXCKES (13) express the DnaK and GroEL co-chaperones DnaJ/
GrpE and GroES, respectively, under the control of the T7
promoter, as shown in Fig. 2.
11. DNA modifying enzymes: NotI, NheI, HindIII, and EcoRV
restriction enzymes, Taq polymerase and T4 DNA ligase (along
with their appropriate assay buffers) are commercially available.
12. Low-melt agarose gels (2% w/v): To prepare a single agarose
mini-gel (8 × 10 cm) in a horizontal gel apparatus, 1 g of lowmelt agarose is added to 50 mL 0.5× TBE containing 0.3 mg/mL
EtBr and heated sufficiently in a microwave oven, with intermittent swirling, to dissolve the agarose. The hot agarose is
cooled to about 60°C before the solution is poured into the
sealed, clean gel mold, a comb is inserted and it is left to harden
(at least 30 min at 4°C). The gel is then removed from the
mold, placed in the electrophoresis tank and a sufficient volume
0.5× TBE/EtBr buffer is poured into the tank to cover the gel.
The samples are loaded and the gel is run at a constant voltage
of 60 V to separate the DNA bands of interest.
2.3. Cell Lysis, Protein
Purification, and
Protein Solubility
Assays

1. Phosphate-buffered saline (PBS): 1 mM KH2PO4, 10 mM
Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4. PBS is sterilized by autoclaving and stored at RT.
2. Cell lysis solution: PBS supplemented with 10 mM b-mercaptoethanol, 1 mM EDTA, 0.2 mg/mL lysozyme, and Complete™
(Roche) protease inhibitor cocktail. Prepare immediately before
use and keep at 4°C.

Fig. 1. (continued) 6×His tag and the thrombin cleavage site, (c) Schematic diagram of the expressed HSP-fusion proteins
including the locations of the thrombin cleavage site and the C-terminal 6×His tag, (d) Expression of chaperones and
chaperone-PrP fusions. Extracts from control cells [pET-21a (+)] or from cells expressing PrP-6×His (pX-PrP), DnaK-6×His
or GroEL-6×His (pXCK-K and pXCK-EL) and the DnaK-PrP-6×His or GroEL-PrP-6×His fusions (pX-DnaK-PrP and pX-GroEL-PrP)
are shown. Equal extract amounts were analyzed on 10% SDS-PAGE gels, which were either stained with Coomassie
Brilliant Blue R250 (total protein staining), or electrotransferred to a nitrocellulose membrane and probed with an antipolyhistidine monoclonal antibody (Western blot analysis). The positions of the relevant proteins are indicated by arrows.
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Fig. 1. Cloning and expression of chaperone fusions. (a) Maps of the DnaK and GroEL fusion vectors, (b) Sequence of the multiple
cloning site of the HSP-fusion vectors, showing the translational reading frame and indicating the positions for the C-terminal
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Fig. 2. The co-chaperone expression vectors. (a) Maps of the vectors expressing either
GrpE and DnaJ (pXCK-E/J) or GroES (pXCK-ES), (b) Expression of co-chaperones. Extracts
from cells carrying an empty vector (pET-21a(+)) or the co-chaperone expression vectors
(pXCK-E/J and pXCK-ES) in triplicate were analyzed on a 15% SDS-PAGE gel and total
proteins were visualized by Coomassie Brilliant Blue R250 staining. The arrows indicate
the positions of the relevant proteins.

3. EDTA-free cell lysis solution: PBS supplemented with 10 mM
b-mercaptoethanol, 5 mM imidazole, 0.2 mg/mL lysozyme,
and Complete™ EDTA-free (Roche) protease inhibitor
cocktail. This solution is prepared immediately before use and
kept at 4°C.
4. 20% (w/v) Triton X-100: 20 g Triton X-100 is added to 75 mL
distilled H2O and the mixture is stirred until completely mixed.
The volume is adjusted to 100 mL with distilled H2O and the
solution is stored at 4°C.
5. Ni-NTA agarose (e.g. Qiagen).
6. Wash buffer: 20 mM Tris–HCl pH 8.0, 150 mM NaCl, 20 mM
imidazole, 1 mM PMSF, and 2 mM b-mercaptoethanol.
7. Elution buffer: 20 mM Tris–HCl pH 8.0, 150 mM NaCl, 300 mM
imidazole, 1 mM PMSF, and 2 mM b-mercaptoethanol.
8. Dialysis buffer: 25 mM Hepes–NaOH pH 7.2, 100 mM NaCl,
0.5 mM dithiothreitol (DTT), 0.5 mM PMSF, and 0.05%
(w/v) Tween-20.

5

Heat-Shock Protein Fusion Vectors for Improved Expression…

115

9. Thrombin dilution buffer: 50 mM Tris–HCl pH 8.0, 150 mM
NaCl, and 2.5 mM CaCl2.
10. 10× Thrombin cleavage buffer: 500 mM Tris–HCl pH 8.0,
1.5 M NaCl, and 25 mM CaCl2.
2.4. SDSPolyacrylamide Gel
Electrophoresis

1. Sodium dodecyl sulfate (SDS) solution: SDS is prepared as a
10% (w/v) stock solution and is stored at RT.
2. 5× SDS-PAGE sample buffer: 250 mM Tris–HCl pH 6.8,
500 mM DTT, 10% (w/v) SDS, 0.15% (w/v) bromophenol
blue, and 50% (v/v) glycerol. Sample buffer is stored frozen
at −20°C in 1 mL aliquots.
3. 5× Stacking gel buffer: 0.625 M Tris–HCl pH 6.8. Store at RT.
4. 5× Separating gel buffer: 1.875 M Tris–HCl pH 8.9. Store at RT.
5. 10× Electrode buffer: 250 mM Tris base, 1.92 M glycine, and
1% (w/v) SDS (no pH adjustment is required). Store at RT.
6. Ammonium persulfate: Prepare a 30% (w/v) solution. Ammonium
persulfate solutions may be stored at 4°C for no more than 2 weeks.
7. Acrylamide solution: Acrylamide is dissolved in H2O to give a
30% (w/v) solution. Filtrated through 0.45 mm pore-size
membrane filters and stored in the dark at 4°C. Handled with
care, since acrylamide is neurotoxic.
8. Bis-acrylamide is dissolved in H2O to yield a 2% (w/v) solution.
Filtrated through 0.45 mm pore-size membrane filter and stored
in the dark at 4°C. Handled with care, since bis-acrylamide
are neurotoxic.
9. N,N,N ¢,N ¢-Tetramethylethylenediamine (TEMED): Stored
at 4°C. TEMED must be handled with care, since it is highly
flammable, corrosive, and toxic.
10. Molecular weight markers: Prestained Protein Marker, Broad
Range (7–175 kDa) may be purchased from New England Biolabs
and stored in small aliquots (30 mL) at −20°C (see Note 2).
11. Fixing solution: 40% (v/v) Methanol and 10% (v/v) glacial
acetic acid in H2O.
12. Destain solution: 10% (v/v) Methanol and 5% (v/v) glacial
acetic acid in H2O.
13. Gel staining solution: 0.1% (w/v) Coomassie Brilliant Blue
R250 in fixing solution.

2.5. Western-Blot
Analysis of
Recombinant Proteins
Carrying Polyhistidine
Tags

1. Transfer buffer: 25 mM Tris base, 190 mM glycine, and 20%
(v/v) methanol (no pH adjustment is required). Transfer
buffer is stored at RT.
2. Protran® BA85 nitrocellulose membranes and GB002 blotting
paper may be purchased from Schleicher & Schuell BioScience.
3. PBS with Tween-20 (PBST): PBS containing 0.1% (w/v)
Tween-20 (see Note 3).
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4. Blocking buffer: 5% (w/v) nonfat dry milk in PBST.
5. Antibody dilution buffer: Both the primary and the secondary
antibodies are diluted in PBST supplemented with 0.5% (w/v)
nonfat dry milk.
6. Primary antibody: Mouse monoclonal antipolyhistidine antibody
(clone HIS-1) is purchased from Sigma-Aldrich (see Note 4).
7. Secondary antibody: Goat anti-mouse IgG polyclonal antibodies
conjugated to horseradish peroxidase may be purchased from
Sigma-Aldrich.
8. Enhanced chemiluminescence (ECL) reagents may be purchased
from GE Healthcare (Amersham™ ECL Plus) and BioMax
XAR films are from Kodak (see Note 5).

3. Methods
The inability of a large number of mammalian proteins to properly
fold when overproduced in E. coli results in either their proteolytic
degradation or the accumulation of their aggregates in bacterial
inclusion bodies (1, 4, 23). We chose one such protein, the mouse
prion protein (PrP) that is implicated in spongiform encephalopathy,
a mammalian protein folding disease (2, 7, 12, 15, 24), as a model
for assessing the ability of the HSP fusion system to direct the
proper folding of recombinant proteins expressed in E. coli.
The HSP-fusion expression vectors that we have developed
(13) permit the expression of the target protein as a fusion with an
HSP fused to its N terminus and a 6×His tag fused to its C terminus,
as shown in Fig. 1. The HSP part of this hybrid aids the protein in
attaining its properly folded state, whereas the 6×His tag is used
for protein purification by immobilized metal affinity chromatography (IMAC). These HSP-fusion proteins are expressed under
the control of the T7 promoter; thus, regulated expression will
take place only in E. coli strains that synthesize the T7 RNA polymerase, e.g., BL21[DE3] (see Note 6).
Since the protein chaperones operate as multiprotein molecular machines (5), we have also constructed plasmids that permit
expression of the appropriate co-chaperones within the same cells
that express the HSP-fusions. Plasmid pXCK-E/J expresses the
DnaK co-chaperones GrpE and DnaJ, whereas pXCK-ES expresses
GroES the co-chaperone of GroEL. The fact that these co-chaperone
expression vectors carry the p15A origin of replication makes
them compatible with the HSP-fusion expression vectors bearing
the ColE1 origin of replication. Additionally, the co-chaperones
are also expressed under the control of the phage T7 promoter.
Thus, the synchronized induction of both HSP-fusions and
co-chaperones should allow for maximum effect on the folding of
the recombinant protein.
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1. The gene encoding the mouse PrP was amplified from pVPmPrP14
(a gift from Dr. Sklaviadis, Aristotle University, Thessaloniki,
Greece) using primer pairs that allow for the murine PrP gene’s
in-frame cloning either in the bacterial expression vector pET21a (+), i.e., mPrP_Nhe_F: 5¢-GGGCTAGCAAAAAGCGGCC
AAAGCCT-3¢ and mPrPNot_R: 5¢-GCGCGGCCGCGGAT
CTTCTCCCGTCGTA-3¢, or in the HSP-fusion expression
vectors pXCK-K and pXCK-EL, i.e., mPrPHind_F: 5¢-GGCA
AGCTTAAAAAGCGGCCAAAGCCT-3¢ and mPrPNot_R:
5¢-GGCGCGGCCGCGGATCTTCTCCCGTCGTA-3¢ (see
Note 7). The PCR reactions are performed in a final volume of
50 mL, with each reaction mix containing: 10 ng target DNA
(plasmid VPmPrP14), 5 mL 10× Promega Thermo Buffer – MgCl2free, 4 mL 25 mM MgCl2 (final concentration 2 mM), 5 mL
2.5 mM dNTP mixture (0.25 mM final concentration for each
dNTP), 5 mL of each 20 mM primer (2 mM final concentration
for each primer), and 1 mL of Taq polymerase (2.5 U/mL).
Following an initial denaturation period of 4 min at 94°C, the
PCR reactions proceed for 30 cycles of 1 min at 94°C, 1 min at
62°C, and 1 min at 72°C, followed by 5 min at 72°C.
2. The PCR products are cloned, using TA-cloning, in T-tailed
plasmid pZErO 2.1 (see Note 8). The ligation reaction, which
is performed in a final volume of 20 mL, contains 1 mL T-tailed
pZero2.1 (50 ng/mL), 3 mL PCR products (reaction mixture),
2 mL 10× T4 DNA ligase buffer, 13 mL H2O, and 1 mL T4
DNA ligase (400 U/mL). The ligation reactions are incubated
at RT for 2 h and then at 4°C overnight prior to being used
for the transformation of chemically competent E. coli Top10.
Specifically, 3 mL of ligation mixture are gently mixed with
200 mL competent E. coli Top10 and the mixture is incubated
on ice for 30 min prior to being placed into a 42°C water bath
for 90 s. Following heat-shock, the mixtures are placed on
ice for 2 min before 800 mL of 2XYT medium are added. The
cells are then allowed to recover by incubation at 37°C for
45 min with agitation. Subsequently, the cells are plated on 2XYT/
agar plates containing kanamycin and incubated overnight at
37°C (see Note 9).
3. Preparation of chemically competent E. coli: Bacteria from a
frozen stock are struck out on 2XYT/agar plates and incubated
overnight at 37°C. The next day, a large colony is picked using
an autoclaved toothpick and it is placed into a sterile 500 mL
Erlenmeyer flask containing 50 mL 2XYT. The culture is grown
at 37°C on a rotating platform under vigorous shaking (200 rpm)
until its absorbance at 600 nm (A600) reaches about 0.2
(approximately 3.5 h). The culture is then poured into a
prechilled sterile 50 mL conical tube and placed on ice for
10 min before centrifuging the cells at 5,000 × g for 10 min in
a refrigerated low-speed centrifuge. The supernatant is poured
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off and the cell pellet is thoroughly resuspended in 10 mL ice-cold,
sterile 0.1 M CaCl2 by repeated pipetting under sterile conditions.
The resuspended cells are incubated on ice for 30 min before
centrifuging again, as above. After decanting the supernatant,
the cells are thoroughly resuspended in 2 mL ice-cold, sterile
0.1 M CaCl2 and kept on ice until use (maximum 2 days).
4. Colonies carrying recombinant plasmids are identified by the
presence of appropriate size inserts following digestion of
plasmid DNA minipreps with pertinent restriction enzymes.
In our test of the system, the recombinant plasmid containing
the PCR product generated with the mPrP_Nhe_F/mPrPNot_R
primer set was named pZeTA-PrP, whereas the plasmid carrying
the PCR product generated with the mPrPHind_F/mPrPNot_R
primer set was named pZ-PrP (see Note 7).
5. The PrP sequences are released from pZeTA-PrP by NheI/NotI
digestion and from pZ-PrP by NotI/HindIII digestion and
the restriction enzyme digestion products are analyzed on 2%
(w/v) low-melt agarose/TBE/EtBr gels. Using visualization
with UV-light, the bands containing the PrP sequences are
located, carefully excised from the gels using clean razor
blades and each is placed in a new, sterile microfuge tube (see
Note 10).
6. The isolated PrP inserts are used in ligation reactions, without
any further purification, after melting the isolated agarose slices
containing them at 65°C for 10 min. PrP fragments released
from pZeTA-PrP by NheI/NotI digestion are cloned into
NheI/NotI-digested pET-21a (+) to construct pX-PrP, whereas
pX-DnaK–PrP and pX-GroEL–PrP are constructed by releasing
PrP from pZ-PrP with HindIII/NotI digestion and cloning
into HindIII/NotI-digested pXCK-K and pXCK-EL, respectively.
Specifically, 3 mL of insert in melted low-melt agarose are mixed
with 1 mL of appropriately digested expression vector (pET-21a
(+), pXCK-K, and pXCK-EL) (50 ng/mL), 2 mL 10× T4 DNA
ligase buffer, 13 mL H2O, and 1 mL T4 DNA ligase (400 U/mL).
The ligation reactions are incubated for 2 h at RT prior to
being used for the transformation of chemically competent
E. coli Top10.
7. The transformed Top10 bacteria are plated on 2XYT agar supplemented with ampicillin (100 mg/mL) and incubated overnight
at 37°C. Plasmid DNA minipreps are prepared after picking
individual colonies and growing overnight cultures at 37°C in
3 mL 2XYT containing ampicillin (100 mg/mL) (see Note 11).
8. The recombinant plasmids are verified by restriction enzyme
digestion of the plasmid DNA miniprep preparations. The pXPrP minipreps are digested with NheI/NotI, whereas the pXDnaK–PrP and pX-GroEL–PrP minipreps are digested with
HindIII/NotI, to verify the presence of mPrP gene inserts.
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1. Chemically competent E. coli BL21[DE3] (see Note 6) are
transformed with the recombinant protein expression constructs,
i.e., pX-PrP, pX-DnaK–PrP, and pX-GroEL–PrP, and the
bacteria are grown overnight at 37°C on 2XYT/agar plates
supplemented with ampicillin.
2. Individual transformed colonies are used to start overnight
cultures in 3 mL 2XYT medium with ampicillin at 37°C.
3. The next day these cultures are diluted tenfold (0.1 mL culture
in 0.9 mL of fresh 2XYT media with ampicillin) and incubated
for 1.5 h at 37°C under vigorous agitation (200 rpm).
4. Induction of protein expression is initiated by adding IPTG to
a final concentration of 1 mM. After a further 1.5 h incubation
at 37°C the bacteria are harvested by a 2-min centrifugation at
top speed in a microfuge.
5. The supernates are decanted, the tubes are blotted dry on
paper towels, and the cell pellets (from 1 mL culture each) are
resuspended in 300 mL 1.5× SDS-PAGE sample buffer. The samples
are boiled for 6 min prior to being loaded (10 mL/lane) on a
10% SDS-PAGE gel with a 4% stacking-gel.
6. 1.5 mm-thick Mini gel sandwiches for SDS-PAGE are prepared
using the appropriate commercially available gel-casting
apparatus and components, e.g., glass plates, alumina plates,
spacers, combs, etc.
7. The separating gel polymerization mixture (for 50 mL) consists of 16.7 mL 30% acrylamide solution, 8.6 mL 2% bisacrylamide solution, 10 mL 5× separating gel buffer, 0.5 mL
10% SDS, 14.1 mL H2O, 120 mL 30% ammonium persulfate,
and 20 mL TEMED.
8. The components are mixed thoroughly and sufficient solution
is poured into each gel sandwich to reach approximately 2.5 cm
below the top edge of the smaller glass (or alumina) plate,
leaving space for the stacking gel. Each gel is overlaid with
0.5 mL isopropanol and the apparatus is covered with plastic
wrap to prevent isopropanol evaporation. The gel is allowed to
polymerize at RT (40–60 min).
9. The isopropanol is poured off from each sandwich, the gel surfaces
are rinsed twice with distilled H2O, and the sandwiches are
inverted onto paper towel briefly to drain excess H2O.
10. The stacking gel polymerization mixture for two mini gels
(10 mL) consists of 1.33 mL 30% acrylamide solution, 0.67 mL
2% bis-acrylamide solution, 2 mL 5× stacking gel buffer, 100 mL
10% SDS, 5.8 mL H2O, 100 mL 30% ammonium persulfate,
and 10 mL TEMED. Once the components are mixed, 0.5 mL
of the solution are very quickly pipetted into each of the two
sandwiches to rinse the gel surfaces. The stacking gels are
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poured immediately, the combs inserted, being careful to avoid
trapping bubbles, and the gels are allowed to polymerize
(30–45 min at RT).
11. Once polymerization of the stacking gel is complete, the comb
is removed and the wells of the gel are washed twice with 1×
electrode buffer using a 1-mL pipetter.
12. The gel sandwiches are attached to the gel running module,
which is then placed into the electrophoresis tank. The upper
and lower chambers of the apparatus are filled with electrode
buffer and 10 mL aliquots of each sample are loaded into individual
wells. A lane containing 10 mL prestained molecular weight
markers is included in each gel.
13. Once the proteins of the bacterial cell lysates have been
separated by SDS-PAGE, the gels are either stained for total
protein or they are transferred electrophoretically to nitrocellulose membranes with the aid of a mini protein-transfer unit
(e.g., Hoefer TE22).
14. For transfer, a piece of nitrocellulose membrane that is slightly
larger (0.5 cm larger in width and length) than the gel is cut
for each gel. The membrane is first placed onto the surface of
distilled H2O in a large clean plastic weigh-boat to hydrate it.
Once wet, the membrane is rocked gently in the boat to submerge it and the rocking is continued for 5 min. The water is
then substituted for transfer buffer and the rocking is continued
for another 10 min.
15. Gels for transfer are removed from the gel sandwiches, placed
in weigh-boats containing transfer buffer (at least 30 mL/minigel)
and left to incubate for 10–20 min with gentle agitation.
16. The gel transfer cassettes are assembled as follows: Two pieces
of precut GB002 blotting paper are wetted with transfer buffer
and laid on top of the cassette sponge. The equilibrated gel is
placed on top of the wet blotting papers, then the nitrocellulose
membrane is laid on top of the gel and two more pieces of
prewetted blotting paper are placed on top of the membrane.
The surface of this stack of paper, gel, and membrane is rolled
gently with a glass-rod to remove any bubbles trapped between
the gel and the nitrocellulose membrane. Finally, the second
sponge is placed on the top of the stack and the cassette is
closed and latched.
17. The cassettes are placed into the transfer electrophoresis unit
so that the gel side of it is facing the cathode (black lead)
and the membrane side is oriented toward the anode (red lead).
A stir-bar is deposited into the tank, the lid is added, the tank
is then placed onto a magnetic stir-plate, and the leads are
attached to a power supply. Transfer of the proteins is achieved
by running the electrophoresis at a constant voltage of 36 V
for 3 h at RT.
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18. Once the transfer is finished, the membranes are removed from
the cassettes and incubated in PBST for 15 min before being
placed in blocking solution, either for 2 h at RT or overnight
at 4°C, with gentle agitation.
19. To detect the presence of the C-terminal 6×His tag in the
recombinant proteins, the membranes are removed from the
blocking solution and placed in 10 mL antibody dilution
buffer containing a 1:1,000 (v/v) dilution of the monoclonal
antipolyhistidine antibody. The membranes are incubated with
this primary antibody for 1.5–2 h at RT.
20. The membranes are then washed three times, 5 min each, with
PBST before 10 mL of HRP-conjugated secondary antibody
[1:5,000 (v/v) dilution in antibody dilution buffer] are added.
The membranes are incubated with the secondary antibody for
1.5–2 h at RT.
21. The membranes are washed twice with PBST and twice with
PBS (5 min per wash) before they are incubated for 1 min with
ECL reagents.
22. Excess ECL reagent is removed by blotting one corner or side
of a membrane on paper towel and the blot is then placed
between the leaves of a plastic page-protector, which in turn is
placed into an X-ray film cassette.
23. In a darkroom, an appropriately sized piece of film is laid over the
blot, the cassette is closed, and the film is exposed to the blot
long enough for recombinant protein detection (see Note 12).
24. Staining of the gels with Coomassie Brilliant Blue R-250 for
detection of total protein content is achieved by placing them
in gel staining solution for 2–6 h, with gentle rocking.
25. The gels are then destained by gently rocking in fixing solution, with multiple changes, followed by storage in destain
solution to prevent excessive destaining of the protein bands
during long-term storage.
3.3. Solubility Assays

1. Using a sterile toothpick, one bacterial colony, carrying the
proper expression construct, is picked from a freshly prepared
2X/YT agar plate and is placed into a sterile culture tube containing 3 mL of 2XYT medium with the appropriate antibiotics(s).
The culture is incubated overnight at 37°C with vigorous
agitation.
2. Fresh media (40 mL) is inoculated with 0.4 mL from each
overnight culture and these subcultures are incubated at 37°C
under vigorous agitation. When the A600 of the subcultures
reaches approximately 0.5, IPTG is added to a final concentration of 0.5 mM, and the cultures are incubated for an
additional 4 h.
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3. The bacteria are harvested by centrifugation at 7,000 × g for
6 min at 4°C and the bacterial pellets are washed twice
with ice-cold PBS.
4. Each washed cell pellet is resuspended in 3 mL cell lysis
solution and stirred at 4°C for 30 min. 150 mL of 20% (w/v)
Triton X-100 is added and stirring is continued for an additional 5 min period.
5. Using a probe-type sonicator set at 60% power, each cell suspension
is sonicated three times, 30 s each at 4°C, with 1–2 min cooling
intervals between the pulses. Aliquots of 300 mL from each suspension are placed into clean microfuge tubes, 150 mL 5× SDS-PAGE
sample buffer is added to each and the tubes are boiled for
5 min. This portion represents the total protein content of the
cell and is identified as Total Lysate.
6. Another 0.5 mL from each lysate are centrifuged at top-speed
(15,000 × g) for 30 min at 4°C in a microfuge. 300 mL from each
clarified supernate are placed in clean microfuge tubes, mixed
with 150 mL 5× SDS-PAGE sample buffer each, and boiled
for 5 min. This portion represents the soluble protein content
of the cell and is identified as Soluble Lysate.
7. The pellets from the 30 min centrifugation step are each suspended
in 750 mL 1.5× SDS-PAGE sample buffer and boiled for 5 min.
These samples represent the insoluble protein content of the
cell that is present in the bacterial inclusion bodies and are
identified as Inclusion Bodies.
8. Examination of the distribution of the recombinant proteins in
the soluble lysate and the inclusion bodies fractions is achieved
by analysis of equal volumes (10 mL) of the above-prepared
extracts by SDS-PAGE followed either by total protein staining
or Western blot analysis with antipolyhistidine antibodies. The
results presented in Fig. 3 indicate that while PrP accumulated
mainly in the inclusion bodies, the majority of the DnaK–PrP
and GroEL–PrP fusion is found in the soluble fraction.
3.4. Co-expression
of the DnaK and GroEL
Co-chaperones to
Increase the Solubility
of the HSP-PrP
Fusions

1. E. coli BL21[DE3] carrying either the unfused PrP expression
plasmid pX-PrP or the appropriate HSP-fusion expression
constructs, i.e., pX-DnaK–PrP and pX-GroEL–PrP, are made
chemically competent (see Subheading 3.1 step 3) and then
transformed with the co-chaperone expression constructs
pXCK-E/J or pXCK-ES.
2. The transformed bacteria are selected by overnight growth at
37°C on 2XYT/agar plates supplemented with both ampicillin
and chloramphenicol.
3. Individual transformed colonies are used to start overnight
cultures in 3 mL 2XYT medium with ampicillin and chloramphenicol at 37°C and induction of protein expression and
solubility assays are performed as described in Subheading 3.3.
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Fig. 3. Comparison of the partitioning of unfused or chaperone-fused PrP to the soluble
fraction or inclusion bodies. Total lysates were prepared from control cells [pET-21a (+)],
from cells expressing PrP-6×His (pX-PrP), DnaK–PrP-6×His or GroEL–PrP-6×His fusions
(pX-DnaK–PrP and pX-GroEL–PrP), either in the absence (−) or the presence of GrpE and
DnaJ (GrpE + DnaJ) or GroES. Aliquots of these lysates (total lysates) were put aside and
the remainder of each was centrifuged for 30 min at 15,000 × g to derive the soluble
protein fraction (soluble fraction) and the insoluble protein fraction (inclusion bodies). All
three fractions were analyzed directly on 11% SDS-PAGE gels and total proteins were
visualized by Coomassie Brilliant Blue R250 staining. The arrows indicate the positions of
the relevant proteins.

4. The results in Fig. 3 indicate that the parallel expression of the
co-chaperone increases the solubility of the fusion protein of
their cognate partner, i.e., DnaJ/GrpE expression increases
the DnaK–PrP solubility, and GroES increases the GroEL–PrP
solubility. In contrast, the presence of co-chaperone(s) has no
effect on the solubility of the unfused PrP or the noncognate
HSP-protein fusion.
3.5. Purification
of the 6×His-Tagged
HSP-Fusion Proteins

1. An overnight culture is initiated by placing a single bacterial
colony, from a freshly prepared plate, into 30 mL 2XYT
medium with the proper antibiotics(s) and it is incubated overnight at 37°C with constant vigorous agitation on a rotating
platform (200 rpm).
2. Overnight cultures (30 mL) are used to inoculate 500 mL sterile
2XYT/antibiotic media in 2 L Erlenmeyer flasks. The cultures
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are grown at 37°C under vigorous agitation (200 rpm) and
induction of recombinant protein expression is initiated by
adding IPTG (0.5 mM final concentration) when the A600
reaches 0.5. The cultures are induced for 4 h at 36.5°C before
collecting the cells by centrifugation at 7,000 × g for 6 min at
4°C. The cell pellets are washed twice with ice-cold PBS before
being stored frozen at −80°C.
3. The frozen cell pellet is thawed in EDTA-free cell lysis solution
(15 mL/g wet cell pellet), stirred for 30 min at 4°C, and then
Triton X-100 is added to achieve 1% (w/v) concentration.
Stirring is continued for another 5 min before the suspension
is sonicated three times for 30 s each at 4°C with 1 min cooling
intervals using a probe-type sonicator at 60% power setting
(see Note 13).
4. The soluble protein extract is obtained by centrifuging the cell
lysate at 12,000 × g for 30 min at 4°C and taking the clear
supernatant.
5. The soluble protein extract is mixed with an appropriate
amount of a 50% (v/v) suspension of the Ni-NTA agarose preequilibrated in EDTA-free cell lysis solution/1% Triton X-100
(~3 mL 50% suspension/g of wet cell pellet). The suspension
is incubated for 30 min at 4°C, under constant mixing (see
Note 14).
6. The agarose gel slurry is poured into the column, letting the
agarose settle for 5 min and then starting the flow (slowly, dropwise) to pack the material into the column. The protein extract
is recirculated through the column matrix two to three times
to ensure maximum binding of the 6×His-tagged protein.
7. The column is washed with at least 3 column volumes of EDTAfree cell lysis solution, followed by 10 column volumes of
the same buffer supplemented with 10 mM MgCl2 and 10 mM
ATP (see Note 15).
8. The column is washed with at least 10 column volumes of the
Wash Buffer to remove any proteins that bind the Ni-NTA
with low affinity.
9. The 6×His-tagged HSP-fusion recombinant proteins are eluted
from the affinity column by passing at least 10 volumes Elution
Buffer through the resin. 1 mL protein fractions are collected,
the protein content is determined (see Note 16), and peak
fractions are pooled.
10. The pooled protein solution is dialyzed overnight at 4°C
against 500 volumes Dialysis Buffer and the dialyzed protein is
aliquoted and kept frozen at −80°C.
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Fig. 4. Thrombin cleavage of the DnaK-PrP fusion. Purified DnaK–PrP-6XHis was incubated with thrombin (6 U/mg fusion
protein) and aliquots were withdrawn at the indicated time points. The digestion products were analyzed on 12% SDS-PAGE
gels, which were either (a) stained with Coomassie Brilliant Blue R250 (total protein staining), or (b) transferred electrophoretically to a nitrocellulose membrane and probed with an antipolyhistidine monoclonal antibody (Western blot analysis).
The positions of the relevant proteins are indicated by arrows.

3.6. ThrombinCleavage of PrP
from Its HSP Partner

1. To recover the PrP, the purified HSP–PrP fusion protein is
proteolytically cleaved with thrombin, a cleavage site for which
had been incorporated at the C terminus of the HSP protein as
shown in Fig. 1.
2. To identify the optimal conditions for the specific and complete
cleavage of the fusion protein, a time-course experiment is performed. Specifically, 20 mL purified DnaK–PrP (2.8 mg/mL)
are mixed with 10 mL 10× thrombin cleavage buffer and 3 mL
diluted thrombin (0.1 U/mL, final thrombin concentration
6 U/mg fusion protein) and the final reaction volume is
adjusted to 100 mL with H2O.
3. The reaction is carried out at RT and 20 mL aliquots are withdrawn at the indicated times, mixed with 5 mL 5× SDS-PAGE
sample buffer, and boiled for 5 min.
4. As shown in Fig. 4, the products of the thrombin digestions
are analyzed by SDS-PAGE on 12% gels, which are either
stained for total proteins with Coomassie Brilliant Blue R250
(a) or analyzed by Western blotting using an antipolyhistidine
monoclonal antibody (b).
5. The results presented in Fig. 4 indicate that the DnaK–PrP
fusion can be cleaved readily with thrombin (see Note 17) to
yield PrP protein. This cleaved PrP remains soluble even after
the removal of its HSP-fusion partner (see Note 18).
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4. Notes
1. A T-tailed derivative of the plasmid vector pZErO 2.1
(Invitrogen) is used for TA-cloning of the PCR products. This
vector is prepared as follows: 38 mL EcoRV-digested pZErO
2.1 (7 mg), 5 mL 10× Promega Thermo buffer (MgCl2-free),
1 mL 25 mM MgCl2, 2 mL 25 mM dTTP, and 1 mL Taq polymerase
(2.5 U/mL) are mixed and the 50-mL reaction is incubated
at 72°C for 2 h. The reaction products are extracted sequentially with phenol–SEVAG and SEVAG prior to precipitation
of the DNA, which is achieved by adding 2.5 volumes of
absolute ethanol to the aqueous phase. Following two washes
with 70% ethanol, the DNA pellet is air dried for 10 min before
being dissolved in TE to a final vector concentration of 50 ng/mL.
Each frozen aliquot of the T-tailed pZErO 2.1 TA-cloning
vector may not be subjected to more than three freeze–thaw
cycles, since its cloning efficiency is severely reduced by such
treatment.
2. The prestained protein marker aliquot should be placed in a
42°C water bath for approximately 3 min before loading on
the SDS-PAGE. For best results, avoid freezing and thawing
the aliquots more than three times.
3. PBST is best used fresh, although it can be stored at 4°C for a
few days.
4. Monoclonal and polyclonal antipolyhistidine antibodies can be
obtained from several suppliers. Be careful to use the proper
secondary antibody when you use a rabbit polyclonal antipolyhistidine antibody, e.g., a goat anti-rabbit IgG antibody conjugated to HRP.
5. ECL reagents and X-ray films optimized for ECL-detection
can be purchased from several other vendors.
6. E. coli BL21[DE3] is a lysogen carrying a lamda prophage
bearing the T7 polymerase gene under the control of the lac
promoter. Thus, the expression of T7 polymerase can be initiated
by the addition of IPTG, thereby providing the polymerase
needed to transcribe the recombinant genes. This strain’s deficiency
in both lon and ompT proteases further increases its value as a
recombinant protein expression host.
7. The primers carry sequences containing specific restriction
enzyme sites to aid the in-frame incorporation of the target
gene sequences into the appropriate expression vector. Note
that different restriction sites are used when the PrP gene is to
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be produced as an HSP-fusion and when it is to be expressed
without such an N-terminal fusion tag in the control vector
pET-21a(+).
8. There is no absolute requirement for TA-cloning of the PCR
amplimers, since they can be cloned directly into expression
vectors following restriction enzyme digestion. However, since
direct cloning can be a low-yield process due to incomplete
digestion of the restriction sites placed near the ends of the DNA
amplimers, we recommend this intermediate step to increase
efficiency.
9. When no insert has been introduced, plasmid pZErO 2.1
expresses the lethal ccdB gene and kills the cells. Thus, the vast
majority of the colonies obtained when using the pZErO 2.1based TA-cloning system are positive for PCR amplimers.
10. Use minimal exposure of DNA to UV radiation to avoid DNA
damage.
11. A number of miniprep plasmid DNA isolation kits are available
from several suppliers. The pertinent manufacturer’s instructions should be followed.
12. The films are developed with the appropriate developing and
fixing reagents, either manually or in an automated film developing unit.
13. The presence of EDTA in the protein solution, or in any of the
buffers, will remove the nickel ions from the Ni-NTA-agarose
column thereby either preventing the protein binding to the
resin or effecting its quantitative elution from the column.
14. Do not use magnetic stirrer bars for mixing, because they may
crush the agarose beads.
15. The column wash buffer containing MgCl2 and ATP is designed
to dissociate any protein complexes with HSPs (e.g., the complexes
of DnaK either with GrpE or polypeptide substrates dissociate
in the presence of Mg/ATP) and thus increase the purity of
the isolated HSP-fusion proteins.
16. Commercially available protein determination kits are used
according to the manufacturer’s instructions.
17. Unlike DnaK–PrP, the GroEL–PrP fusion fails to be cleaved by
thrombin. This could either be due to a lack of accessibility of
the thrombin recognition site, which may be “buried” within the
oligomeric (14-mer) GroEL structure, or it may be indicative
of improper folding of the GroEL–PrP fusion.
18. The PrP protein that is cleaved from the DnaK–PrP fusion is
soluble and can be purified away from the DnaK with IMAC
under native conditions.
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Chapter 6
The Use of a Flagellar Export Signal for the Secretion
of Recombinant Proteins in Salmonella
Ferenc Vonderviszt, Ráchel Sajó, József Dobó, and Péter Závodszky
Abstract
The flagellum-specific export system is a specialized type III export machinery, which exports external
flagellar proteins through the central channel of the flagellar filament. A number of evidence indicates that
short segments within the disordered N-terminal region of flagellar axial proteins are recognized by the
flagellum-specific export apparatus. Recently, we have demonstrated that the 26–47 segment of Salmonella
typhimurium flagellin is capable of mediating flagellar export. N-terminal flagellin segments containing the
export signal combined with a hexahistidine tag can be attached to heterologous proteins (preferentially in
the size range of 9–40 kDa) facilitating their secreted expression and easy purification from the medium.
Certain over-expressed proteins that are easily degraded within the cells are found intact in the medium
implying a potential application of this expression system for proteins of high proteolytic susceptibility.
Key words: Flagellum-specific export, Type III secretion, Export signal, Recombinant protein, Salmonella
typhimurium, Secreted over-expression, Flagellin

1. Introduction
Flagella are the locomotion organelles of bacteria (1). A membrane
embedded molecular motor rotates a long helical filament that
works as a propeller driving the bacterium through the liquid environment. The filamentous portion of the flagellum extends from
the cytoplasm to the cell exterior and involves several substructures:
the rod, the hook, the hook–filament junction, the long helical
filament, and a cap at the filament tip (2). The helical filament may
comprise as many as 30,000 flagellin subunits, and can grow up to
about 15 mm. External flagellar proteins, lying beyond the cytoplasmic
membrane, are synthesized in the cell and exported sequentially by
the flagellum-specific export apparatus from the cytoplasm to the
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site of assembly at the distal end of the growing filament (3, 4). They
are assumed to move through the narrow, 2–3 nm wide, central
channel of the flagellum (5) as partially unfolded monomers.
The flagellar protein export system is located at the cytoplasmic
face of the basal part of the flagellum to distinguish flagellar proteins
from other cytoplasmic proteins and to facilitate their transportation.
Recent studies have demonstrated that the proton motive force
across the cytoplasmic membrane is responsible for driving the
export process (6, 7). The flagellar protein export system belongs
to the family of the type III secretion systems (8), which also
include those for secretion of virulence factors by a wide variety of
pathogenic bacteria (9). A growing number of evidence indicates
that the export signal is located in the disordered N-terminal region
of the secreted proteins (10–12). We have demonstrated that
the 26–47 disordered segment of Salmonella flagellin contains the
recognition signal for the flagellar export machinery (13).
The flagellar export system has the potential to be used as an
effective tool for the secretion of recombinant proteins. Our studies
have revealed that the recognition signal can facilitate translocation
of a wide variety of attached foreign proteins through the flagellumspecific export pathway into the outer medium (13–15). It was
observed that specific characteristics of given proteins may cause
significant differences in export efficiency. The major reason hindering
secretion can be inclusion body formation within the cells. When
only the soluble fraction of the expressed proteins is considered the
export efficiency is fairly high: the average efficiency was above
50% overall (15).
A lac promoter-based expression vector was created to facilitate
efficient over-expression, secretion, and purification. Our constructs
were designed to contain a hexahistidine tag at the N terminus to
enable easy detection, and purification in one step on a Ni2+ affinity
matrix. Another feature of the constructs is that they contain an
enterokinase (EK) cleavage site right after the export signal. The
EK site enables selective removal of the flagellar and other sequence
elements preceding the expressed protein. As an example, secreted
expression and purification of 26–47-MBP (maltose binding
protein and 26–47 segment of flagellin as a fusion protein) is characterized in detail in this chapter. The flagellin deficient Salmonella
typhimurium strain, SJW2536, is used as a host strain in our secretion
experiments (16). As a result, the export apparatus is not overloaded
with the most abundant flagellar protein, flagellin. Since SJW2536
assembles only the basal body and the hook part of the flagellum,
the expressed fusion proteins do not need to travel through a very
long filament.
A major advantage of secreted protein expression is that cell
disruption is no longer required before purification, and the starting
material is less contaminated with host proteins, lipopolysaccharides,
and nucleic acids. It gives a chance that certain proteins which are
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degraded or form intracellular aggregates can be expressed in intact
and soluble form. Solubility, however, does not necessarily mean
that the protein of interest is correctly folded. Flagellar proteins are
translocated in a largely unfolded conformation through the
narrow export channel by the flagellar export machinery. It is plausible to assume that fusion proteins containing the export signal
are also transported to the medium in an unfolded form, where they
may, or may not adopt their native conformation. Anyway, the
lack of competing aggregation is supposed to highly facilitate the
folding process. This expression system has a potential for unfolded
or unstructured proteins that are easily degraded intracellularly but
may escape proteolysis if secreted efficiently into the medium.

2. Materials
2.1. DNA Work

1. Synthetic gene (GenScript).
2. pGFP plasmid (Clontech).
3. High-fidelity DNA polymerase and buffer.
4. T4 DNA ligase.
5. Competent E. coli cells (e.g., TOP10, XL1-Blue).
6. Gel extraction kit (e.g., Invitrogen, PureLink Quick Gel
Extraction kit).
7. Plasmid miniprep kit (e.g., Promega, Wizard Plus SV Minipreps
Purification System).
8. Restriction endonucleases (New England Biolabs, or Fermentas).
9. Agarose.
10. TAE buffer: 50 mM Tris–acetate pH 8.0, 20 mM Na–acetate,
and 2 mM EDTA.
11. TE buffer: 10 mM Tris–HCl pH 7.5 and 0.1 mM EDTA.

2.2. Cell Culture
and Protein
Expression

1. S. typhimurium DfliC strain, SJW2536.
2. Luria-Bertani medium (LB): 10 g Bacto-tryptone, 5 g bactoyeast extract, 10 g NaCl, add H2O to a final volume of 1 L,
adjust pH to 7.2 with NaOH, and sterilize by autoclaving.
3. LB-agar for plates: LB medium supplemented with 15 g agar
per liter. After autoclaving cool to about 50°C while stirring,
then pour the plates.
4. Ampicillin stock solution: Prepare a 100-mg/mL stock in water,
and sterilize by filtration through a 0.22-mm sterile syringe filter.
5. LB–ampicillin, LB–ampicillin–agar: As LB and LB-agar but
containing 100 mg/mL ampicillin, cool the LB-agar to 50°C
before adding ampicillin and pouring the plates.
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6. 15% (v/v) Glycerol solution: Sterilize by autoclaving.
7. 20% (w/v) Glucose solution: Sterilize by filtration through a
0.22-mm sterile syringe filter.
8. Metal stock solution: 8 mL concentrated HCl, 5 g FeCl2·4H2O,
184 mg CaCl2·2H2O, 64 mg H3BO3, 40 mg MnCl2·4H2O,
18 mg CoCl2·2H2O, 340 mg ZnCl2, 605 mg Na2MoO4·2H2O
dissolved in H2O in a final volume of 100 mL; store at room
temperature (RT).
9. Thiamine solution: Dissolve 22 mg thiamine HCl in H2O in a
final volume of 100 mL, and sterilize by filtration through a
0.22-mm sterile syringe filter. Thiamine is light sensitive, therefore, store this solution at 4°C in a dark bottle.
10. Minimal medium: Dissolve 12 g Na2HPO4·7H2O, 3 g KH2PO4,
0.5 g NaCl, 1 g NH4Cl in H2O in a final volume of 986 mL,
add 10 mL of 20% glucose, 1 mL of thiamine solution, 40 mL
of metal stock solution, 1 mL of 1 M MgCl2, 15 mL of 1 M
CaCl2, and 1 mL 100 mg/mL ampicillin into the solution.
Sterilize the glucose, thiamine and metal stock solution by filtration
through a 0.22-mm sterile syringe filter, and the other solutions
by autoclaving.
11. Minimal medium supplemented with 5% LB: Add 50 mL of
sterile LB medium to 950 mL of minimal medium.
12. Petri dishes.
13. Sterile syringe filter, 0.22 mm.
14. Electroporation system (BioRad).
15. 2-mm electroporation cuvettes (BioRad).
2.3. Protein
Purification
and Processing

1. 80% (w/v) Trichloroacetic acid (TCA): Dissolve 40 g TCA in
H2O in a final volume of 50 mL, and store at 4°C.
2. Standard SDS-PAGE sample buffer: 125 mM Tris–HCl pH
6.8, 15% glycerol, 4.5% sodium dodecyl sulfate (SDS), 0.03%
bromophenol blue, and 5% b-mercaptoethanol.
3. Nonstandard SDS-PAGE sample buffer: 250 mM Tris–HCl
pH 8.0, 15% glycerol, 4.5% SDS, 0.03% bromophenol blue,
5% b-mercaptoethanol (for TCA precipitated proteins).
4. Dialysis tubing.
5. Ni-NTA Superflow resin (Qiagen).
6. Empty 20-mL Econo-Pac gravity-flow chromatography
column (BioRad).
7. Loading buffer: 400 mM NaCl, 10 mM imidazole, 50 mM
Na-phosphate pH 7.5, and 0.01% NaN3.
8. Elution buffer: 400 mM NaCl, 400 mM imidazole, 50 mM
Na-phosphate pH 7.5, and 0.01% NaN3.
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9. Enterokinase (EK), recombinant, light chain (Sigma).
10. EK buffer: 50 mM Tris–HCl pH 7.5, 0.2 mM CaCl2, and 0.1%
Tween-20.
11. Amylose resin: Store at 4°C.
12. Empty 2-mL Poly-Prep gravity-flow chromatography column
(BioRad).
13. Amylose wash buffer: 20 mM Tris–HCl pH 7.4, 200 mM
NaCl, and 1 mM EDTA.
14. Amylose elution buffer: Same as amylose wash buffer but containing 10 mM maltose.
15. Soybean trypsin inhibitor agarose: Store at 4°C.
16. 10× Stripping buffer: 1 M NaCl, and 1 M formic acid pH 3.0.
17. 10× Binding buffer: 5 M NaCl, and 500 mM potassium phosphate pH 8.0.
18. Gel documentation system (BioRad).

3. Methods
3.1. Construction
of the Expression
Vector, pVJGFPa

1. Order a synthetic gene (usually supplied in a plasmid) containing
a His6-tag, the 26–47 flagellin segment of S. typhimurium and
an EK cleavage site (GenScript). (Fig. 1. boxed sequence between
the HindIII and KpnI sites).
2. Digest about 2 mg of plasmid containing the synthetic cassette
and 1 mg of a pGFP vector with 10 U of HindIII and KpnI
restriction endonucleases each in a final volume of 20–50 mL
according to the manufacturer’s instructions.
3. Run the samples on 1% agarose gel in TAE buffer, excise the
appropriate bands, and extract the DNA using a gel extraction
kit according to the manufacturer’s instructions.
4. Ligate the extracted cassette and pGFP plasmid using T4 DNA
ligase: Mix 20–100 ng of the vector and the insert in 1:3 molar
ratio and add sterile H2O in a final volume of 17 mL. Heat the
solution to 42°C for 2 min, cool it down on ice, add 2 mL 10× T4
ligase buffer and 1 ml T4 ligase. The final volume of the solution should be 20 mL. Incubate the solution at 16°C for 2 h.
5. Transform the ligation products into E. coli competent cells.
Thaw a 100-mL aliquot of E. coli competent cells on ice and
add the total volume of ligation product. Incubate it on ice for
30 min, then put the mixture to 42°C for 90 s. Cool it on ice
for 2 min, then add 1 mL of sterile LB.
6. Incubate the transformed cells at 37°C for 1 h.
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Fig. 1. Map of the pVJGFPa vector. A synthetic cassette, containing a His6-tag, the flagellar export signal, and an enterokinase
cleavage site, is inserted into a pGFP plasmid between the HindIII and KpnI sites resulting in the pVJGFPa plasmid.
The sequence of the cassette is shown in the box.

7. Streak the cells onto LB-agar plates containing 100 mg/mL
ampicillin.
8. Pick up a single colony from the plate and add 3 mL sterile LB
containing 100 mg/mL ampicillin. Grow it overnight at 37°C.
9. From a 2-mL overnight culture isolate the ligated plasmid with
a plasmid miniprep kit.
10. Digest the plasmid with HindIII and KpnI as above in a final
volume of 10 mL and analyze the products by agarose gel electrophoresis to ensure it contains the synthetic cassette (see Note 1).
The resulting plasmid (Fig. 1) is called pVJGFPa (15).
3.2. Subcloning
of the Gene of Interest
into the Expression
Vector

The gene of the protein of interest can be cloned into any of the
restriction sites (from NheI to KpnI) listed on Fig. 1. Use a restriction
site on the 5¢ end to ensure that your gene is in frame with the flagellar
signal. The 3¢ end should contain a stop codon before the other
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restriction site. If your gene does not contain the appropriate
restriction sites, amplify it by PCR with primers (see Note 2) that
will add the required cleavage sites to both ends (see Note 3).
1. Digest both the vector (pVJGFPa) and the amplified insert
(both approx. 1 mg) with the chosen enzymes (10 U each)
according to the manufacturer’s instructions. We recommend
using two enzymes.
2. Run the samples on 1% agarose gel and extract the appropriate
bands using a gel extraction kit.
3. Ligate and transform as above (steps 4 and 5 of Subheading 3.1).
4. Incubate the transformed cells at 37°C for 1 h.
5. Streak 50 mL fractions (see Note 4) of the cells onto LB-agar
plates containing 100 mg/mL ampicillin and incubate them
overnight at 37°C.
6. Pick up a single colony from the plate and add 3 mL of sterile
LB containing 100 mg/mL ampicillin. Grow the cells overnight
at 37°C.
7. From a 2 mL overnight culture isolate the ligated plasmid with
a plasmid miniprep kit.
8. Digest the plasmid with the same enzymes that were used for
cloning and analyze the products by agarose gel electrophoresis
to ensure it contains your gene.
3.3. Electroporation
into Salmonella

1. Grow S. typhimurium SJW2536 cells in 20 mL sterile LB medium
at 37°C until OD600 reaches approximately 0.6.
2. Harvest the cells by centrifugation at 3,000 × g for 10 min
at 4°C and resuspend them in 10 mL of ice-cold sterile 15%
glycerol solution.
3. Centrifuge again and remove the supernatant. Repeat the
washing step with 10 mL of ice-cold sterile 15% glycerol.
4. Finally, resuspend the cells in 1 mL of ice-cold sterile 15% glycerol
by careful up and down pipetting. These cells are electrocompetent (see Note 5).
5. Perform all the processes on ice. To a 100-mL aliquot of the
cells add 50–200 ng of plasmid DNA in a maximum volume of
10 mL. The DNA should preferably be dissolved in sterile ultra
pure H2O rather than in TE buffer.
6. Electroporate the cells using an exponential voltage decay protocol (2.4 kV, 25 mF, 400 W, 2-mm cuvette, the time constant
should be 9–13 ms).
7. Add 1 mL of LB. After 1 h incubation at 37°C, streak appropriate
fractions of the cells (e.g., 50 mL) onto LB-agar plates containing
100 mg/mL ampicillin.
8. Incubate the plates overnight at 37°C.
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Fig. 2. Expression level of two model proteins (CCP2, MBP) within the cells and in the cell
culture medium. Each lane of the SDS polyacrylamide gel represents cells (pellet) from
100 mL, or medium (supernatant) from 250 mL of cell culture. Before analysis cells were
centrifuged and resuspended in 15 mL of water and equal volume of standard SDS-PAGE
sample buffer, while the cell culture media were precipitated with 80% TCA, and resuspended in 30 mL of nonstandard SDS-PAGE sample buffer. Lane 1: disrupted SJW2536
cells containing pVJCCP2a. Lane 2: concentrated medium of SJW2536 harboring pVJCCP2a.
Lane 3: disrupted SJW2536 cells containing pVJMBPa. Lane 4: concentrated medium of
SJW2536 harboring pVJMBPa. Small triangles point to the expressed fusion proteins.

3.4. Protein Expression

3.4.1. Cell Growth
and Harvest

Protein expression and purification is demonstrated by the example
of two model proteins: MBP (17) and CCP2 (complement control
protein 2 domain of C1r) (18) in Figs. 2 and 3.
1. Pick up a single colony from the plate containing the electroporated cells and add 3 mL of sterile LB containing 100 mg/mL
ampicillin. Grow the cells overnight at 37°C.
2. Inoculate sterile LB medium or minimal medium supplemented
with 5% LB with 1% (v/v) overnight SJW2536 culture (e.g.,
add 200 mL of overnight culture to 20 mL medium), grow the
cells at 37°C at 220 rpm until OD600 reaches approximately 1
(see Notes 6 and 7).
3. Centrifuge the culture at 3,000 × g for 10 min at 4°C. Separate
the supernatant (medium) from the cells. Keep the supernatant.

3.4.2. Experimental
Investigation of Export
Efficiency

1. After harvesting the cells by centrifugation at 3,000 × g for
10 min as described in Subheading 3.4.1, and precipitate
the medium by adding 80% TCA. The final concentration of
TCA should be about 16%.
2. Incubate the solution for 1 h at 4°C.
3. Collect the precipitated proteins by centrifugation at 3,000 × g
for 10 min. Carefully remove all TCA from the tube. Spin down
again the tube containing the pellet (centrifuge at 3,000 × g for
2 min). Remove and discard the remaining TCA.
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Fig. 3. Purification by Ni affinity chromatography and removal of the signal sequence. The MBPa fusion protein was purified
from the medium by Ni2+-affinity chromatography and cleaved by enterokinase (EK). If correctly folded the EK cleaved
MBPa binds to amylose–agarose. The EK was removed by centrifugation with soybean trypsin inhibitor agarose. (a) Lane 1:
concentrated medium (equivalent to 2 mL original medium) of SJW2536 harboring pVJMBPa. Lane 2: MBPa purified on
Ni-NTA Superflow column. Lane 3: MBPa treated with EK (at MBPa:EK = 20:1 w/w ratio, 40 h). Lanes 4 and 5: fractions
containing the EK-treated MBP eluted from amylose agarose beads with a maltose containing buffer. (b) Demonstration of
EK removal. Lane 1: binding buffer containing EK. Lane 2: EK was removed by soybean trypsin inhibitor agarose. In one
step approximately 90–95% of the EK was removed. The reaction does not contain MBP, because such large amount of EK
that is visible on an SDS polyacrylamide gel would degrade it.

4. Dissolve the pellet in nonstandard SDS-PAGE sample buffer.
The final volume of the dissolved proteins should be about
1/50 of the original medium (e.g., add 80 mL sample buffer to
a pellet precipitated from 4 mL medium) (see Note 8). Heat the
samples at 95°C for 5 min before analyzing them by SDS-PAGE.
5. Resuspend the harvested cells in 1/5 volume of sterile water
then add equal volume of standard SDS-PAGE sample buffer
(e.g., add 2 mL of water and 2 mL of standard SDS-PAGE
sample buffer to cells harvested from 10 mL of medium). Lyse
the cells by two cycles of heating at 95°C for 5 min and vortexing
for 20 s. This ensures that the genomic DNA breaks.
6. Load 20–20 mL of the prepared cell lysate and medium samples
on a 12% or 15% gel depending on the size of the protein of
interest and analyze them by SDS-PAGE using a standard
Tris–glycine buffer system (Fig. 2) (19) (see Note 9).
3.4.3. Calculating
the Export Efficiency

1. Estimate the protein concentration within the cells and in the
cell culture supernatant by applying densitometric analysis of
the Coomassie-stained SDS polyacrylamide gels (Fig. 2) using
an appropriate software or by simple visual estimation comparing
the intensity to a known amount of protein (see Note 10).
2. Use the bands of the molecular weight marker as a reference to
determine the amount of the protein in each lane (see Note 11).
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3. Calculate the export efficiency from the level of the fusion
protein in the cells and in the medium as follows (see Note 7):
amount of protein in the medium
amount of protein in the medium + amount of protein in the cells

3.5. Protein
Purification
by Ni-Affinity
Chromatography

× 100%

It is recommended to grow the cells for protein purification in
minimal medium instead of LB because amino acids in LB bind to
and remove Ni ions from the Ni-NTA resin. Addition of 5% LB to
the minimal medium facilitates cell growth, but it does not significantly
hinder purification by Ni-affinity chromatography. If cells are
grown in pure LB, extensive dialysis is needed against large volumes
of loading buffer before Ni-NTA purification.
1. Grow transformed SJW2536 cells as above in 1 L minimal
medium supplemented with 5% LB.
2. Separate the cells by centrifugation at 5,000 × g for 15 min at 4°C.
3. Pour a 5-mL (bed volume) Ni-NTA Superflow column using
an Econo-Pac gravity-flow chromatography column.
4. Equilibrate the 5-mL Ni-NTA Superflow column with 20 mL
of loading buffer.
5. Add NaCl, NaH2PO4 and imidazole to the sample in a final
concentration of 400, 50, and 10 mM respectively.
6. Load 200 mL of the sample to the column.
7. Wash it twice with 10–10 mL of loading buffer to eliminate
the nonbinding components.
8. Finally elute the protein of interest with 3 × 5 mL of elution
buffer.
9. Analyze the eluted samples by SDS-PAGE, then combine the
clear fractions containing the secreted protein (Fig. 3a).

3.6. Removal
of the Signal Sequence
by Enterokinase
Cleavage

1. Dialyze the combined fractions against >1,000-fold volume of
EK buffer (e.g., 400 mL of the fractions against 2 L buffer).
2. Add recombinant EK at about fusion protein: EK = 20:1
to 40:1 w/w ratio (see Note 12) to the solution of 0.1–0.15
mg/mL protein, and incubate for 8–40 h at RT.
3. Remove EK by mixing with soybean trypsin inhibitor agarose
resin followed by centrifugation. Use 30 mL of 50% slurry per
1 unit (0.05 mg) of enzyme.
4. Resuspend and wash the resin twice with 4× bed volume of
1× stripping buffer then with the same volume of 1× binding
buffer.
5. After pelleting the resin by centrifuging for 1 min at 800 × g,
remove and discard the supernatant. Resuspend the resin to
make a 50% slurry in binding buffer. Add 1/10 volume of
10× binding buffer to the EK digestion mixture.
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6. Add the prewashed resin to the digestion mixture.
7. Keep the resin suspended in the reaction mixture by slowly
rocking the tube or by gently pipetting up and down for 15 min.
8. Centrifuge the resin for 2 min at 5,000 × g and save the supernatant. The supernatant contains your protein.
9. Check the purity by SDS-PAGE analysis (Fig. 3b). If the EK is not
totally removed from the reaction mixture, use larger amount
of resin or add fresh prewashed resin to the protein solution
containing EK, and repeat the rocking/pipetting step.
10. Apply the reaction mixture to a Ni-affinity column as above
(Subheading 3.5, steps 3–6). The cleaved His6-tags and the
nondigested proteins bind to the Ni-resin. The purified cleaved
protein will be in the flow-through fraction after loading the
sample to the column.
3.7. Functional Assay

As previously mentioned, the secreted protein is not necessarily
correctly folded, therefore, it is important to prove by appropriate
structural or functional studies that the EK-digested protein is
functional, and gains its correct three-dimensional structure. As an
example, here, we present the functional assay for MBP, which, if
is correctly folded, binds to an amylose resin.
1. Pour a 1-mL (bed volume) amylose resin column using a PolyPrep gravity-flow chromatography column.
2. To check amylose binding, load 5 mL of the EK digested
protein to the amylose resin column.
3. Wash the column twice to eliminate the nonbinding components with 2-mL of amylose wash buffer.
4. Elute the protein with 4 mL amylose eluting buffer. Collect
1 mL fractions.
5. Demonstrate by SDS-PAGE analysis, that the eluted fractions
contain clean MBP, indicating that it is correctly folded (Fig. 3a).

4. Notes
1. More detailed protocols of basic DNA techniques can be found
in (20), Sections 8.37–8.41.
2. The primers should contain at least four nucleotides at the
end (e.g., GCGC sequence) then the recognition sequence of
the chosen endonuclease, at last a 15 base pair long sequence
matching the gene of interest. The melting point of the two
primers should be about the same temperature.
3. Choose restriction enzymes that do not cut inside the gene of
interest.
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4. If 50 mL fractions do not result in appropriate number of colonies,
streak larger volumes on the plates.
5. The cells in 15% glycerol can be stored at −80°C for years.
According to our observations these cells are viable but not
electro-competent. It is recommended to use freshly made
electro-competent cells each time. If you do not need to store
the cells for longer time, it is not necessary to add glycerol to
the cells, they are electro-competent in water as well.
6. IPTG induction is not required, because lac repressor is not
present in Salmonella cells.
7. If your protein is produced in the form of inclusion bodies it
may cause low export efficiency. Lowering the growth temperature to 30–16°C might help.
8. If the protein solution dissolved in nonstandard SDS-PAGE
sample buffer becomes yellow, add a minimal amount of Tris–
base to the solution until it gains the original blue color of the
sample buffer.
9. More detailed protocols of basic protein techniques can be
found in (20), Sections A8.40–A8.50.
10. Correct the band intensities with the intensity of the host protein
band with the same apparent molecular weight in the neighboring lane.
11. The detection limit in Coomassie-stained gels is about 1 mg/L
fusion protein in the cells and 0.2 mg/L in the medium.
12. The optimal ratio of the required EK varies from protein to
protein.
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Chapter 7
Optimization of Purification Protocols Based
on the Step-by-Step Monitoring of the Protein
Aggregates in Soluble Fractions
Ario de Marco
Abstract
Soluble protein fractions are often considered containing exclusively monodispersed and correctly folded
molecules. This is not the case, being soluble aggregates of different complexity widely represented in such
fractions. The use of fusing target protein domains to highly soluble carriers may strongly contribute to
soluble aggregate accumulation. Therefore, reliable analytical methods must be used to evaluate the biophysical characteristics of soluble proteins. On the other hand, conventional methodologies are often
technically demanding and time consuming. In this method paper, a protocol is presented that enables the
rapid evaluation of the protein monodispersity from the initial step aimed at screening several conditions
in parallel to the setup of the complete protocol for large-scale purification. The analysis is performed by
means of simple lab equipment and starting from small sample volumes.
Key words: Aggregation index, Light scattering, Magnetic beads, Size-exclusion chromatography,
Soluble aggregates

1. Introduction
For a long period, solubility has been accepted as a sufficient
parameter for considering a protein correctly folded. However, the
repeated reports of the presence of aggregates in soluble fractions
containing recombinant fusion proteins expressed in bacteria
clearly urged for a more accurate analysis and monodispersity evaluation (1–3). The complexity of the soluble aggregate structures
was demonstrated as well as the progressive development of larger
aggregates starting from tiny aggregate seeds (3–7). This last feature implies that the conditions leading to aggregation must be
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prevented from the initial purification steps for avoiding a cumulative
aggregation process. Ideally, the presence of soluble aggregates
should be monitored in a reliable way at each protocol step to
identify the conditions that are critical for preserving or preventing
the protein native folding. Given the limiting conditions of time
and sample volumes that are usual during the phases of a protocol
setup, such analyses should be performed in a short period and
without loss of material.
In the laboratory praxis, the development of a purification protocol usually consists of a first phase, in which several conditions
(strains, constructs, growth conditions, osmolyte addition, foldase
coexpression, etc.) are compared simultaneously in small scale, and
of an advanced phase, in which the single steps of the scale-up protocol (lysis conditions, materials, chromatographic steps, buffers,
etc.) are progressively tested. Recently, we demonstrated that it
was feasible to analyze in 30 min and by size-exclusion chromatography (SEC) 20 μL of sample eluted by a screening-scale amount
of magnetic beads and that larger volumes (140 μL) from preparative samples could be evaluated in a few minutes by the fluorimetric aggregation index (AI) assay (8, 9). The rapid analyses and
consequent evaluation allows the fast choice among options and
the step-by-step design of an optimized purification flowchart. It is
important to underline that the biophysical analyses incorporated
in this protocol are easily performed with the standard equipment
available in a biology lab.

2. Materials
2.1. Small-Scale Cell
Culture

1. Culture medium (Lauria Bertani – LB or Terrific Broth – TB).
2. I M IPTG dissolved in H2O.
3. 40% glucose.
4. BL21 (DE3) bacteria transformed with the suitable constructs.

2.2. Small-Scale
Protein Affinity
Purification

1. 1 mg/mL DNase I.
2. 100 mg/mL lysozyme.
3. Ni-NTA magnetic beads.
4. Lysis buffer: 50 mM Tris–HCl, pH 8.0, 500 mM NaCl, and
5 mM MgCl2.
5. Washing buffer: 50 mM Tris–HCl, pH 8.0, 500 mM NaCl,
15 mM imidazole, and 0.02% Triton.
6. PBS.
7. Water bath sonicator.
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1. Superdex 75 5/150 GL (GE Healthcare).
2. ÄKTA-FPLC (GE Healthcare).
3. SEC buffer: 25 mM Tris–HCl, pH 7.8, 150 mM NaCl or PBS.

2.4. Optimization
of the Protein
Production Protocol

1. Spectrofluorometer.
2. Desalting cartridge (for instance, a HiTrap desalting column –
GE Healthcare).
3. Dialysis device (see Note 1).

3. Methods
3.1. Small-Scale Cell
Culture

1. Inoculate a 10-mL tube containing 2 mL of LB medium plus
1% glucose with the BL21(DE3) cells transformed with the
target and grow overnight at 30°C in an inclined rack (30°)
inside a shaker (180 rpm). Repeat the procedure for each
construct.
2. The day after, add 100 μL of the precultures from each of the
different constructs to a 50-mL Erlenmeyer flask filled with
15 mL of LB (or TB).
3. Let the bacteria grow at 37°C in an orbital shaker (210 rpm)
until the OD600 reaches 0.4, then switch the temperature to
20°C, and after 30 min (the OD600 of the culture reaches
approximately the value of 0.6) induce the protein expression
with 0.2 mM IPTG.
4. Let the cultures grow for 18 h at 20°C and then harvest the pellet by centrifuging (15 min × 11,000 × g at room temperature).
5. Remove the medium and store the pellets at −20°C.

3.2. Small-Scale
Protein Affinity
Purification
(See Notes 2 and 3)

1. For each sample to purify, add 35 μL of magnetic bead slurry
to a 2-mL Eppendorf tube (see Note 4).
2. Set the tubes into a magnetic rack to separate the beads from
the solution and carefully remove it.
3. Transfer the tube into a standard rack and wash the beads by
resuspending them in 400 μL of PBS.
4. Set the tube to the magnetic rack and remove the buffer.
5. Transfer the tube in a standard rack, and recover the beads
with 50 μL of lysis buffer.
6. Resuspend each of the bacteria pellets in 500 μL of lysis buffer
(see Note 5).
7. Sonicate for 5 min in a water bath at room temperature.
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8. Add lysozyme to a final concentration of 1 mg/mL and DNase
I to a final concentration of 50 μg/mL and incubate for 20 min
at room temperature by continuous rocking (see Note 6).
9. Separate the supernatant fractions by centrifugation (5 min at
16,100 × g at room temperature) and add them to the tubes
with the pretreated beads.
10. Incubate the tubes for 30 min under constant rotation (see
Note 7).
11. Separate the beads from the supernatant using the magnetic
rack and discard the supernatant.
12. Remove the magnet, resuspend the beads with 400 μL of
washing buffer, and incubate for 30 min under constant
rotation.
13. Repeat steps 11 and 12.
14. Separate the beads from the supernatant by using the magnetic
rack and carefully remove any remaining buffer.
15. Remove the magnet and elute the proteins by incubating the
beads for 10 min in the presence of 40 μL of 50 mM Tris–HCl,
pH 8.0, 250 mM NaCl, and 250 mM imidazole.
16. Separate the beads by means of the magnet and recover the
elution fraction.
17. Load 20 μL of the affinity-purified protein fractions on the
preequilibrated SEC column and use the remaining material
for running a denaturing polyacrylamide gel.
3.3. Small-Scale SEC

1. Preequilibrate the SEC column in the appropriate buffer.
2. Load a mini-loop of 15 μL of volume.
3. Run the gel filtration at a flow rate of 0.2 mL/min and collect
the absorbance signal at 280 nm (see Notes 8 and 9).
4. If available, collect the data from the multiangle light scattering (see Note 10).
5. The analysis of the peak distribution and intensity allows the
identification of the expression conditions that assures the
highest yield as shown in Fig. 1.

3.4. Optimization
of the Protein
Production Protocol

Once the optimal conditions for protein expression are identified
by means of the small screening protocol, large amounts of bacteria can be prepared for scaling up the affinity purification step. It is
possible to evaluate the monodispersity of the protein fractions
starting from the material collected by elution of the affinity column until the final step yielding the sample having the requested
purity and buffer conditions. Here is the method we use for calculating the aggregation index (see Note 11).
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Fig. 1. Examples of gel filtration profiles of TAT–Cre samples with variable degree of aggregation and contamination.
(a) Monodispersed protein. The two extra minimal peaks may correspond to polymers and a contaminant of low molecular mass,
respectively. (b) Single peak eluted in the void volume, corresponding to large aggregates. (c) Peaks corresponding to the
monodispersed protein and to a low-molecular-mass contaminant. (d) SDS-PAGE of the samples separated by gel filtration.

1. Set up the spectrofluorometer. Excitation at 280 nm and emission
at 340 nm, scan rate 5, and emission recovery between 260
and 400 nm.
2. Insert the cuvette (140 μL of volume).
3. Sensitivity: 600 V can be used as a default, but lower values
should be chosen for saturating signals. It allows recovering
precise data for the final calculations.
4. Run and record the values at 280 and 340 nm.
5. Calculate the ratio between the values at 280 and 340 nm (see
Note 12).
The critical steps during the purification protocol are
strictly protein dependent. It is good practice to prepare aliquots
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at the end of each step and to test them in parallel using variable
conditions during the successive procedure steps. Different
strategies and relative drawbacks are discussed taking the purification protocol of the TAT–Cre (Cre recombinase fused to a
TAT peptide) as an example. In this case, alternative protocols
yielded similar protein amounts, but in some cases the enzymatic activity was completely lost. We have realized that the
activity loss correlated with the amount of soluble aggregation
evaluated by AI analysis.
6. Cell lysis and affinity purification.
7. AI measurement: If the value is below 0.2, the sample can be
divided in two aliquots and the buffer exchange step can begin.
In case the AI value is higher, modify one by one the experimental parameters (lysis components, purification temperature, affinity resins, and conditions) and check the AI of the
resulting affinity-purified fraction. In the case of TAT–Cre protein, the crucial factor was the chelating agent due to the high
enzyme sensitivity to free metal ions.
8. One protein aliquot is buffer exchanged by means of a desalting
cartridge and another one by using a two-step dialysis system.
Compare the AI at the end of the process and consider the option
with the lower AI. TAT–Cre was very sensitive to the desalting
cartridge, but its monodispersity was preserved during dialysis.
9. Compare aliquots recovered from the buffer exchange step
after a further purification step intended to eliminate endotoxin
contaminations. According to the final use, the preference can
be given to methods highly efficient in removing the contaminants or preserving the functional activity (see Note 13).
10. It is good norm to compare the storage buffer as well. Chemical
chaperones, such as trehalose, betaine, or glycerol, can be
added alone or in combination and at different concentrations
before protein storage (see Note 14). After thawing, monodispersity can be evaluated by AI and the values compared with
those of the samples before storage. Similarly, their stabilizing
effect can be evaluated also at the conditions used for the
experimental applications of proteins.

4. Notes
1. Dialysis membranes are available with pores of different diameter
and must be chosen according to the mass of the target protein. It should be kept in mind that proteins with masses
slightly larger than the theoretical exclusion size can slowly
pass the barrier. Therefore, especially when only ions and other
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small molecules must be exchanged and dialysis is not used as
a cleaning step for diluting away low-mass peptides, it is safer
using membranes with pores significantly smaller than theoretically acceptable. It is recommended to immerge the dialysis
bag under slow stirring for 2 h at 4°C in a large backer containing the final buffer (dilution factor: at least 50 times) and then
to replace the contaminated buffer with fresh one before incubating overnight under the same conditions.
2. This protocol has been conceived for proteins expressed in
bacteria; however, it can be applied to eukaryotic systems as
well. Times and volumes change according to the culture needs
and, probably, different parameters are tested. For instance,
the number of insect cell strains suitable for baculovirus expression is limited, but several combinations of constructs can be
compared to identify the optimal conditions for protein complex production and copurification (10).
3. This section is an update version of a previously described protocol (11). Some variations have been introduced to increase
volume and protein concentrations for obtaining samples suitable for the successive steps.
4. It is also possible to use any nonmagnetic bead product commercialized for immobilized metal-affinity chromatography
(IMAC) purification. However, magnetic beads are more convenient since they allow more accurate washing steps with the
consequent improved removal of contaminants (8).
5. The genes for the Lon and Omp proteases have been deleted
in the BL21(DE3) strain. As a consequence, the use of protease inhibitors in the lysis buffer is not usually necessary.
6. At the end of this step, no viscous material indicating the presence of indigested nucleic acids should be detectable.
Otherwise, it interferes with the next washing steps. Lysis conditions can be optimized by tuning DNase and MgCl2 concentrations or using longer incubation time.
7. Several proteins can be manipulated at room temperature.
However, 4°C can be necessary in the case of temperaturesensitive polypeptides.
8. We have noticed that large aggregates can apparently disappear
during SEC. The most probable explanation is that aggregated
protein is trapped by the filter above the column. According to
the characteristics of the samples, SEC columns that separate
in different mass ranges should be selected.
9. The peaks observed during SEC are not suitable for accurate
protein quantification due to the sequence-specific absorbance
that each single sequence shows at 280 nm. However, SEC can be
used to evaluate relative peak variations (for instance, aggregated
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Fig. 2. Spectrofluorimetric profiles of TAT–Cre samples with different monodispersity.
Three paradigmatic protein profiles are compared in which the ratio between light scattering contribution and emission at 340 nm varies from >40 (series 1) to 0.1 (series 3).

and monomeric) of a single protein. In Fig. 1, the sample A
corresponds to monomeric and monodispersed protein. The
sample B contains the same amount of protein according to
the SDS-PAGE (D), but it is clearly composed by soluble
aggregates that are in part blocked before entering the column
and in part elute in the void volume. Sample C represents
monodispersed target protein in the presence of high amount
of low-molecular-weight contaminant.
10. SEC is already an informative analytical method. Furthermore,
it offers the advantage of being easily coupled to an online
multiangle light-scattering instrument. By such a way, SEC
information is integrated with data about absolute molar mass
and size of the proteins that allow inferring indications concerning conformational changes due to partial unfolding or
misfolding (12).
11. The evaluation of the protein monodispersity can be performed
by means of different approaches, such as gel filtration or turbidity analysis. However, the AI (2, 3, 9) is fast, reliable, does
not waste material, and requires simple equipment. For these
reasons, it is preferable for rapid comparisons of samples. In
Fig. 2, three paradigmatic examples are reported. The fluorescence profile of sample 1 shows a unique signal at 280 nm
(light scattering), but no light emission at 340 nm (contribution of accessible aromatic rings) indicating a completely aggregated sample. Sample 3, in contrast, is characterized by elevated
emission at 340 nm in comparison to the light scattering contribution and is typical of monodispersed proteins. Sample 2
presents an intermediate fluorescence profile that suggests a
nucleation phase of soluble aggregates.
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12. The AI does not provide absolute values. Therefore, its maximal
utility is obtained when samples originated from the same
material and that underwent different treatments are analyzed
in parallel to identify what conditions preserve the original
structural conditions and which induce aggregation. However,
a good approximation of the absolute monodispersity state can
be obtained also by a direct analysis. In our experience, AI
values lower than 0.2 correlate with stable and monodispersed
protein fractions, as confirmed by gel filtration analyses.
13. In the case of TAT–Cre protein, the most efficient method for
endotoxin removal was based on two-phase partition (13).
However, it resulted in a dramatic increase of the AI index and
completely inhibited the enzymatic activity. Therefore, alternative methods were preferred, although less efficient for endotoxin elimination. The sensitivity to single treatments is protein
specific and, in case of TAT–Cre, the reliable functional test for
confirming its activity was based on Cre-recombinase-induced
cell morphological modifications. Since the readout of such an
assay is available after 4–6 days, the advantage of having a
method, such as the AI that allows the evaluation of the protein quality in a few minutes, is evident and absolutely necessary to take rapid decisions for planning the successive steps of
the purification protocol.
14. For an exhaustive description of compounds known for their
stabilizing effects on macromolecules, a good review is Roberts’
work (14).
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Chapter 8
Heterologous Protein Expression by Lactococcus lactis
Julio Villatoro-Hernández, Oscar P. Kuipers,
Odila Saucedo-Cárdenas, and Roberto Montes-de-Oca-Luna
Abstract
This chapter describes the use of Lactococcus lactis as a safe and efficient cell factory to produce heterologous
proteins of medical interest. The relevance of the use of this lactic acid bacterium (LAB) is that it is a
noncolonizing, nonpathogenic microorganism that can be delivered in vivo at a mucosal level. The use
of strains of L. lactis in clinical trials in humans to alleviate inflammatory bowel diseases has opened up
the possibility of using this same LAB to target other diseases.
Several crucial aspects are addressed in this chapter, such as the expression of heterologous protein,
subcellular compartment into which the heterologous protein is located, and description of a standardized
protocol to process samples in cell and cell-free fractions to detect the targeted protein expressed by L. lactis.
Key words: Antigen, Expression, Cellular location, Heterologous proteins, Lactococcus lactis

1. Introduction
The last decade has seen the metamorphosis of Lactococcus lactis, a
lactic acid bacterium (LAB) that has moved from being solely
considered as a microorganism for food fermentations to a useful
resource to develop biopharmaceuticals. This includes the administration in vivo of genetically modified L. lactis and the production
of molecules of medical interest by this LAB (1).
There are several reasons that make L. lactis an excellent candidate for the development of vaccines, e.g., it is noninvasive and
noncolonizing, it can be safely administered to humans, and the
genome of L. lactis is currently fully sequenced and it can be easily
manipulated (2).
The development of several vectors specifically designed to
express heterologous proteins in L. lactis has given us the possibility
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of producing a wide variety of proteins of different origins in L. lactis,
either prokaryotic or eukaryotic. The expression of the target
protein in L. lactis may be regulated by inducible or strong constitutive promoters. Among the most used promoters in L. lactis is
the nisin-inducible promoter Pnis, which is the key component
of the nisin-inducible controlled expression (NICE) system (3).
These plasmids are designed to insert the DNA-coding sequence
of the protein of interest in a relatively easy manner.
In this chapter, we describe the most recurring vectors used to
express proteins in L. lactis, the different cellular compartments in
which the heterologous protein can be located, and methods for
the detection of these proteins.
1.1. Criteria to Be
Considered Before
Grabbing the Pipette

In the past 5 years, L. lactis has transcended from being considered
a food-fermenting microorganism to a biopharmaceutical product
and a safe vaccine. This achievement has also provided biotechnological tools to manipulate L. lactis to express a variety of molecules
in different cellular compartments. Table 1 summarizes the criteria to
be thoroughly considered to design an efficient construct.

1.2. Heterologous
Gene: Plasmid
Expression
or Chromosomal
Integration?

Depending on the requirements of the researcher, the heterologous
gene coding for the target protein can be either expressed in a
plasmid or engineered and integrated into the L. lactis chromosome. There are pros and cons for each choice. Using plasmid DNA
is relatively easy because of a number of factors, e.g., small size,
replication in E. coli, multiple cloning sites, and easy manipulation.
These factors expedite the construct in general. Plasmids may be lost
if the host strain is not kept properly and the levels of expression
may vary depending on the plasmid copy number. Integrating the
DNA into the L. lactis chromosome could be advantageous because
it can provide a controlled number of genes present in the chromosome (4). Replacing the gene of interest by an essential gene of
L. lactis would make this strain sensitive to the lack of a substrate.
This strain is regarded as biologically contained and, for clinical

Table 1
Criteria to be considered in heterologous protein expression in L. lactis
Criteria

Considerations

Localization of heterologous gene

Extrachromosomal (plasmid) or integrated to chromosome
(fixed number of copies)

System of expression

Constitutive or inducible (promoter)

Protein location in L. lactis

Cytoplasmic, extracellular, or associated to cell wall

Biological contingency of the
genetically manipulated L. lactis

Deletion of essential genes, auxotroph strains
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trials in humans, could guarantee the controlled proliferation of
the strain once it is administered to humans. The major drawback
of this system is the lengthy construction time.
1.3. To Be Inducible
or Constitutive, that
Is the Question

There are several research groups that differ about this basic decision;
allow the protein expression in L. lactis under an inducible or a
constitutive manner. This decision should be addressed in the
requirements of the heterologous protein itself. The nature of the
protein, e.g., toxicity, folding, or solubility, may affect its expression in L. lactis. It is possible that the constitutive expression of a
protein could affect its metabolism, possibly making L. lactis
generate mutations or inactivating the expression of the coding
sequence; for this, a strong regulatory promoter is preferred. For the
patented strain of L. lactis able to produce IL-10 used in clinical
trials in humans to treat inflammatory diseases of the digestive
tract, the constitutive expression was preferred, which appears to
be unaffected overall, with the advantage of being a drug-resistant,
gene-free system (4).

1.4. Cellular Location
of the Target Protein:
Where Should It Go?

The use of L. lactis as a microbial cell factory has transcended into
a potential biopharmaceutical to cause immune responses and be
used as a potential vaccine (5). For this reason, it is important to
consider the cellular compartment of the expressing cell as the
most adequate to address the target protein. Depending on the nature
of the target protein, this can be retained intracellularly, secreted
extracellularly, or associated with the cell wall.
For cytokines, the IL-10, IL-2, IP-10, and lymphotactin,
secretion was the preferred choice (4, 6–8). Because of the nature
of the cytokine, it is important that it is released to the extracellular
environment and allowed to exert its activity. To achieve this, the
protein is usually fused to a signal peptide (preferentially from L. lactis,
i.e., the signal peptide from usp45). This signal peptide addressed
the protein to the membrane and it has a motif that is cut from the
protein. The result is secretion of the mature protein without
the signal peptide retaining its biological activity (9) (Fig. 1).
For antigens, there are several debates among researchers.
A strain of L. lactis able to intracellularly express the PspA surface
protein from Streptococcus pneumoniae has been reported (10).
This strain was used to immunize mice intranasally. After some
weeks, the mice were challenged with the causal agent of pneumonia
(S. pneumoniae) resulting in their protection against this pathogen.
It was proven that the immunization with a strain of L. lactis able
to intracellularly produce and retain the antigen PspA of S. pneumoniae
resulted in protection against the causal agent of pneumonia,
S. pneumoniae (10).
Another study analyzed the antigenicity of three different
strains of L. lactis able to secrete the same antigen in different cellular
compartments: (1) intracellular, (2) extracellular, and (3) attached

158

J. Villatoro-Hernández et al.

Fig. 1. Scheme of plasmid DNA used to secrete heterologous proteins in L. lactis. The figure represents the map of pSEC,
a plasmid that replicates in L. lactis (repA replication origin). This high-copy number plasmid allows secretion of the
heterologous protein generated by the fused in-frame usp45 signal peptide, the most secreted protein of L. lactis.

to the cell wall. The strain that had the E7 antigen attached to the
cell wall produced the highest number of immune mice when they
were challenged with a cell line derived from tumors that express
E7 (therapeutic effect), even when each strain significantly
expressed the same quantity of antigen (11) (Fig. 2). It is clear that
for some proteins, such as cytokines or antibodies, the secretion
path is the best choice, but for antigens and the creation of vaccines, there are decisions that need to be made before choosing the
path to be followed.
1.5. Expressing
Heterologous Proteins
in L. lactis

After developing the construct that allows the expression of the
target protein in L. lactis, assessment of the protein production
must be addressed. Western blot analysis can determine qualitatively
and quantitatively the production of the target protein. For this,
several factors must be considered. Depending on the subcellular compartment where the protein is located, samples must be prepared.
Figure 3 shows the results of an SDS-PAGE and Western
blot to detect a heterologous protein produced by L. lactis. Here,
the L. lactis strain NZ9000 was transformed with a plasmid that
contains the coding sequence of the usp45 signal peptide fused in-frame
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Fig. 2. Scheme of plasmid DNA used to express heterologous proteins in L. lactis attached to the cell wall. This plasmid
contains the same features as the pSEC, plus the retention signal of the M6 protein of Streptococcus pyogenes (CWA). This
protein associates with the cell wall of L. lactis, retaining the heterologous protein at this location and exposing it
extracellularly.

to the coding sequence of the mutated E7 (E7m) of the human
papilloma virus type-16 (HPV-16). Thus, the protein is expected
to be secreted and found in the culture medium. Cell and cell-free
(using a cell-free medium) samples were prepared and analyzed
by SDS-PAGE and Western blot using specific anti-E7 polyclonal
antibodies.
The electrophoresed gel with the samples was stained with a
solution containing 0.25% Coomassie blue (Fig. 3a). Even though
the heterologous protein is not visible by this type of staining in
the gel, in the cell-free medium the mature protein usp45 (indicated
with arrow) is visible, which is the most abundant protein secreted
by L. lactis.
The developed Western blot (Fig. 3b) shows a clear single
band in the sample corresponding to the strain transformed with
the E7-expressing plasmid. This demonstrates the efficiency of the
usp45 signal peptide because of the evident lack of other protein
traces in the cell fraction (pSEC-E7m, cell). This same secretion
efficiency has been observed in strains of L. lactis engineered to
secrete the chemokine IP-10 (human and murine) and lymphotactin (7, 8, 12).
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Fig. 3. SDS-PAGE and Western blot (WB) for one heterologous protein expressed by L. lactis. The wild-type and pSEC-E7m
strains were analyzed by SDS-PAGE and WB. The pSEC-E7m strain was engineered to secrete the E7 protein of the human
papilloma virus type-16. Cell and cell-free samples were analyzed. Samples from panel (a), from both strains, show a
protein of approximately 66 kDa in the cell-free medium sample (M), corresponding to the usp45, the most secreted protein of
L. lactis (indicated with asterisks). Panel (b) reveals a clear single band only in the cell-free medium fraction from
the pSEC-E7 strain. This demonstrates that the E7 is efficiently secreted extracellularly because no signal is detected in the
cell fraction. No band was detected in the wild-type strain.

In the following section, we describe a standardized protocol
for both the detection of proteins located intra- and extracellularly
by focusing on the preparation of the sample.

2. Materials
1. THMS buffer: 30 mM Tris–HCl, pH 8, 3 mM MgCl2, 25%
sucrose. Add 2 mg/mL lysozyme before use.
2. Wash buffer: 0.5 M sucrose and 10% glycerol.
3. M17 broth: 5 g pancreatic digest of casein, 5 g soy peptone,
5 g beef extract 2.5 g yeast extract, 0.5 g ascorbic acid, 0.25 g
magnesium sulfate, and 19 g sodium β-glycerophosphate dissolved
in 950 mL of water.
4. G-L-SGM17B: M17 broth containing 0.5 M sucrose, 2.5%
glycine, and 0.5% glucose or 0.5% lactose (depending on the strain).
Add the sucrose and glycine to the M17 and sterilize for 20 min
at 121°C. Add sterile glucose or lactose after cooling.
5. 1,000× nisin stock solution: 1 mg/mL nisin in 0.05% acetic
acid. Store at −20°C. Prepare work solution in water and dispose
after use. Nisin is unstable when diluted on water.
6. TES-lysis buffer: 25% sucrose, 1 mM EDTA, 50 mM Tris–
HCl, pH 8.0, and 10 mg/mL lysozyme supplemented with
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1 mM phenylmethanesulfonyl fluoride (PMSF) and 10 mM
dithiothreitol (DTT).
7. SDS-loading buffer: 100 mM Tris–HCl, pH 6.8, 200 mM
DTT, 4% SDS, 0.1% bromophenol blue, and 10% glycerol.
8. 3 M potassium acetate, pH 5.5.
9. Ice-cold plasmid DNA wash solution: 30% mili-q water–70%
ethanol.
10. Competent cells wash solution: 0.5 M sucrose, 10% glycerol.
11. 30% acrylamide–Bis solution 19:1.
12. TBS-Tween 20: 10× TBS (0.5 M Tris base, 9% NaCl, pH 8.4):
Dilute this 1:10 and add 1% Tween 20.
13. Antibodies: Primary antibodies should be specific for the
heterologous protein of interest and a proper secondary antibody must be selected based on the source of primary antibody
(anti-goat, anti-rabbit, etc.).
14. PVDF membrane from BioRad.
15. Bacterial strains: The most frequently used strain is the NZ9000,
which has cloned the NisRK genes chromosomically (3). This
strain must be used when the NICE system is being used to
express the heterologous protein. Wild-type strain MG1363
can also be used (does not contain the NisRK genes).
16. Vectors: This is a list of some vectors that can be used to express
proteins (Figs. 1 and 2):
(a) pVE3684 (nisin-inducible promoter) (3).
(b) pMG36 (p32 constitutive promoter) (13).
(c) pVE3684:CWA (M6 cell wall-attachment signal) (11).
17. Electroporation device: Bio-Rad Gene Pulser.
18. Electroporation cuvettes (e.g., Btx Inc).
19. Protein electrophoresis in acrylamide gels: Bio-Rad Mini
Protean 3 cell.
20. Immunoblotting apparatus: Bio-Rad Semi-Dry Electrophoretic
Transfer Cell.
21. Bio-Rad Power Pac 300 (Power supply).

3. Methods
3.1. Culturing L. lactis
and Protein Production

L. lactis is a facultative anaerobic microorganism. It can be grown
in several media, but it is important to complement it with a carbon
source. The media normally used to culture L. lactis can be commercially acquired. MRS (Lactobacillus deMan Rogosa Sharpe)
and brain heart infusion (BHI) can be used without the need to
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add any carbon source, but the most-used medium is M17 (see
Note 1). When M17 is prepared, 0.5% glucose (or lactose) should
be added (see Note 2).
3.2. Plasmid DNA
Isolation from L. lactis:
Miniprep

1. Use 5 mL of a fully grown culture of L. lactis, preferably from
an overnight culture.
2. Centrifuge for 10 min at 8,000 × g at room temperature (RT).
3. Resuspend pellet in 250 μL THMS buffer in an Eppendorf
tube.
4. Incubate for 10 min at 37°C.
5. Add 500 μL 0.2 N NaOH and 1% SDS, and mix carefully by
inversion (do not vortex).
6. Incubate for 5 min on ice.
7. Add 375 μL ice-cold 3 M potassium acetate, pH 5.5, and mix
carefully by tapping.
8. Incubate for 5 min on ice.
9. Centrifuge for 5 min at 20,000 × g preferably at 4°C.
10. Recover supernatant and add it into a new Eppendorf tube.
11. Add 1 volume of 2-propanol.
12. Incubate for 5–10 min at RT. Alternatively, this could be also
done in a −20°C freezer.
13. Centrifuge for 10 min at 20,000 × g at 4°C.
14. Wash pellet carefully with 500 μL of 70% ethanol.
15. Air dry the pellet for 10 min at RT.
16. Dissolve the pellet in 50 μL of 1× TE buffer or sterile water.

3.3. Preparation
of Electrocompetent
L. lactis Cells

The procedure is done over 3 days. Be sure to prepare all the
solutions and the medium before starting.
1. On day 1, inoculate the strain of preference in 5 mL of G-LSGM17B from a −80°C stock. Grow at 30°C overnight.
2. On day 2, add 5 mL of the previous culture in 50 mL G-LSGM17B. Grow at 30°C (this step may be done overnight)
(see Note 3).
3. On day 3, dilute the 50 mL culture in 400 mL G-L-SGM17B.
4. Grow until OD600 is 0.2–0.3 (approximately for 3 h) (see Note 4).
5. Centrifuge the cells for 20 min at 6,000 × g, at 4°C.
6. Wash cells with 400 mL of ice-cold wash solution.
7. Centrifuge the cells for 20 min at 6,000 × g, at 4°C.
8. Keep the cells on ice for 15 min in 200 mL 0.5 M sucrose, 10%
glycerol, and 0.05 M EDTA at 4°C.
9. Centrifuge the cells for 20 min at 6,000 × g, at 4°C.
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10. Wash cells with 100 mL ice-cold wash buffer.
11. Centrifuge the cells for 20 min at 6,000 × g, at 4°C.
12. Resuspend the cells in 4 mL 0.5 M sucrose and 10% glycerol
(on ice). Cells may be stored at −80°C.
3.4. Transformation
of L. lactis
by Electroporation

1. Place 40-μL cells in a prechilled electroporation cuvette with
at least 20 ng of DNA resuspended in no more than 5 μL of
distilled water. Keep the cuvette on ice.
2. Use the electroporator with the following settings: 2,000 V,
25 μF, and 200 Ω.
3. Pulse: The “normal” reading you should get is 4.5–5 ms.
4. Immediately add 1 mL G-L-M17B, with 20 mM MgCl2 and
2 mM CaCl2.
5. Keep the cuvette for 5 min on ice and then incubate for 1–1.5 h
at 30°C without shaking.
6. Plate 10, 100, and 900 μL of cells on M17 agar with glucose
or lactose and antibiotics depending on the plasmid.
7. Incubate for 1–2 days at 30°C.

3.5. Working with
NICE System

1. Grow 5 mL of an overnight culture of the interest strain at
30°C in GM17 with its respective antibiotic.
2. Add 500 μL of the previous culture to 10 mL GM17 fresh
medium and grow cells at 30°C without shaking (see Note 5).
3. Grow to an OD600 0.6–0.8, but avoid going over OD600 0.8.
4. Add 1 ng/mL nisin A (Sigma) to one of the tubes containing
10 mL of culture. Use the other 10 mL as a negative control.
5. Incubate for 2–3 h, and measure the OD600 (see Note 6).
6. Pellet cells by centrifugation at 13,000 × g for 3 min at 4°C. Process
the cell and cell-free samples separately. Keep them on ice.

3.6. Protein Analysis
of Cellular Fractions

1. Obtain cell pellet from 1.35 mL of culture from previous
section.
2. Centrifuge at 21,000 × g at 4°C for 5 min.
3. Resuspend cells with100 μL of TES-lysis buffer.
4. Incubate at 37°C for 1 h.
5. Add 50 μL of 20% SDS to break the cells.
6. Add the proper amount of loading buffer for further SDSPAGE and Western blot analysis (see Note 7).

3.7. Protein Analysis
from Cell-Free
Samples (Medium)

In this section, we describe a protocol for protein precipitation
from the cell-free medium using trichloroacetic acid (TCA). Other
methods can be used, but are not described in this chapter.
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1. Centrifuge 5 mL of the protein-containing culture at 21,000 × g
at 4°C for 5 min.
2. Carefully collect the supernatant and filter it through a 0.22μM filter to ensure a cell-free sample.
3. Add to 1.35 mL of the previous supernatant 150 μL of 100%
TCA and incubate on ice for 10 min.
4. Centrifuge at 21,000 × g at 4°C for 15 min.
5. Carefully decant supernatant completely and air dry for 5 min
at RT.
6. Proteins are contained in the pellet.
7. Resuspend pellet with 50 μL of 50 mM NaOH and 50 μL of
loading buffer. Use different volumes for further SDS-PAGE
and Western blot analysis.
8. Add 1 mM of PMSF and 10 mM DTT to avoid proteolysis.
9. Boil the samples at 100°C for 5 min.
10. Place the sample on ice until they are loaded on the gel.
3.8. SDS-PAGE
and Western Blotting

1. Prepare 12–15% gels from 30% acrylamide–Bis solution
19:1 (v/v).
2. Load 20 μL of the previous samples and separate by SDSPAGE at 100 V (constant for about 60 min).
3. Use PVDF membranes to transfer the proteins at 80 mA
(constant) for 1 h.
4. Block the membrane with TBS-Tween 20 solution containing
10% skim milk.
5. Dilutions and incubation of the first and second antibodies are
made as suggested by the manufacturer.
6. Develop signal according to the selection of secondary antibody.

4. Notes
1. Use the M17 medium to grow L. lactis on a regular basis; MRS
and BHI media are used for mutant (sick) strains that are not
able to grow on M17.
2. Use glucose for routine growth of L. lactis. After sterilization,
add 0.5% of sterile glucose and mix. If the use of lactose is
desired, the strain must have the Lac operon.
3. The culture grows in the presence of glycine. Glycine inhibits
the synthesis of peptidoglycan, so the culture grows at a much
lower rate. This step can be done overnight.
4. DO NOT allow the culture to exceed this OD600. If it does,
diluting the culture decreases the competence of the cells.
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5. This amount of culture can be increased if necessary.
6. The cells might grow more slowly depending on the nature
of the heterologous protein and if it is secreted or kept
intracellular.
7. Keep samples on ice to avoid proteolysis.
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Chapter 9
An Extended Suite of Genetic Tools for Use in Bacteria
of the Halomonadaceae : An Overview
Montserrat Argandoña, Carmen Vargas, Mercedes Reina-Bueno,
Javier Rodríguez-Moya, Manuel Salvador, and Joaquín J. Nieto
Abstract
Halophilic gammaproteobacteria of the family Halomonadaceae (including the genera Aidingimonas,
Carnimonas, Chromohalobacter, Cobetia, Halomonas, Halotalea, Kushneria, Modicisalibacter, Salinicola,
and Zymobacter) have current and promising applications in biotechnology mainly as a source of compatible
solutes (powerful stabilizers of biomolecules and cells, with exciting potentialities in biomedicine), salt-tolerant enzymes, biosurfactants, and extracellular polysaccharides, among other products. In addition, they
display a number of advantages to be used as cell factories, alternative to conventional prokaryotic hosts like
Escherichia coli or Bacillus, for the production of recombinant proteins: (1) their high salt tolerance decreases
to a minimum the necessity for aseptic conditions, resulting in cost-reducing conditions, (2) they are very
easy to grow and maintain in the laboratory, and their nutritional requirements are simple, and (3) the
majority can use a large range of compounds as a sole carbon and energy source. In the last 15 years, the
efforts of our group and others have made possible the genetic manipulation of this bacterial group. In this
review, the most relevant and recent tools for their genetic manipulation are described, with emphasis on
nucleic acid isolation procedures, cloning and expression vectors, genetic exchange mechanisms, mutagenesis approaches, reporter genes, and genetic expression analyses. Complementary sections describing the
influence of salinity on the susceptibility of these bacteria to antimicrobials, as well as the growth media most
routinely used and culture conditions, for these microorganisms, are also included.
Key words: Halophilic bacteria, Genetic transfer, Reporter genes, Gene expression analysis,
Mutagenesis, Halomonadaceae, Chromohalobacter, Halomonas

1. Introduction
Among moderately halophilic bacteria defined as those prokaryotes
that grow optimally in media containing 3–15% NaCl (1), members
of the family Halomonadaceae show a remarkable versatility with
respect to their salt tolerance, showing suitable features to study the
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molecular basis of bacterial osmoadaptation. In fact, some species
such as Halomonas elongata and, especially, Chromohalobacter salexigens have been extensively used in recent years for the study of
molecular osmoadaptation mechanisms in halophilic bacteria (2),
which have been recently reported to be very complex (3). This
heterogeneous family currently comprises ten genera of gammaproteobacteria (Aidingimonas, Camimonas, Chromohalobacter,
Cobetia, Halomonas, Halotalea, Kushneria, Modicisalibacter,
Salinicola, and Zymobacter) and 76 species, mostly halophilic bacteria. Recently, the phylogenetic status of this family has been
extensively examined and reevaluated based on complete 16S
rRNA and 23 rRNA gene sequence analysis (4). It was shown that
these genera are phylogenetically coherent, except Halomonas,
which is polyphyletic, showing two major clusters of strains. These
findings confirm the high phenotypic heterogeneity previously
reported for members of the genus Halomonas (5).
Besides their ecological interest, these extremophiles have
interesting applications and potentialities in biotechnology. For
instance, some of them are good sources for salt-tolerant enzymes
(i.e., amylases, proteases, and nucleases) useful in a variety of biotechnological processes. Other organisms from this group produce
salt-resistant biosurfactants or extracellular polysaccharides, which
have a great potential as enhancers of oil recovery processes and for
the pharmaceutical or food industry. Some of them are able to
degrade toxic compounds from hypersaline wastewaters such as
phenol, organophosphorous compounds, and others that are generated during manufacture, i.e., of pesticides and herbicides, constituting an interesting potential for the decontamination of such
polluted waters (1, 6, 7).
Overall, one of their most interesting current and potential
applications is the commercial use of the organic osmolytes that
they accumulate in their cytoplasm to cope with the salt stress, the
so-called compatible solutes. Although there is a relative diversity
of such compounds in moderate halophiles, they are mainly poliols
(glucosylglycerol), aminoacids (proline) and diaminoacids, quaternary amines (betaines) and ectoines (ectoine and hydroxyectoine),
which have been demonstrated to be the predominant osmolytes
accumulated by bacteria of the Halomonadaceae (8, 9). Since compatible solutes display additional biological properties in the cell,
such as the stabilization and protection of enzymes, nucleic acids,
and organelles against different stress agents, they have received a
great interest as general biostabilizers with a wide range of biotechnological applications. Thus, some of them, especially ectoines, can
be used as powerful stabilizers of enzymes, membranes, nucleic
acids, antibodies, cell tissues, and whole cells against a variety of
denaturing stresses caused by urea, salt, heating, freezing, radiation, and desiccation. Whereas betaines are widespread in nature,
ectoines can only be produced biotechnologically from some natural
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halophilic producers such as some Halomonas strains, although
recently many studies involving heterologous expression of ectoine
synthesis pathways both in prokaryotic and eukaryotic organisms
have been carried out. For this reason, they are receiving increasing
attention by the scientific community because of their multiple
applications such as their use in the cosmetic industry, optimization of PCR, etc., among multiple uses, and exciting potentialities
as therapeutic agents in the treatment of some degenerative diseases, by preventing whole cell damage and loss of viability.
Recently, we have extensively reviewed the current and potential
applications of ectoines as well as the different microorganisms and
processes used for their industrial scale production (10).
Finally, an emerging field is the use of the Halomonadaceae for
the production of recombinant proteins, as cell factories alternative
to conventional prokaryotic hosts like E. coli or Bacillus. These
moderately halophilic bacteria offer a number of advantages to be
used as host cells. Thus, their high salt tolerance minimizes the risk
of contamination, and they are easy to grow fast and maintain in
the laboratory, with simple nutritional requirements since the
majority can use a large range of compounds as their sole carbon
and energy source (1). Among moderate halophiles, members of
the Halomonadaceae, especially Chromohalobacter and Halomonas,
possess the additional advantage of relatively easy genetic manipulation (1). Among others, genetic tools such as transposons, plasmids, cloning and expression vectors are available, as well as gene
transfer methodology have been developed for this group of bacteria (11). Both native and heterologous promoters have proved to
be functional in these halophiles to express a number of heterologous proteins of commercial interest, such as the ice-nucleation
protein from Pseudomonas syringae (12, 13) or some amylases from
hyperthermophiles such as Pyrococcus woesei (14). Although few
recombinant proteins have been produced yet, the results show
that the Halomonadaceae have a great potential as alternative cell
factories. Bacterial ice nuclei (formed by the aggregation of ice
nucleation, InaZ proteins) can be useful in various biotechnological applications such as artificial snow-making, frozen food industry, or cryoconcentration. However, the plant pathogenic character
of the ice nucleation bacteria hampers the commercialization of
most of these applications. In this respect, the expression of ice
nucleation genes in nonpathogenic bacterial hosts (i.e.,
Halomonadaceae) is of great importance. Notably, recombinant
Halomonas strains expressing the inaZ gene released ice nuclei in
their growth medium, whereas in their natural hosts they usually
remain membrane associated. In addition, these ice nuclei were
more heat resistant than the ice nuclei from all other bacterial
sources tested so far (13). Therefore, Halomonadaceae are a good
source of ice nucleation protein.
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Owing to the inherent difficulty of cultivation of hyperthermophiles, proteins of hyperthermophilic origin need to be expressed
in mesophilic hosts for biotechnological purposes. For instance, an
extracellular α-amylase gene from the hyperthermophilic archaea
P. woesei was cloned under the control of a native promoter and
expressed in H. elongata. The recombinant pyrococcal enzyme
purified from H. elongata displayed catalytic properties similar to
the native enzyme purified from E. coli with respect to thermal
stability, pH and optimal temperature, and effect of various reagents
on its activity (14). Thus, H. elongata could be used at least as well
as E. coli for the production of functional α-amylase in a recombinant form.
In this review, the most relevant and recent tools for the genetic
manipulation of moderate halophiles of the family Halomonadaceae,
especially those belonging to the genera Chromohalobacter and
Halomonas, are described. Emphasis has been given to the following:
nucleic acid isolation procedures, cloning and expression vectors,
genetic transfer mechanisms, mutagenesis approaches, reporter
genes, promoter mapping and transcriptional regulation, and gene
expression analysis. Growth media for the genetic manipulation
and maintenance of these bacteria, as well as culture conditions are
described. Owing to its relevance for genetic studies, an additional
section devoted to the influence of salinity on the susceptibility of
moderate halophiles to antimicrobials has been also included.

2. Genetic
Manipulation
2.1. Media and Growth
Conditions

Members of the Halomonadaceae grow best in media containing
3–15% NaCl (1). Apart from this, they have simple growth requirements and complex and defined media are available for all species.
In our laboratory, the pH of all media are adjusted to 7.2 with a
solution of KOH 1 M. Solid media contain 2% (w/v) Bacto-Agar
(Difco). Unless otherwise stated, cultures are incubated at 37°C;
liquid cultures are incubated in an orbital shaker at 200 rpm.

2.1.1. Complex Media

Strains of Halomonas and Chromohalobacter are routinely grown in
complex SW-10 medium, which contains 10% (w/v) total sea salts
and 0.5% (w/v) yeast extract (15, see Note 1). Modified versions
of this medium containing a lower percentage of total salts can be
also used for specific purposes, such as when cells are grown for
conjugation. Many other rich media have been reported in the
literature, as the MY medium supplemented with sea salt (16), the
casamino acid (CAS) medium supplemented with NaCl described
by Vreeland et al., (17), the Artificial Organic Lake Peptone
(AOLP) medium supplemented with a salt solution and phosphate
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reported by James et al. (18), and the K10 medium described by
Severin et al., (19), Besides, for minimizing EPS production in
Halomonas strains for plasmids isolation experiments, the MM
medium was also used (20), and the RM and the T media were
used for enrichment before transformation by electroporation of
Zymobacter palmae (21, 22).
It is interesting to mention those media used for isolation of
some Halomonas strains after different enrichment strategies from
the natural environment by using as the salt solution the filtersterilised water collected from the sources where they were isolated
(23, 24). Otherwise, to determine siderophore production by
C. salexigens strains at different salinities, a modified procedure to
prepare Chrome Azurol S (CAS) agar plates was used. Thus, M63
minimal medium (see below) was used as a basal medium in which
FeSO4·7H2O was omitted and a reduced KH2PO4 concentration
(<0.03%, w/v) was used to eliminate any interference of the phosphate present in M63 medium with iron (3).
We have also tested the growth of some Halomonas and
Chromohalobacter strains in the E. coli medium LB, which contains
1% NaCl, as well as in LB containing 2% NaCl. Whereas some of
the strains grew well in LB + 2% NaCl, the original LB medium was
growth-inhibitory for all but three strains of Halomonas, indicating again the salt requirement of the Halomonadaceae (Table 1).
2.1.2. Defined Media

When supplemented with NaCl, M63 (a defined medium commonly used for growth of Enterobacteria, 25) supports the growth
of all Halomonas and Chromohalobacter strains tested in our laboratory and is usually used as the minimal medium of election.
Glucose at a final concentration of 20 mM is used as the carbon
source. We have also found that members of the Halomonadaceae
grow well in the defined medium CDMM described by Kamekura
et al. (26) for the moderate halophile Salinivibrio costicola. Other
defined media have been also described, as the minimal medium
used by Vreeland et al. (17), the MBM medium reported by
Cummings and Gilmour (27), or the glucose-mineral medium
G10 described by Severin et al. (19). It is worth noticing that the
defined medium described by Vreeland et al. (17) and the CDMM
medium contain sodium glutamate. Thus, the amount of NaCl has
to be adjusted to allow for the sodium contributed by the sodium
glutamate.

2.2. Effect of Salinity
on Antimicrobial
Susceptibility of
Moderate Halophiles

Antimicrobials are extensively used as selective agents in genetic
exchange experiments. The early work reported by our group (28)
demonstrated that when moderate halophiles are grown at their
optimal salt concentration, usually 10%, they tolerate very high
concentrations of the majority of antimicrobials. This fact makes
very difficult not only the use of antimicrobials as genetic markers
but also the design of suitable selection media when these halophiles
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Table 1
Growth of some strainsa of Halomonadaceae in five complex media after 48 h
of incubation at 37°Cb
SW-10c

SW-2

SW-1

LBd

LB-2e

++

++

+

+

++

++

++

++

−

++

Halomonas eurihalina ATCC 49336

++

+

−

−

+

Halomonas halophila DSM 4770T

++

++

−

−

−

Halomonas halmophila ATCC 19717T

++

−

−

−

−

T

Halomonas halodurans ATCC 29686

++

++

++

+

++

Halomonas subglaciescola DSM 4683T

++

++

++

++

++

++

+

+

+

+

++

+

−

−

−

Chromohalobacter salexigens DSM 3043

++

++

++

−

+

Chromohalobacter salexigens ATCC 33174

++

++

++

−

+

++

−

−

−

−

++

++

+

−

−

++

+

+

−

−

++

−

−

−

−

++

++

+

−

−

Salinicola socius DSM19940

++

+

+

−

−

Modicisalibacter tunisiensis CIP 109206T

++

++

++

++

++

Halomonas elongata ATCC 33173Tb
T

Halomonas meridiana DSM 5425

T

Halomonas boliviensis DSM15516T
Chromohalobacter marismortui ATCC 17056

T

T

Chromohalobacter canadensis ATCC 43984T
T

Chromohalobacter israelensis ATCC 43985
Chromohalobacter sarecensis LV4

T

Chromohalobacter nigrandesensis CECT5315T
Cobetia marina DSM4741

T
T

a

Cells were grown on plates with solid media
T, type strain
c
Media SW-10, SW-2 and SW-1 contain 10%, 2%, and 1% (w/v) total salts, respectively, and 0.5% (w/v) yeast extract
d
The original recipe of medium LB contains 1% (w/v) NaCl, 1% (w/v) tryptone, and 0.5% (w/v) yeast extract
e
LB-2: LB supplemented with 2% NaCl
b

are used as recipient for plasmids or transposons. Other studies on
the susceptibility of H. elongata to some antibiotics indicated that
a decrease of the salinity resulted in an enhanced sensitivity to these
antimicrobials (29).
Based on these findings, we performed a deeper analysis on the
influence of salinity on the susceptibility of moderately halophilic
bacteria to antimicrobials (30). For comparative purposes, the
MICs for E. coli strains DH5α and S17-1, widely used in genetic
transfer studies, were also determined at different salt concentrations.
Three different patterns of tolerance were found for moderate
halophiles when salinity was varied from 10 to 1% (w/v) total salts
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in the test media. The first one included the responses to ampicillin
and rifampicin, where only minimal effects on the susceptibility
were found. All moderate halophiles showed a high sensitivity to
rifampicin regardless of the salt concentration. On the contrary,
many of the tested strains showed a high resistance to ampicillin,
indicating the presence of β-lactamases that inactivated the antibiotic regardless of the salt concentration. In the second group,
including the response to aminoglycosides (gentamycin, kanamycin, neomycin, streptomycin, and geneticin), a remarkable and
gradual increase of the toxicity was detected at lower salinities.
Thus, by using media with low salinity, genes encoding aminoglycoside-resistance become suitable as genetic markers for plasmids
or transposons to be transferred to moderate halophiles. The two
E. coli strains tested also showed a gradually increased tolerance to
aminoglycosides at high salt concentration (see Note 2), indicating
that this effect is not exclusive for moderate halophiles. The third
group included the rest of antimicrobials assayed (trimethoprim,
nalidixic acid, spectinomycin, and tetracycline), where the effect of
salinity was moderate and dependent on both the individual strain
and the antimicrobial tested. All these data greatly facilitated further genetic studies on moderate halophiles since they simplified
the design of selection media for genetic exchange experiments
and enabled the use of the genes encoding resistance to some antimicrobials, especially aminoglycosides, as genetic markers for this
bacterial group. Table 2 summarizes the final concentrations of the
antimicrobials used in our laboratory to grow Halomonas and
Chromohalobacter strains on solid SW media with different
osmolarity.
2.3. Nucleic Acid
Isolation

Plasmid and total DNA can be isolated from Halomonas and
Chromohalobacter strains by using standard methods. Small- to
medium-sized plasmids can be isolated by using the alkaline lysis
method (31, see Note 3), or the Wizard SV plus kit (Promega).
However, the “boiling” method (32), widely used for minipreps
from E. coli, is not a suitable procedure to isolate plasmid DNA
from Halomonadaceae. For large-scale preparation, alkaline lysisisolated plasmid DNA can be further purified trough a Qiagen
columm (Qiagen). The presence of megaplasmids can be tested by
using a modification of the procedure of the Eckhardt method
described by Plazinski et al. (33) or by a modification of the method
previously described by Wheatcroft et al., (34) adapted to the
members of the family of Halomonadaceae in which the original
resuspension solution was changed to one containing 2% (w/v)
salts to prevent lysis of the halophilic bacteria (20). The CTBANaCl method described by Ausubel et al. (35) or the procedure
described by Marmur (36) are both good choices to isolate total
DNA from Halomonas and Chromohalobacter strains.
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Table 2
Final concentration of antimicrobials used for SW media of different salinities
Final concentrationa (mg/mL)
Antimicrobial

SW-10

SW-7.5

SW-5

SW-3

SW-2

SW-1

Ampicillin (Amp)

1,000

500

500

200

100

100

25

25

25

25

25

25

500

500

200

50

20

20

Kanamycin (Km)

1,000

500

200

100

75

50

Neomycin (Nm)

1,000

1,000

300

50

50

50

Streptomycin (Sm)

1,000

1,000

500

200

200

200

Trimethoprim (Tp)

500

500

200

150

150

150

Nalidixic acid (Nd)

1,000

500

200

150

150

150

Spectinomycin (Sp)

1,000

1,000

500

500

200

200

Tetracycline (Tc)

1,000

1,000

500

200

125

125

500

150

75

25

25

25

Rifampicin (Rif)
Gentamycin (Gm)

Geneticin (Gn)c

This table is a general guideline to select the appropriate antimicrobial concentration for members of the Halomonadaceae,
which may vary depending on the particular strain. For more precise information on a particular strain of Halomonas or
Chromohalobacter, as well as on two strains of E. coli, see ref. 30
a
Concentration are referred to solid media
b
Media SW-10 to SW-1 contain 10% (w/v) to 1% (w/v) total salts
c
Concentration are referred only to Chromohalobacter salexigens

For RNA total isolation standard methods like that described
by Salser et al. (37) or the acid phenol method (38) were used on
C. salexigens, being preferred the last one if a high purity of the
sample is needed (39). We strongly recommend the use in C. salexigens of the high pure RNA isolation kit (Roche) when no contamination of DNA is required (RT-PCR, qPCR, primer extension
analysis, etc.).
Modifications of the hot phenol extraction method (40) have
been described for H. elongata (see Note 4) being further purified
using the RNeasy kit from Qiagen according to the manufacturer’s
instruction (41, 42). The use of RNA II Nucleospin kit (MachereyNagel) followed by rigorous treatment with Turbo DNA-free RNase
(Ambion) has been reported in Halomonas maura (43, 44).
2.4. Cloning Vectors

Undoubtedly, cloning vectors are indispensable tools for the
genetic manipulation of any bacterial group. A number of native
plasmids have been isolated from Gram negative moderate halophiles (Table 3), and cloning vectors based on two of the best
characterized replicons have been constructed (Table 4). In addition, some broad-host range vectors for Gram negative bacteria,
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Table 3
Native plasmids isolated from bacteria of the Halomonadaceae
Plasmid

Natural host strain

pMH1

H. elongata ATCC 33173
11.5 kb, Kmr, Nmr, Tcr; unique
H. halmophila ATCC 19717
EcoRI, EcoRV, and ClaI sites; able
H. halophila CCM 3662
to replicate in E. coli.
Salinivibrio costicola NCMB 701

pHE1

C. salexigens ATCC 33174

4.1 kb; unique BglII, EcoRI, PstI,
(47–49)
XbaI, and XhoI sites; unable to
replicate in E. coli; Mob+; complete
sequence available (EMBL accession
No. AJ132759 and AJ243735)

pHI1

H. israelensis ATCC 43985

ca. 48 kb

(47)

pHS1

H. subglaciescola UQM 2927

ca. 70 kb

(47)

pCM1

C. marismortui ATCC 17056

17.5 kb; unique BamHI, BglII
and XbaI sites; unable to replicate
in E. coli; minimal replicon
sequenced (GenBank accession
No. X86092)

(50)

pVE1
H. eurihalina strain F2-7
and pVE2

pVE1: 8.2 kb; unique SmaI site
pVE2: 5.8 kb; unique BglII site

(51)

pMA21,
pMA22

11 kb and 5 kb resistance plasmids,
(52)
encode chromate, cobalt, zinc,
and cadmium transporters (pMA21)
and specific zinc and RND efflux
transporters (pMA22). Confer both
toxic metal and antibiotic resistance.
AmpR SmR, TcR, KmR, PnR

Halomonas strain MA2

Features

References
(45)

especially those of the IncQ and IncP incompatibility groups, have
shown their utility as cloning and expression vectors for members
of the Halomonadaceae (Table 4).
2.4.1. Native Plasmids
Isolated from Gram
Negative, Moderately
Halophilic Bacteria

Our group reported in 1992 the first plasmid isolated from
moderately halophilic bacteria, pMH1, harbored by three strains
of Halomonas and one strain of S. costicola (45) (Table 3). Despite
S. costicola does not belong to the Halomonadaceae, we found that
this species is present in the same ecological niches than Halomonas
and Chromohalobacter. Therefore, it might be possible that pMH1
encode functions which are common for these microorganisms.
The occurrence of pMH1 in the original halophilic strains was
confirmed by Southern hybridization. However, the plasmid could
not be detected on agarose gels by ethidium bromide staining of
standard plasmid DNA preparations from the parental strains, but
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XhoI)
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Insertional
inactivation

BamHI, EcoRI,
KpnI, NotI, PstI,
SalI, SmaI , SpeI

Cloning sites

Broad-host-range
pVK102 23 kb, Tcr, Kmr, Tra−,
SalI, HindIII, XhoI
Mob+, IncP, cosmid
vector
pMP220 10.5 kb, Tra−, Mob+,
BglII, EcoRI, PstI,
IncP, promoterless
SphI, XbaI
lacZ, promoter-probe
vector
pKT230 11.9 kb, Kmr, Smr, Tra−, BamHI, EcoRI,
Mob+, IncQ
HindIII, SacI,
SmaI, SstI, SstII,
XhoI

Native-plasmid-based
pHS15
12.25 kb, pHE1-derivative, Ampr, Smr, Spr,
ColE1 ori, RK2 oriT,
Tra− Mob+
pHS134 9 kb, pHE1-derivative,
Ampr, Smr, Spr, ColE1
ori, Tra−, Mob+
pEE3
6.6 kb, pCM1-derivative,
Ampr, Tpr, ColE1 ori,
Tra−, Mob+
pEE5
7 kb, pCM1-derivative,
Ampr, Tpr, ColE1 ori,
lacZ, Tra−, Mob+

Vector

Host range
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See Table 2 for abbreviations of antimicrobials
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Only H. elongata and C. salexigens, and with very low transfer frequencies

a

12.5 kb, Gmr, Nmr,
Tra−, Mob+, IncQ,
expression vector
pGV1124 10.8 kb , Smr, Cmr,
Tra−, Mob+, IncW
pMP92
pMP220 derived vector,
lacZ−, IncP, TcR
pMFY31 13.2 kb, RSF1010
replication origin. TcR,
Cmr, Ampr

pML123
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+

ND
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could be observed when these preparations were introduced into
E. coli by transformation. The above-mentioned difficulties
prompted us to look for other native plasmids that could be more
easily manipulated. In a second screening three autochthonous
cryptic plasmids were isolated from C. salexigens (formerly H. elongata) ATCC 33174 (pHE1), H. israelensis (pHI1), and H. subglaciescola (pHS1) by using a slightly modified alkaline lysis procedure
(Table 3). However, when a variation of the Eckhardt method (46)
was utilized, no megaplasmid was detected in any of the strains
tested (47).
Because of its small size (4,185 bp), pHE1 was selected for
further characterization and construction of a shuttle vector for
moderate halophiles. Analysis of its complete sequence revealed
that the plasmid basically is composed of two functional parts: the
replication (rep) and the mobilization (mob) regions (48, 49). The
basic replicon consists of 1.77 kb BglII-EcoRI fragment, which
contains the genetic information required for autonomous replication and stable maintenance. Analysis of its sequence revealed the
presence of two genes, repAB, probably organized in one operon.
repA encodes the replication initiator protein (RepA), which
appeared to have a high degree of homology to the theta-replicase
proteins of ColE2-related plasmids. The repB encoded product
showed certain similarity with the RepB proteins of the same family of replicons. Deletion analysis suggests that pHE1 origin of
replication (ori) is located in an 800-bp region upstream of repA.
A third putative gene, incA, was found in the complementary
strand to the leader region of repA mRNA. This, together with the
presence in the 5¢ end of the repA mRNA of inverted repeats that
could form stable stem-loops structures, suggests that the IncA
gene encodes a small antisense RNA. A possible control mechanism of pHE1 replication involving an RNA molecule, which
sequesters the translational initiation region of the replication protein RepA, was proposed (48). The mob region, located in the 2.4kb EcoRI-BglII remaining half of pHE1, contains four genes
(mobCABD), which showed a complex organization with two of
them (mobB and mobD) entirely overlapped by a third (mobA).
The deduced proteins shared a high degree of homology to Mob
proteins of ColE1 and closely related plasmids. Upstream of the
mob genes, an oriT region with a putative nick sequence highly
homologous to that of ColE1 plasmids was identified. pHE1 was
found to be mobilizable from E. coli to H. elongata assisted by the
helper plasmid pRK600 (49). To our knowledge, this is the first
mobilizable plasmid found in moderate halophiles.
In a different screening, Mellado et al. (50) isolated pCM1,
a narrow-host-range plasmid from C. marismortui (Table 3).
Plasmid regions competent for self-replication were identified by
cloning into suicide vectors. The minimal replicon of pCM1 was
localized in a 1.6 kb fragment and was found to contain two
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functionally discrete regions, the oriV region and the repA gene.
oriV, located on a 0.7-kb fragment, contains four iterons 20 bp
length adjacent to a DnaA box that is dispensable but required for
efficient replication of pCM1, and it requires trans-acting functions. The repA gene encodes a replication protein of 289 residues
which is similar to the replication proteins of other Gram negative
bacteria such as that of plasmid pFA3 from Neisseria gonorrhoeae.
However, despite pCM1 and pHE1 were isolated from two species
of Chromohalobacter, their Rep proteins do not show significant
homology to each other (48). This is not surprising, since although
both plasmids have been proposed to have a theta-type replication
mechanism, pHE1 replicon seems to be regulated via antisense
RNA (48), whereas pCM1 replicon shares common features of
iteron-regulated plasmids (50). In agreement with this, pHE1 and
pMC1 have been shown to be compatible, allowing simultaneous
introduction into the same host of vectors derived from their replicons for complementation studies or strain improvement.
H. eurihalina strain F2-7 produces large amounts of an anionic
exopolysaccharide called polymer V2-7, with a number of promising applications in industry. The strain was found to contain two
plasmids, pVE1 and pVE2 (Table 3), which were characterized
with respect to their restriction maps and analysis of homologous
sequences in other moderately halophilic strains. After treatment
at high temperature, cured derivative strains lacking one or two
plasmids were constructed. However, they produced the same
mucoid phenotype than the parent strain, indicating that none of
the plasmids is involved in polysaccharide production. Attempts
to correlate pVE1 and pVE2 with other phenotypes, i.e., morphological, physiological, biochemical, and nutritional aspects, and
antimicrobial and heavy-metal resistance were unsuccessful. Owing
to their small size, the plasmids pVE1 and pVE2 are good candidates to develop cloning and expression vectors for Gram negative
moderate halophiles, including the Halomonadaceae (51).
Osman et al. isolated two plasmids (pMA21 and pMA22) from
Halomonas strain MA2, which showed resistance to both high
copper concentration and other metals such as nickel, cobalt, zinc
and a group of antibiotics (52). Plasmid curing resulted in a strain
that was sensitive to ampicillin, streptomycin, tetracycline, kanamycin, penicillin, cobalt and chromate but not cooper, nickel and
zinc, and showed a weak growth in the presence of 0.5–1 M NaCl.
Partial sequencing of both plasmids led to identification of different toxic metals transporters. Thus, pMA21 encoded chromate,
cobalt, zinc and cadmium transporters, whereas pMA22 encoded
specific zinc and RND (resistance, nodulation, cell division) efflux
transporters as well as different kinds of metabolic enzymes. These
plasmids have a promising future as toxic metal- and antibioticresistance vectors as well as salt-tolerant agents.
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2.4.2. Cloning
and Expression Vectors

Two of the best characterized native plasmids have been used as a
base to create cloning vehicles, pHE1 from C. salexigens (formerly
H. elongata) ATCC 33174 and pCM1 from C. marismortui. The
first shuttle vector for Gram negative moderate halophiles, pHS15
(Table 4), was constructed from the C. salexigens plasmid pHE1
(47). Since pHE1 appeared to be unable to replicate into E. coli
cells, a number of mobilizable pHE1-derived hybrid plasmids were
constructed that could be selected and maintained both in E. coli
and C. salexigens. For this purpose, the E. coli pKS plasmid, the
omega cassette (encoding resistance to streptomycin and spectinomycin) the oriT region (encoding the mobilization functions of
plasmid RK2), and the entire pHE1 plasmid individually digested
with PstI, EcoRI, or BglII were assembled to give pHS7, pHS9,
and pHS13, respectively. Plasmid pHS13 was improved by deletion of some repeated restriction sites to create pHS15. This vector
contains a number of restriction sites commonly used for cloning
and encodes resistance to streptomycin, spectinomycin, and ampicillin. It should be noted that, with some exceptions, the ampicillin
resistance gene is not very useful for the Halomonadaceae since
most of the strains have been shown to be resistant to this antibiotic (30).
It was fortunate that pHS13 was selected as the precursor to
construct the shuttle vector pHS15. In pHS13, the native plasmid
pHE1 was inserted as one BglII fragment. Analysis of the pHE1
sequence, subsequent to pHS15 construction, revealed that BglII
recognition site is located in the intergenic region between the
repAB and mobCABD genes of pHE1, and therefore, this site does
not interrupt plasmid replication or mobilization functions. At the
moment of pHS15 construction, it was unknown that pHE1 was
mobilizable itself, and the mobilization functions were provided by
cloning the oriT of plasmid RK2. Thus, pHS15 contains two mob
regions, one from RK2 and one from pHE1. A simplified version of
pHS15, vector pHS134 (Table 4), has been constructed by joining
the E. coli plasmid pKS, the omega cassette and the plasmid pHE1
(47). This vector can be used directly for cloning or may constitute
the basis for specialized pHE1-derived mobilizable vectors.
Two useful vectors, pEE3 and pEE5, have been constructed
based on the minimal replicon of the C. marismortui plasmid
pCM1 (Table 4). To generate pEE3, the trimethoprim resistance
gene from plasmid pAS396 and the oriV of pCM1 were cloned in
the plasmid pUC18mob, a derivative of pUC18 with the RK2 mob
DNA (53). pEE3 carries unique NotI, SacI, and SmaI sites, useful
for cloning purposes. The characteristics of pEE3 as cloning vector
were improved by removing superfluous restriction sites, and introducing the α-peptide of lacZ and a multiple cloning site. This new
vector, pEE5 (53, Table 4), offers the possibility of white/blue
colonies selection for cloning experiments. Both pEE3 and
pEE5 carry a selection marker different than that of pHS15,
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the trimethoprim resistance gene. Trimethoprim has been shown
to be highly toxic for most species of the Halomonadaceae, regardless of the salt concentration of the culture media. This makes it a
useful genetic marker for this bacterial group, especially in experiments in which high salinities need to be used.
Besides shuttle vectors, which are generally high copy number
and restricted in host range, broad host range for Gram negative
bacteria (usually low-copy number, apart from IncQ plasmids) also
represent an important alternative for genetic studies. Our results
indicate that IncQ and IncP plasmids can be particularly useful as
cloning and expression vectors for the Halomonadaceae. Some of
these plasmids have been included in Table 4.
2.5. Genetic Transfer
Mechanisms

Conjugation, transformation, and transduction have been described
as available genetic transfer mechanisms for some Halomonadaceae.

2.5.1. Conjugation

Conjugation has been successfully used to transfer both vectors
derived from native plasmids (47, 52), and broad-host range vectors (29, 54) from E. coli to Chromohalobacter, and Halomonas.
Several factors affecting the efficiency of conjugation (cell growth
phase, mating time, donor–recipient ratio, and composition and
salinity of the mating medium) were evaluated to optimize the
conditions for conjugation between E. coli and moderate halophiles. In addition, comparative studies on plasmid host-range,
stability and compatibility in Halomonas and Chromohalobacter
strains were carried out. Table 4 summarizes the host range of the
main cloning vectors reported. Whereas pHS15 (47), the IncP
plasmids pVK102 (55) and pMP220 (56), and the IncQ plasmids
pKT230 (57) and pML123 (58) were able to replicate in all strains
tested, pGV1124 (IncW, 59) was maintained only in H. elongata
ATCC 33173 and C. salexigens (formerly H. elongata)
ATCC33174, and pCU1 (IncN, 55) could not be established in
any of the host tested (54).
On the contrary, conjugation between moderate halophiles
was demonstrated by using the self-transmissible IncP plasmid
RK2 (54). Transfer of this plasmid between Halomonas species in
SW-2 (2% total salts) medium was found at frequencies up to
1.2 × 10−3 to 2.8 x 10−4, which were the highest conjugation frequencies achieved. When the salinity of the mating medium was
raised up to 5% or 7%, conjugation was observed but the transfer
frequencies were lower. No genetic transfer of RK2 was detected at
10% total salts, which are actually the salinity conditions that predominate in the natural habitats where moderate halophiles grow.
The reason for this is unknown, but it might be related to a failure
of the conjugation machinery encoded by RK2 to function (i.e.,
assemble or retrieve the sexual pilus) at high salt. At this respect, it
would be interesting to test if any of the relatively large plasmids
isolated in our laboratory, such as pHI1 or pHS1 (see Table 3) are
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conjugative and, if so, whether or not they are able to mediate
genetic exchange in hypersaline environments.
For optimal use of the cloning vector it is desirable that, once
introduced, it is stably maintained in the host cell, even in a nonselective medium. The stability of the vectors pEE5 (53), and pHS15,
pVK102, pKT230, and pGV1124 (54) has been assayed and compared up to approximately 80 generations. Out of the host strains
tested, pEE5 was stable in H. subglaciescola and H. halophila for 80
generations, whereas it demonstrated to be highly unstable in
C. marismortui and, to a lower extend, in H. eurihalina. The
hybrid plasmid pHS15 (47) could not be maintained, in the
absence of selective pressure, for long time in any of the moderate
halophiles tested, including its parental strain. In any case, the
highest stability of pHS15 occurred in the parental strain (60% loss
after 80 generations) and the lowest in H. halophila (complete loss
after 60 generations). The IncQ plasmid pKT230 was found to be
stably inherited in all strains tested. Conversely, pVK102 (IncP)
was highly unstable in most moderate halophiles assayed, with
the exception of C. marismortui. Maintenance of pGV1124 in
H. elongata was observed to be very unstable under nonselective
conditions. Shuttle vector pHS15 was found to be compatible with
pEE5 and with each of the broad-host-rage vectors assayed.
2.5.2. Transformation

Although natural transformation in this bacterial group has not
been so far reported, a method for transforming Zymobacter cells
by using electroporation was described by Yanase et al. (21). Thus,
the broad host range vector plasmids pRK290, pMFY31 and
pMFY40 were transferred to Z. palmae by this method.
Electroporation was performed using the procedure described in
Note 5. High frequency of transformation was obtained at pulse
voltages above 1.8 kV followed by 1 h of incubation. The frequency was 7.5 × 103 transformants/g of DNA for pRK290,
9.2 × 105 transformants/g of DNA for pMFY31, and 1 × 106
transformants/g of DNA for pMFY40, respectively, and was
dependent on the molecular size of the plasmids, with the largest
plasmid (pRK290) yielding the lowest frequency (21).

2.5.3. Transduction

Transduction assays have been described by Seaman and Day (60)
using the Myoviridae FgspB and FgspC, the first virus reported to
infect the genus Halomonas (see Note 6). Both viruses were investigated for their ability to transfer rifampicin resistance between
hosts by transduction. FgspC was able to transfer rifampicin resistance between H. salina GSP21cells and also between them and
H. venusta GSP4 cells, their alternative host. However, transduction frequency was below the level of detection with FgspB and
either host.
The phage infection process showed a high level of tolerance
toward temperature, pH, and salinity. Temperatures below 20°C
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resulted in a fivefold reduction in infection for FgspB and FgspC.
However, whereas FgspB infection was unaffected by pHs ranging
from 6 to 9, FgspC showed optimum infection at pH 7 and 30°C,
with infection rates dropping eightfold or more when incubated at
pHs either side of this in combination with temperatures between
15 and 25°C. However, when exposed to a combination of pH
8–9 and temperatures greater than 30°C, FgspC exhibited the ability to lyse cells without replication, indicating a capability to infect
cells, but not to replicate. Both phages showed high levels of infectivity across salinities ranging from 5 to 15%. However, once
sodium chloride concentrations reached 20%, FgspB infectivity
dropped eightfold, whereas, at this concentration, FgspC again
exhibited lysis-from-without (60).
2.6. Mutagenesis

Mutagenesis and complementation analysis are powerful techniques in the characterization of operons, genes, and proteins. The
creation of mutants is an essential step in determining gene function. In general, two main approaches are available to generate
bacterial mutants: (1) in vivo random mutagenesis using chemical
agents or transposons or (2) gene replacement of previously cloned
DNA that has been manipulated in vitro by introducing insertions,
deletions or base replacements. We describe below these kind of
approaches carried out in Halomonadaceae.

2.6.1. Chemical
Mutagenesis

To our knowledge, hydroxylamine (HA), methylmetane sulfonate,
and nitrosoguanidine are so far the only chemical mutagens used in
Halomonadaceae. Thus, mutants of H. subglaciescola, capable of
growing without NaCl, were obtained after random mutagenesis
using methyl methanesulfonate or nitrosoguanidine treatment as
described in Note 7 (61). Otherwise, HA was used as a mutagen
since it induces a high mutagenicity, causing a change in base
pairing by favoring a tautomeric shift. The effect of different concentrations of HA on survival of C. salexigens DSM 3043 and
H. meridiana as a function of the time exposure was investigated (62).
A concentration of 0.2 (for C. salexigens) or 0.1 M (for H. meridiana) of mutagen was selected for further experiments because it
offered a sufficient number of survivors for reliable detection of
mutants. In addition, a clear effect of decreasing salinity on the
enhancing of the killing action of HA in both species was found.
From these experiments, SW-5 (5% total salts) was chosen as the
treating medium for the two strains. Subsequently, the induced
mutagenicity caused by treatment with HA was measured as the
frequency of streptomycin resistant mutants isolated when cells of
C. salexigens and H. meridiana were exposed to 0.2 M or 0.1 M,
respectively, at different times of exposure. As a consequence of
these results, the optimal conditions of HA mutagenesis for the
two species were established (see Note 7). Finally, these conditions
were used to isolate a number of auxotrophic mutants of C. salexigens
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as well as different salt-sensitive mutants of C. salexigens and
H. meridiana . Some of these latter mutants appeared to be
affected in the synthesis of compatible solutes (62).
On the contrary, nonmucoid mutants of H. eurihalina were
obtained after HA treatment. Different conditions of temperature
and time of exposure were investigated, along with different concentrations of HA. A concentration of 0.02–0.04 M of mutagen
for 30 min at 32°C was selected as optimal mutagenic conditions
(see Note 8) (63).
2.6.2. Transposon
Mutagenesis
2.6.2.1. Transposon
Tn1732

2.6.2.2. Other Transposons

Tn1732 (64), a derivative of Tn1721 (65, 66), which in turn is a
member of the Tn21 subgroup of the Tn3 family, was used for the
first time in 1995 by Kunte and Galinski (29) for transposon mutagenesis in H. elongata. Tn1732 consists of the “basic transposon”
of Tn1721 (Tn1722) that encodes the transposition functions
(transposase, tnpA, and resolvase, tnpR, genes), and a kanamycin
resistance marker for positive selection of mutants. In view of the
problems found with the use of Tn5 in this species (see below),
Tn1732 was assayed as an alternative transposon since it was successfully used to overcome similar problems with Tn5 mutagenesis
of Xanthomonas. The suicide plasmid pSUP102-Gm (Cmr) (see
Note 9) was used to introduce Tn1732 into H. elongata via E. coli
SM10 mediated conjugation (29). Southern hybridization analysis
of a number of transconjugants indicated the presence of single,
randomly distributed, insertion sites within the chromosome.
Furthermore, the possible cointegration of the vector pSUP102 in
Halomonas DNA was excluded, as shown by hybridization experiments and the finding that Cm-resistant transconjugants were not
observed. The phenotypic analysis of more than 3,000 Tn1732
transconjugants proved the usefulness of the system for insertion
mutagenesis in Halomonas. Thus, several auxotrophic mutants as
well as different salt-sensitive mutants were isolated. These latter
mutant strains occurred with a very high frequency (2%), confirming that Tn1732 is a useful tool for transposon mutagenesis in this
species. Since then, Tn1732 has been successfully used for generalized insertion mutagenesis in different strains of Halomonas and
Chromohalobacter (see Note 9). These included H. elongata (67)
and C. salexigens mutants affected in the synthesis of the compatible solute ectoine (68), H. elongata mutants impaired in ectoine
and hydroxyectoine uptake (69), H. meridiana mutants defective
in extracellular amylolytic activity (70) and H. eurihalina Km resistant mutants (71).
Tn5, which has been widely used for mutagenesis in Gram negative
bacteria, was tested by Kunte and Galinski (29) for insertional
mutagenesis in H. elongata. Transposon was successfully transferred from E. coli SM10 containing the suicide vector
pSUP101::Tn5 to H. elongata by biparental mating. However,
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analysis of Tn5 transconjugants showed that transposon and vector
DNA cointegrated in a nonrandom manner into the chromosome.
This was suggested to be due to the presence of hot spots for Tn5
integration in H. elongata DNA, rather than the result of homologous recombination via vector DNA (29).
Mini-Tn5 has been used for insertional mutagenesis in
H. eurihalina, obtaining both exopolysaccharide-defective mutants
(71) and mutants that were dependent on arginine and uracil for
growth (72), and in H. maura, obtaining mutants incapable of
anaerobic respiration with nitrates (44) (see Note 10). However,
we have attempted to use mini-Tn5 for insertional mutagenesis in
C. salexigens and found also evidence for the presence of hot spots
into the chromosome. Attempts made by our group to use transposons belonging to the Tn7 and Tn10 families for insertional
mutagenesis in C. salexigens have been likewise unsuccessful (personal communication). These findings cause severe limitations to
the use of transposons in Halomonadaceae. One disadvantage of
Tn1732, compared with transposons of the Tn3 family, is its predilection for plasmid versus chromosomal DNA. That is, if one (or
more) plasmid is present in the strain used in the mutagenesis, a
high frequency of plasmid insertions will occur in detriment of
chromosome insertions. On the contrary, new Tn1721-based
transposons with distinct selection markers would be desirable, for
instance, if multiple insertions in the same strains are required.
Indeed, there are a number of Tn1721-derived transposons carrying antibiotic resistance genes other than kanamycin (64, 73).
However, all these transposons contain the cognate transposase
gene between their inverted repeated sequences. This fact implies
that a recipient cell already containing one of these Tn1732-derived
transposons becomes immune to further transposition rounds.
New systems to deliver Tn1721-derived transposons in
Halomonadaceae are therefore necessary, as the equivalent to the
mini-Tn5 transposons described by De Lorenzo et al. (74), which
carry the transposase gene into the suicide vector (in cis), but
external to the mobile element. In this way, a single recipient cell
can be used for repeated insertion events with differentially marked
minitransposons.
2.6.3. In Vitro Site-Directed
Mutagenesis Followed
by Gene Replacement

In vitro mutagenesis is an invaluable technique for studying protein structure–function relationships and for identifying intramolecular regions or amino acids, both of which may mediate gene
expression and vector modification. Conventional DNA manipulation techniques (i.e., deletion of a specific DNA region by
digestion and religation, insertion of a cassette carrying one antibiotic resistance marker or a reporter gene, among others) or
PCR based site-directed mutagenesis approaches can be used to
generate the mutation of interest. Following in vitro manipulation of the DNA, the mutated region must be transferred to the
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host parental strain and gene replacement must occur by homologous
(double) recombination.
Grammann et al. (69) reported the used of the splicing-byoverlap-extension (SOE) PCR technique (75) to generate a number of deletion mutants of H. elongata affected in the synthesis or
transport of ectoine. Kraegeloh et al. (41) used also this technique to identify and characterize the K+ uptake systems TrkH
and TrkI from H. elongata. For this purpose, the DNA regions
upstream and downstream of the gene to be deleted were joined
together by applying the SOE-PCR methodology. The resulting
PCR fragments containing the deleted gene were cloned into the
suicide vector pKS18mobsac (76). This is a derivative of the E. coli
plasmid pK18 carrying the sacB gene from Bacillus subtilis, which
is inducible by sucrose and is lethal when expressed in Gram negative bacteria. The incorporation of this conditionally lethal gene
greatly simplifies the identification of double recombination
events (those leading to gene replacement) among the vast majority of single cross-overs (those which still contain the vector).
This avoids time-consuming replica-plating or toothpicking.
Constructs carrying the deletions were transferred into H. elongata by E. coli S17-1-mediated conjugation. Deletion mutants
arising after double cross-over were selected on complex medium
containing sucrose. The deletion sites were verified by PCR and
DNA sequencing.
A similar methodology to generate deletion mutants, the
Quick Change site-directed mutagenesis kit developed by
Stratagene, a widely used PCR-based system that eliminates the
necessity to subclone the amplified fragment, was used by Tokunaga
et al. (77) to determine the role of the amino acid Glu134 in the
structure of the nucleoside diphospate kinase from Halomonas sp.
593. Likewise, this methodology has been employed in our laboratory to obtain mutants affected in the region encoding ectoine
synthesis (ectABC genes) in C. salexigens. Thus, following in vitro
mutagenesis, a fragment containing a promoterless lacZ gene and
a streptomycin resistant marker (the Ω cassette, 78) was inserted at
the deletion point. The reporter lacZ was included to monitor the
activity of the of the ectABC promoter. The Ω cassette served to
facilitate the selection of mutants. The assembled ΔectABClacZSm
fragment was subcloned into the vector pJQ200SK (79), a suicide
mobilizable vector similar to pKS18mobsac that also carries the
conditional lethal sacB gene. Gene replacement was achieved after
transferring the deleted fragments to a spontaneous rifampicin
resistant mutant of C. salexigens by triparental matings assisted by
the helper plasmid pRK600 (80). Selection was on SW-2 medium
with streptomycin (100 μG/mL) and sucrose (10% w/v). Deletion
was confirmed by Southern hybridization using an internal ectB
probe, as well as by the absence of the compatible solute ectoine in
the mutants.
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Table 5
Intrinsic b-galactosidase and alkaline phosphatase activitya of some strains
of Halomonas and Chromohalobacter
Strain

b-Galactosidaseb

Alkaline phosphatase

Halomonas elongata ATCC 33173Tc

++d

++

−

+

Halomonas eurihalina ATCC 49336

−

+

Halomonas halophila DSM 4770T

−

++

Halomonas halmophila ATCC 19717T

+

−

T

Halomonas halodurans ATCC 29686

+

+

Halomonas subglaciescola DSM 4683T

++

++

+

+

Chromohalobacter salexigens DSM 3043

−

−

Chromohalobacter salexigens ATCC 33174

++

++

Chromohalobacter canadensis ATCC 43984T

(+)

+

Chromohalobacter israelensis ATCC 43985T

(+)

++

T

Halomonas meridiana DSM 5425

T

Chromohalobacter marismortui ATCC 17056T
T

a

Activity was observed after 48 h of incubation at 37°C on plates of minimal medium M63 with 10% NaCl and 40
μg/mL of the substrate
b
The chromogenic substrates used were 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside to test β-galactosidase
activity and 5-bromo-4-chloro-3-indolyl-phosphate to test alkaline phosphatase activity
c
T, type strain
d
++, strong positive; +, positive; (+) weak positive; −, negative

2.7. Reporter Genes

When reporter genes are used, the presence of cellular intrinsic
activity leads to interferences in the assay interpretation. In this
respect, many species of the family Halomonadaceae have intrinsic
β-galactosidase or alkaline phosphatase activities, two of the most
widely used reporter systems (see Table 5). For Lac− strains, as
C. salexigens or H. meridiana, a chromogenic assay with 5-bromo4-chloro-3-indolyl-β-D-galactopyranoside (X-gal, see Note 11) can
be used on plates to qualitatively monitor gene expression. We
have made transcriptional fusions of osmoregulated promoters
from C. salexigens and the E. coli lacZ gene, encoding β-galactosidase. Our results indicate that salinities as high as 10% (1.72 M
NaCl) do not interfere with the in vivo assay on plates, probably
because the substrate is taken up by the cells and the lacZ-encoded
enzymatic reaction occurs within cell cytoplasm. However, in our
hands, the quantitative in vitro assay for β-galactosidase activity,
which requires cell lysis previous to substrate (o-nitrophenyl-betaD-galactopyranoside) addition, is unviable at salinities higher than
4.3% (0.75 M) NaCl. Several variations of the standard method,
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with additional washing steps before cell lysis, or spheroplasts
preparation (to remove NaCl that might have bound to the outer
membrane) have been tested in our laboratory, but yielded no
reproducible results when cells are grown at salinities above 0.75 M
NaCl. This, which might be related to a rapid inactivation of the
enzyme by salt, is an important constraint to the use of the E. coli
lacZ gene as a reporter for members of the Halomonadaceae,
where salinities up to 2.5 M (14.5%) NaCl are used to assay gene
expression.
The above mentioned difficulties prompted us to look for alternative reporter systems for moderate halophiles. The ice nucleation
(inaZ) and green fluorescent protein (gfp) genes are totally absent
from halophilic microorganisms. Therefore, there were tested as
potential reporter systems for members of the Halomonadaceae.
The signal generated from the product of these two genes is not
due to enzymatic catalysis but to a physical phenomenon. Both
assays are in vivo tests. It was shown that both reporters were efficiently expressed in moderate halophiles of the genera Halomonas
and Chromohalobacter under the control of either heterologous or
native promoters (12, 81).
The product of the inaZ gene is the ice nucleation protein
(about 185 kDa). Expression of the gene can be easily detected in
cultures of cells growing at temperatures below 24°C by a freezing-droplet test using a supercool bath at temperatures ranging
from −3 to −10°C (82). The inaZ gene from the plant pathogen
P. syringae was the first reporter system described in Gram negative
moderately halophilic bacteria (12). A promoterless version of
inaZ was introduced into two different restriction sites (EcoRI and
PstI) of the pHE1 part of vector pHS15. One orientation of both
recombinant constructs expressed high levels of ice nucleation
activity in Halomonas, indicating that inaZ was probably introduced
in the correct orientation downstream of putative native promoters.
A recombinant construct carrying a tandem duplication of inaZ in
the same orientation yielded significantly higher ice nucleation
activity, showing that inaZ is appropriate for gene dosage studies.
inaZ was also expressed in Halomonas under the control of heterologous promoters, such as the β-lactamase (Pbla) promoter of
E. coli and the pyruvate decarboxylase promoter (Ppdc) of Zymomonas
mobilis (12). Remarkably, the salt concentration of cultures growing on SW-10 medium (10% w/v total salts) did not cause any
apparent inhibition of the ice nucleation activity. For this reason,
SW10 was the choice medium to make the InaZ assays.
The existence of a promoter located upstream of the PstI site
of native plasmid pHE1 was further confirmed by the construction
of a transcriptional fusion of the 1.3 kb EcoRI-PstI fragment of
pHE1 (containing the putative promoter) and inaZ (83).
Subsequent analysis of the complete sequence of pHE1 (48, 49)
revealed that this region contained the promoter of the pHE1 mob
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operon (mobCABD) encoding mobilization functions (45). The
exact localization of Pmob, which is functional in E. coli (83),
needs experimental confirmation. However, the first 90 pb of the
1.3 kb region must be necessary for promoter function, as judged
by the fact that deletion of this DNA sequence leads to a complete
loss of inaZ activity (83).
The green fluorescent protein (GFP), a 27 kDa protein from
the marine bioluminescent jellyfish Aequorea victoria (84), is a
unique marker that can be detected by noninvasive methods. No
substrates, other enzymes or cofactors are required for GFP assay.
To monitor gene expression in H. elongata, Douka et al. (81) used
a mutated version of this gene (85), which allows the establishment
of GFP as a convenient expression marker for bacteria, because it
can fold correctly and remain soluble in the cells, resulting in 100times increased fluorescence as compared to the wild type GFP
when expressed in E. coli. To investigate gfp expression in H. elongata, the shuttle vector pHS15 was used in which the gfp gene was
placed under a native (Pmob) and an heterologous (Ppdc) promoter, giving the constructs pHS15G1 and pHS15G2, respectively.
Both recombinant constructs were transferred to H. elongata by
conjugation and GFP activity was measured at various concentrations of NaCl (2, 5, and 10%). Although the gfp gene was expressed
in all transconjugants, as shown by RT-PCR analysis, expression
from Pmob raised as the salt concentration in the growth medium
increased from 2 to 10%, suggesting that the mobilization functions
of the native plasmid pHE1 might be osmoregulated (81).
Currently our group is developing inaZ and GFP-based
monitoring gene expression systems using IncP low-copy and
autochthonous plasmids (Argandoña et al., unpublished data). The
GFP-based system was also used to check whether there was a
promoter upstream of the cfuABC-fur-hisI-orf6 operon in C. salexigens.
For that purpose, a transcriptional fusion of the region upstream of
cfuA with the gfp reporter gene was constructed in the low-copy
number plasmid pMP92 and transferred by triparental mating to
the wild type strain. As a negative control, the promotorless vector
was also transferred and promoter activity was measured in cells
grown in M63 minimal medium containing 0.75 M NaCl supplemented with tetracycline (3).
2.8. Promoter Mapping
and Transcriptional
Regulation

The two methods conventionally used to determine transcriptional
starting sites and transcriptional regulation are S1 nuclease mapping and radioactive primer extension experiments. Nuclease protection assays (S1 nuclease protection and RNase protection) are
extremely sensitive procedures for detection and quantization of
mRNA species in complex mixtures of total cellular RNA and are
well suited for mapping positions of external and internal junctions
in RNA, such as transcription initiation and termination sites.
Besides, since the size of the probes used in nuclease protection
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assays can be chosen by the investigator, probes may be designed
to protect fragments of different sizes. This feature permits the
simultaneous analysis of several different mRNAs in the same total
RNA sample (86).
The S1 nuclease protection assay was developed in C. salexigens to map the promoter regions upstream of the genes ectA and
ectB (39, see Note 12). Thus, four promoters upstream of ectA
were suggested. This assay not only showed the number of transcription initiation sites of each promoter region (pectA1–4 and
pectB5) but also allowed to analyze the transcriptional regulation of
pectA1–4 and pectB5 at low (0.75 M NaCl) and high salinity (2.5 M
NaCl). In fact, the data strongly suggested the involvement of the
general stress σS in ectABC transcription in C. salexigens. Although
the analysis of the same promoters using lacZ fusions were also carried out at increasing NaCl concentrations, we were not able to
make reliable measurements of β-galactosidase activity in cells
grown with >0.75 M NaCl, most probably due to the salt-inactivation
of the enzyme (39).
Primer extension reaction is another alternative to determine
the transcription initiation site and level of a target 5¢end of mRNA.
The assay uses a reverse transcriptase enzyme (AMV) and an endlabeled primer, usually 32P end-label, to reverse-transcribe the target
RNA into cDNA. The amount of cDNA synthesized is proportional to the amount of target RNA, and the length of the cDNA
product reflects the distance from the primer to the 5¢end of the
RNA. Primer extension products are typically analyzed on denaturing polyacrylamide gels and the use of labeled DNA markers allow
the size of the primer extension product to be determined. This
protocol were successfully used in H. maura to localize a single
transcription initiation site of the epsABCDJ operon, involved in
the synthesis of the exopolysaccharide (EPS) mauran (43). Besides,
it was used to map the promoter region upstream of narGHJI genes
involved in anaerobic respiration with nitrate, showing a unique
transcription initiation site and the existence of a regulation mechanism by anaerobiosis and nitrate (44, see Note 13).
Traditionally, the primer extension protocols are 32P- or
35
S-based methods, making them potentially hazardous, time consuming, and specifically laboratory requirements for radioisotope
research. In recent years, modifications of the primer extension
methods have been developed using various fluorescently labeled
primers and commonly available DNA sequencing instruments
thus avoiding the necessity for handling radioactivity and polyacrylamide. These fluorescence-based primer extension reactions
have been shown to be as sensitive as radioactive protocols. Fekete
et al. (87) totally developed this innovative protocol, termed as
fluorescently labeled oligonucleotide extension (FLOE), using
5 V-FAM-labeled primers, which (1) have a high level of precision
and allows quantification of results, and (2) FAM-labeled cDNA
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products are compatible with ABI fluorescent sequencing technology
and can be electrophoresed on an ABI PRISMR DNA sequencer
(88). The promoter corresponding to the major transcriptional
start site will produce higher levels of mRNA transcript, resulting
in a stronger FAM signal, correlating the intensity of the FAM
signal with the amount of cDNA present in the sample. If multiple
promoters are present in a sample, the relative strength of each
promoter can be inferred from the peak heights of the primer
extension products (88). The FLOE approach has been only used
in a few recent studies in promoter mapping of bacteria (88–90).
In our laboratory, we have successfully developed this approach to
map the promoter region upstream of the gene ectD of C. salexigens involved in the synthesis of hydroxyectoine and also to analyze
the transcriptional regulation under different stress conditions of
salinity and temperature using 10–15 μg of total RNA and 6-FAM
end-labeled primers (Reina-Bueno et. al, unpublished results).
Another alternative method for mapping promoters in which
neither radioactive nor fluorescent labeled products is used has
been recently developed, the 5¢RACE-PCR. A modified protocol has been developed in H. elongata to study the involvement
of the universal stress protein TeaD in regulating the osmoregulated ectoine transporter TeaABC (91). Thus, the transcriptional initiation sites were mapped in the upstream region of
teaABC genes. In that protocol, cDNA is synthesized from total
RNA using reverse transcriptase (Superscript III, Invitrogen)
and a reverse primer. Applying terminal deoxynucleotide transferase, a poly (C) tail was attached to the 3¢end and the modified cDNA was PCR-amplified with forward primer AAP
(Abriged Anchor Primer) and reverse primer. Finally, PCRamplified cDNA was sequenced. This approach revealed the
presence of a s 70-dependent promoter (P1) and another s Sdependent promoter (P2) (91).
2.9. Gene Expression
Analysis

RT-PCR and Northern blot are techniques that are usually developed to detect the presence of a specific mRNA in a sample.
RT-PCR is a semiquantitative technique that is generally used to
determine the expression of a gene and also to analyze the gene
organization in operons. This technique was recently used to confirm the organization of cfuABCfurhisI genes (involved in iron
homeostasis) in a single operon in C. salexigens (3) or the organization of epsABCDJ genes in H. maura (43). This alternative protocol to Northern blot experiments could be used when the size of
the mRNA is too large and more suitable to mechanical broken.
Both Northern blot and RT-PCR were carried out to analyze the
transcriptional organization of the teaABCD locus in H. elongata,
confirming that teaD gene is cotranscribed with teaABC (91, see
Note 14).
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In H. maura, a semiquantitative RT-PCR based protocol was
also carried out to undertook transcriptional analyses for the
narGHIJ genes (responsible for anaerobic respiration with nitrate)
under different nitrate respiration conditions where the cells were
induced by nitrate (0.1, 0.5, and 1% w/v for 1 h) under O2 limitation and also to confirm whether narGHJI genes were transcribed
together (44). Reverse transcription-PCR analyses were also done
to test the heterologous expression of crtY, crtI, and crtB genes of
Pseudomonas agglomerans in H. elongata (92). Kim et al. carried
out RT-PCR experiments in Chromohalobacter sp.HS-2 to investigate genes involved in benzoate and p-hydroxybenzoate catabolism and if degradative genes (benABC, catBCA, pobA, and pcaGH)
are induced specifically by benzoate and p-hydroxybenzoate (93).
Similar experiments have been recently performed in C. salexigens
to analyze the transcriptional induction of genes involved in the
isothionate formation from taurine (tauAB1B2C, Csal_0158, and
isfE) (94).
As we mention above there are a variety of methods for the
quantification of mRNA, like Northern blotting and ribonuclease
protection assays (RPAs), but require more RNA than is sometimes available. PCR methods are therefore particularly helpful
when amounts of RNA are low, since the fact that PCR involves an
amplification step means that it is more sensitive. Thus, real-time
PCR (qPCR) was developed because of the need to quantify differences in mRNA expression, also in samples with only small amounts
of mRNA. In contrast to regular reverse transcriptase-PCR and
analysis by agarose gels, qPCR gives quantitative results and additionally, it is relative simply and not time-consuming compared to
some older methods. Despite these advantages, only a few gene
expression studies have been carried out in moderate halophilic
bacteria using qPCR. In C. salexigens this approach have been very
helpful to quantify and compare the different expression levels of
the ectA gene, involved in ectoines biosynthesis, and the cfuA gene
(involved in iron homeostasis), under different conditions such as
low and high salinity and low and excess of iron conditions both in
the wild type and an iron homeostasis regulator mutant (fur) (3).
Similar analysis have been developed in our laboratory to compare
expression of ectD and ectE, which codify for ectoine hydroxylase
paralogs, at different salinity and temperature stress conditions
both in the wild type strain and in a specific regulator mutant backgrounds (Reina-Bueno et al., unpublished results). The possibility
that qPCR offers to compare and quantify the expression of more
than one specific mRNA at the same time in several samples and
conditions from wild type strain and mutants is a powerful tool to
unify expression data. Additionally, it allows us to measure and
compare expression data obtained at low and high salt conditions,
fact that is always a handicap in halophilic bacteria.
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3. Notes
1. SW-10 is a saline complex medium containing 10% (w/v) total
sea salts solution to which 0.5% (w/v) yeast extract is added
(15). The composition of the sea salt solution 30% (from which
the corresponding dilutions can be performed to reach the different SW media at different salinities) was (in g/L): NaCl,
234; MgCl2·6H2O, 41.6; MgSO4·7 H2O, 59.82; CaCl2·2H2O,
1.1; KCl, 6; NaHCO3, 0.2; NaBr, 0.7; and FeCl3·6H2O solution at 0.5% (w/v), 0.65 mL (16). The pH of the medium is
adjusted to 7.2 with KOH. The composition of MM medium
is as follows: 0.4 g/L yeast extract, 2 g/L peptone no. 3, supplemented with a salt solution (SW) (16) (except for MgSO4)
to reach a final concentration of 2% (w/v) and 14.26 g sodium
thioglycolate sterilized by filtration (20). The composition of
modified MY medium was (in g/L): glucose, 10; proteosepeptone No.3 (Difco), 5; malt extract (Difco) 3; yeast extract
(Difco) 3, in a 7.5% (w/v) salt solution (16). RM medium
contains (in g/L): glucose, 20; Bacto yeast extract (Difco), 10,
and potassium phosphate, 2, at pH 6.0. T medium contains (in
g/L): glucose, 20; Bacto yeast extract (Difco) 10; potassium
phosphate, 10; (NH4)2SO4, 2; and MgSO4·7H2O, 0.5, at pH
6.0 (21).
2. Although E. coli is a nonhalophilic microorganism, it has the
ability to adapt rapidly to moderate salinities provided that
compatible solutes are supplied with the grown medium.
Therefore it should be considered as a slightly halotolerant
bacterium. We were able to grow E. coli in the same media
than moderate halophiles do (SW complex medium) up to 5%
total salts (30).
3. Prior to the alkaline lysis method, the cells can be washed with
0.1% SDS in TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH
8.0). This washing step greatly improves the isolation method,
yielding cleaner plasmid DNA preparations, suitable for digestion with restriction enzymes.
4. Some modifications of the hot phenol procedure were performed as follows: 100 mL of exponentially growing cells
(OD600 of 0.6–0.7) were harvested by centrifugation, and
approximately 100 mg of the pellet was resuspended in 4 mL
of buffer A (50 mM Na acetate, 10 mM EDTA) containing
0.5 mL of 10% SDS, to lyse the cells. After addition of 5 mL of
hot phenol (65°C), the sample was incubated at the same temperature (65°C) for 4 min and then frozen in liquid nitrogen
for 2 min. The frozen sample was then thawed (37°C) in a
water bath and centrifuged for 10 min (2,700 × g) to enhance
phase separation. The aqueous top layer (400 μL) was removed
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and mixed with an equal volume of phenol–chloroform–isoamyl
alcohol and centrifuged at 8,000 × g for 5 min at 4°C. The
RNA in the aqueous top layer was subsequently precipitated
with 40 μL of 3 M Na acetate solution and 400 μL of pure
ethanol at −70°C. Prior to use for Northern hybridization or
reverse transcriptase PCR (RT-PCR), RNA was further purified by using the RNeasy mini-kit (Qiagen) according to the
manufacturer’s instructions.
5. To transform Z. palmae the strain was initially grown statically
in 5 mL of RM/T medium at 30°C for 15 h. The preculture
was added to 50 mL of fresh RM/T medium and incubated at
30°C for 90 min. The culture broth was then chilled on ice
and centrifuged in a microfuge at 850 × g for 10 min at 4°C.
The harvested cells were washed with 25 mL of ice-cold 10%
glycerol and resuspended in 1 mL of ice-cold glycerol. An
aliquot (0.2 mL) of cell suspension was transferred to a 0.2 cm
electroporation cuvette and 10 μL of plasmid DNA solution
was added. Immediately after pulsing of the cell suspension
using a Bio-Rad gene pulser apparatus (1.8 kV, 200 Ω, 25 μF)
1 mL of prewarmed (30°C) RM/T medium was added and
incubated statically at 30°C for 1 h. Finally, the cells were
spread onto selection plates and incubated at 30°C for 1–3 days
(21, 22).
6. To transfer rifampicin resistance through transduction, H.
salina GSP21 was used as the donor and transducing particles
were produced by infecting this strain with either FgspB or
FgspC by the overlay method. Phages were purified from the
plates after overnight incubation and to ensure that the transducing particles contained only donor strain DNA, a second
round of high titre phage lysate was produced with the same
donor strain. Previously, phage lysates were digested with 50 U
of DNase I per mL to remove any free DNA that would be
available for transformation. The bacterial hosts H. salina
GSP21 and H. venusta GSP4 were used as recipients for transduction. 0.5 mL of phage lysate was then mixed with 0.5 mL
of a mid-log phase host culture. The final washed cell pellet
was resuspended in 0.5–1.5 mL of SP-1 broth, and plated onto
selective SP-1 plates containing 50 mg/L rifampicin.
7. Optimal experimental condition of methylmethane sulfonate
and nitrosoguanidine mutagenesis for H. subglaciescola were as
follows: cellular suspensions containing about 108 log-phase
cells/mL were harvested by centrifugation (5,000 × g and 4°C
for 30 min) and washed twice with saline. 0.1 volume of
1.0 mM mutagen (Sigma) was added to the bacterial suspension and incubated at 4°C for 3 h. The treated cells were then
spread on an agar medium plate without NaCl and incubated
at 30°C for their growth.
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8. Optimal experimental condition of HA mutagenesis: (a) for
C. salexigens: Cellular suspensions containing about 108 log-phase
cells/mL were centrifuged at 30,000 × g for 1 h and washed
three times with sterile SW-5 solution. Then, they were exposed
to 0.2 M HA (Sigma) in SW-5 medium, pH 5.2, for 90 min at
37°C; (b) for H. meridiana: same as above but exposed to
0.1 M HA in SW-5 medium, pH 5.2, for 2 h at 37°C, (c) for
H. eurihalina: The cells were previously grown until the early
exponential phase only ( 106 cells/mL) to prevent the overproduction of extracellular polymers (EPS), which can hinder the
effect of the mutagen. The cells were centrifuged at 30,000 × g
for 1 h and washed three times with sterile SW-7.5 solution to
ensure that no EPS remained clinging to the cells. Then, about
109 cells were suspended in 1 mL of MY medium and transferred to tubes containing a concentration of 0.02–0.04 M
HA, incubated at 32°C for 30 min, and later on incubated in
MY medium without the mutagenic agent.
9. The use of E. coli vectors carrying a conjugal transfer (mob)
sequence is a standard way to introduce transposons into a
variety of bacteria, where such vectors cannot replicate. For
this reason they are termed “suicide” vectors. We have tried
to use other suicide Tn1732 donors based on unstable (thermosensitive) replicons (64) but failed to obtain Tn1732induced mutants. Therefore, the choice of the appropriate
delivery vector for Tn1732 into the cell is crucial for the success of mutagenesis. In our laboratory, Tn1732 induced
mutagenesis is performed by conjugal transfer of pSUP102Gm::Tn1732 from E. coli SM10 to a spontaneous Rifr mutant
of the wild type strain to be mutagenized as described by
Cánovas et al. (68). Matings are carried out by mixing the
donor and recipient cultures at a ratio of 1:4 (100 μL of
donor, 400 μL of recipient). The mixed cultures are washed
with sterile SW-2 medium to eliminate the antibiotics. The
pellet is then suspended in 100 μL of SW-2 and placed on a
0.45-μM pore filter onto SW-2 solid medium (which allows
the growth of E. coli). After overnight incubation at 30°C,
cells are resuspended in 20% (v/v) sterile glycerol and, after
appropriate dilutions, inoculated onto SW-2 plus 25 mg/L
rifampicin and 75 mg/L kanamycin plates at a density resulting in about 100–200 colonies per plate. Colonies from
these master plates are subsequently transferred with sterile
toothpicks to the appropriate media for selection of
mutants.
10. Mini-Tn5 induced mutagenesis was performed by conjugal
transfer of pUT mini-Tn5 Km2/Cm from E. coli to the correspondent receptor strain as described by Llamas et al., (71).
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The pellets were suspended in 100 μL of the same medium,
mixed at a ratio of 1:1, 1:2, or 2:1, and placed onto a nitrocellulose membrane (pore size 0.22, 0.45, or 0.7 μm, Millipore)
laid over a plate of the selected conjugation medium. The
plates were incubated at 30, 32, and 37°C for 16, 20, and
24 h, and the appropriate dilutions were made and inoculated
onto SW-2 added with the corresponding antibiotics. After
3 days of incubation at 30°C, the transconjugants were picked
onto master plates of the same composition. The mating mixture was also spread onto SW-2 agar plus 50 mg/L rifampicin,
to determine the rate of recipient-cell survival after the transposon experiment.
11. X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) is
added to the plates at a concentration of 40 μg/mL.
12. In a first step of the S1 nuclease protection assay in C. salexigens, a complementary ssDNA probes hybridizing to the 5¢
region of the mRNA is generated by lineal PCR (95) using
linearized plasmids which contain the ectA and ectB genes as
templates. The primers used are 32P- end-labeled oligonucleotides that are complementary to the mRNA. 25 μg of total
RNA and an excess of a 32P-end-labeled single-stranded DNA
(ssDNA), previously denaturalized, is used for hybridization
reaction. Finally, the mix is digested with nuclease S1 and the
obtained fragments are analyzed in an acrylamide gel.
13. In H. maura, primer extension experiments were performed
using a specific oligonucleotide complementary to the sense
strand and radioactively labeled at its 5 ¢end with [γ-32P]
ATP and T4 polynucleotide kinase. The end-labeled primer
was hybridized to 20–50 μg of total RNA and the extension reaction was carried out using AMV reverse transcriptase (Roche). The cDNA product and sequencing
reactions were analyzed on a 6.5% (w/v) urea-polyacrylamide sequencing gel.
14. In H. elongata the optimal protocol for Northern experiments
was as follows: A teaA-specific-RNA antisense probe was constructed from genomic DNA and used to amplify by PCR an
intragenic teaA DNA fragment using a reverse primer, which
carried the promoter sequence for T7 RNA polymerase. This
DNA template was applied to in vitro transcription (Roche
Molecular Biochemicals) to generate DIG-11UTP-labeled
antisense teaA RNA. 5 μg of total RNA was electrophoretically
separated on a denaturing gel (0.8%), transferred to a nylon
membrane and covalently bound by UV irradiation. Bound
RNA was hybridized with DIG-labeled antisense teaA RNA
probe, and finally probe hybridization was detected by chemiluminescence via X-ray film.
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Chapter 10
Regulated Recombinant Protein Production in the Antarctic
Bacterium Pseudoalteromonas haloplanktis TAC125
Valentina Rippa, Rosanna Papa, Maria Giuliani,
Cinzia Pezzella, Ermenegilda Parrilli, Maria Luisa Tutino,
Gennaro Marino, and Angela Duilio
Abstract
This review reports results from our laboratory on the development of an effective inducible expression
system for the homologous/heterologous protein production in cold-adapted bacteria. Recently, we isolated
and characterized a regulative genomic region from Pseudoalteromonas haloplanktis TAC125; in particular,
a two-component regulatory system was identified. It is involved in the transcriptional regulation of the
gene coding for an outer membrane porin (PSHAb0363) that is strongly induced by the presence of
L-malate in the growth medium.
We used the regulative region comprising the two-component system located upstream the PSHAb0363
gene to construct an inducible expression vector – named pUCRP – under the control of L-malate.
Performances of the inducible system were tested using the psychrophilic b-galactosidase from P. haloplanktis
TAE79 as model enzyme to be produced. Our results demonstrate that the recombinant cold-adapted
enzyme is produced in P. haloplanktis TAC125 in good yields and in a completely soluble and catalytically
competent form. Moreover, an evaluation of optimal induction conditions for protein production was also
carried out in two consecutive steps: (1) definition of the optimal cellular growth phase in which the gene
expression has to be induced; (2) definition of the optimal inducer concentration that has to be added in
the growth medium.
Key words: Cold-adapted bacteria, Regulated gene expression system, Pseudoalteromonas haloplanktis,
Malate induction, Minimal medium

1. Introduction
Incorrect folding of the nascent polypeptide chains is one of the
main problems occurring during heterologous protein production in
bacteria. A key role in this process is played by intermolecular hydrophobic interactions taking place among partly folded intermediates
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that cause protein molecules to stick together thus driving them
away from the productive folding pathway (1). Since formation
of inclusion bodies often impairs the recombinant production of
valuable proteins, many experimental approaches have been
explored to minimize this undesirable effect, including expression
of chimerical proteins (2) and co-expression with chaperonines (3).
Expression of “difficult” proteins has also been carried out by
lowering the temperature at the physiological limit allowed
for the growth of mesophilic host organisms (between 15 and
18°C for Escherichia coli). Lowering the temperature, in fact, has
a pleiotropic effect on the folding process, destabilizing the hydrophobic interactions occurring during intermediates aggregation (4).
Although in some cases this approach has been reported to increase
yields of soluble and active recombinant protein products, the
exploitation of an industrial process performed at suboptimal
growth condition of the expression host might hardly be considered. A rational alternative to mesophilic organisms is the use of
naturally cold-adapted bacteria as hosts for protein production at
low temperature (even at around 0°C). Pseudoalteromonas
haloplanktis TAC125 is a Gram-negative bacterium isolated from
an Antarctic coastal seawater sample collected in the vicinity of
the French Antarctic station Dumont D’Urville, Terre Adélie. It can
be classified as a Eurypsychrophile i.e. a bacterium growing in a
wide range of low temperatures (5); and it was the first Antarctic
Gram-negative bacterium of which the genome was fully sequenced
and carefully annotated (6). Genomic and metabolic features of
this bacterium, accounting for its remarkable versatility and fast
growth compared with other bacteria from aqueous environments,
were discovered by combining genome sequencing and further
in silico and in vivo analyses. P. haloplanktis TAC125 is able to
duplicate in a wide range of temperatures (0–30°C), with an apparent
optimal growth temperature at 20°C, where the observed duplication time in rich medium is 31 min (7). However, the bacterium
still duplicates at fast speed even at lower temperatures (at 4°C,
one cell division is completed in about 100 min; unpublished
results) and, when provided with sufficient nutrients and aeration,
it grows to very high density (up to OD600 = 20) under laboratory
settings, even at 0°C. This growth performance makes it one of the
faster growing psychrophiles so far characterized. Fast growth
rates, combined with the ability of P. haloplanktis TAC125 to reach
very high cell densities even under laboratory growth conditions
and to be easily transformed by intergeneric conjugation (8), made
this bacterium an attractive host for the development of an efficient
gene expression system at low temperatures.
By combining mesophilic and psychrophilic genetic signals a
collection of psychophilic gene expression vectors was set up to produce
recombinant proteins in P. haloplanktis TAC125. The mesophilic
signals consist of the pUC18-derived origin of replication (OriC)
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and a selection marker gene (a b-lactamase encoding gene), allowing
the plasmid to replicate either in E. coli or in the psychrophilic host.
Another crucial mesophilic signal is represented by the OriT
sequence, the conjugational DNA transfer origin from the broad
host range plasmid pJB3 (9). Structural and functional studies led
to the isolation of the psychrophilic origin of replication (OriR) from
the P. haloplanktis TAC125 endogenous plasmid pMtBL (10).
This system has made it possible the isolation of constitutive
psychrophilic promoters (11). The structural/functional characterization of P. haloplanktis TAC125 promoters was carried out
by random cloning of genomic DNA fragments and identification
of promoter sequences by evaluating their capability to express a
promoter-less reporter gene (11). By this promoter-trap strategy,
a collection of constitutive psychrophilic promoters showing
different strengths at different temperatures was identified.
The implementation of the above described psychrophilic promoters
in the pMtBL-derived shuttle vectors resulted in the set up of coldadapted gene-expression systems, characterized by the constitutive
production of the recombinant protein.
The described expression system represented the first example
of heterologous protein production based on a true cold-adapted
replicon (11). However, the development of an effective cold
expression system needs to be finely tuned possibly using ad hoc
promoters. Physical separation between bacterial growth phase and
expression of the desired proteins, in fact, cannot only improve the
productivity of the entire system but can also play an important
role in the production of proteins toxic for the host cells. Sometimes
efficient production can only be achieved by fine tuning the recombinant gene expression. This goal can be reached by using regulated promoters and efficient induction strategies.
Recently, using a proteomic approach and taking advantage
from the genome sequence of P. haloplanktis TAC125 (6) we isolated
and characterized a functionally active two-component system.
The regulatory system (encompassing the genes PSHAb0361–
PSHAb0362) is involved in the transcriptional regulation of the
gene coding for an outer membrane porin (PSHAb0363), and it is
strongly induced by the presence of L-malate in the medium (12).
We used the regulative region comprising the two-component
system located upstream the PSHAb0363 gene to construct an
inducible expression vector, named pUCRP that is under the control of L-malate (13). Performances of the inducible system were
tested for protein production using a psychrophilic protein as
model system. Moreover, an evaluation of optimal induction
conditions for protein production was also carried out. Data
presented demonstrated that psychrophilic b-galactosidase from
P. haloplanktis TAE79 (14) is produced in P. haloplanktis TAC125
in good yields and in a completely soluble and catalytically competent form.

206

V. Rippa et al.

2. Materials
2.1. Bacterial Strains

1. P. haloplanktis TAC125 (see Note 1).
2. E. coli DH5a [supE44, DlacU169 (f80 lacZDM15) hsdR17,
recA1, endA1, gyrA96, thi-1, relA1).
3. E. coli strain S17-1(lpir) [thi, pro, hsd (r− m+) recA::RP4-2TCr::Mu Kmr::Tn7 Tpr Smr lpir) (15) was used as donor in
intergeneric conjugation experiments.

2.2. Liquid Media

1. LB medium (16): 10 g Bacto-tryptone, 5 g bacto-yeast, 10 g
NaCl, and 950 mL deionized H2O. Add agar 1.5% (w/v) to the
media for production of agar plates. Sterilize by autoclaving
for 20 min at 1 atm on liquid cycle. Add 100 mg/mL ampicillin
if required.
2. TYP medium (17): 16 g Bacto-tryptone, 16 g bacto-yeast, and
10 g marine mix. Shake until the solutes have dissolved. Adjust
the pH to 7.5 with 5 M NaOH, and adjust the volume of
the solution to 1 L with deionized H2O. Add agar 1.5% (w/v)
to the media for production of agar plates. Sterilize by autoclaving
for 20 min at 1 atm on liquid cycle. Add 100 mg/mL ampicillin
if required.
3. Schatz medium (12): 1 g KH2PO4, 1 g NH4NO3, 10 g NaCl,
0.2 g MgSO4·7H2O, 0.01 g FeSO4·7H2O, 0.01 g CaCl2·2H2O.
Shake until the solutes have dissolved. Adjust the pH to 7.0
with 5 M NaOH. Adjust the volume of the solution to 1 L
with dH2O. Sterilize by filtering through a 0.22-mm filter
and supplement with casamino acid 0.5% (w/v) and L-malate
0.2% (w/v) for promoter induction. Add 100 mg/mL ampicillin
if required.
4. Bacteria can be stored indefinitely in cultures containing glycerol
at low temperature (either −20 to −70°C stocks) (see Note 2).

2.3. Kits and Reagents
for Molecular Biology

1. Phusion® High-Fidelity DNA Polymerase (Finnzymes).
2. Restriction enzymes (Promega).
3. Calf Intestinal Alkaline Phosphatase, CIP (Roche).
4. T4 DNA Ligase (Promega).
5. Lambda DNA/EcoRI + HindIII marker (Fermentas).
6. ChargeSwitch® gDNA Mini Bacteria Kit (Invitrogen).
7. High Pure PCR Product Purification Kit (Roche).
8. QIAprep® Spin Miniprep Kit (Qiagen).
9. QIAquick® Nucleotide Removal Kit (Qiagen).
10. Bradford Protein Assay Dye Reagent Concentrate 5× (Bio-Rad).
11. Albumin from bovine serum, BSA (Sigma-Aldrich).
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1. 100 mg/mL ampicillin stock solution: Dissolve 1 g of Ampicillin
powder in 8 mL of dH2O. Adjust the volume of the solution
to 10 mL with deionized H2O and sterilize by filtration through
a 0.22-mm sterile filter. Split the obtained stock solution in
ten aliquots of 1 mL each in sterile polypropylene tubes and
store them at −20 C.
2. 20% (w/v) L-Malate stock solution: Dissolve 10 g of L-malic
acid in 40 mL of deionized H2O. Adjust the pH to 7.0 with 5 M
NaOH. Adjust the volume of the solution to 50 mL with ddH2O
and sterilize by filtration through a 0.22-mm sterile filter. Store
at 4°C up to 2 months.
3. 50× TAE stock solution: 242 g of Tris base, 57.1 mL of glacial
acetic acid, and 100 mL of 0.5 M EDTA pH 8.0. Adjust
the volume of the solution to 1 L with dH2O. Store at room
temperature (RT) up to 1 year.
4. 1× TAE buffer: 40 mM Tris-acetate pH 8.0, 1 mM EDTA pH
8.0. Make a 50× TAE stock solution by mixing 0.5 M EDTA pH
8.0: dissolve 186.1 g of EDTA in 800 mL of deionized H2O.
Adjust the pH to 8.0 with NaOH (about 20 g of NaOH pellets)
and adjust the volume of the solution to 1 L with dH2O.
5. Agarose gel-loading buffer: 0.25% Bromophenol blue, 0.25%
xylene cyanol FF, and 30% glycerol (Fermentas).
6. 10 mg/mL Ethidium bromide stock solution: add 1 g of
ethidium bromide to 100 mL of dH2O. Stir on a magnetic stirrer
for several hours to ensure that the dye has dissolved. Wrap the
container in aluminium foil and store at 4°C.
7. Lysis buffer: 100 mM Sodium phosphate pH 7.8, 5 mM EDTA
pH 8.0, 2% Triton X-100. Prior to use, add: 1 mM PMSF,
1 mM dithiothreitol (DTT), and 5 mg/mL lysozyme.
8. 0.5 M Sodium phosphate buffer: Dissolve 68.9 g of NaH2PO4·H2O
in 900 mL of dH2O. Adjust the pH to 7.8 with NaOH and
add dH2O to make up a final volume of 1 L.
9. 10 mM PMSF: Dissolve PMSF in ethanol at a concentration
of 1.74 mg/mL. Divide the solution into aliquots and store
at −20°C.
10. 1 M DTT: Dissolve 3.09 g of DTT in 20 mL of deionized
H2O. Sterilize by filtration. Dispense into 1 mL aliquots and
store them at −20°C.
11. 1× SDS-PAGE loading buffer: 62.5 mM Tris–HCl pH 6.8,
10% glycerol, 2% SDS, 100 mM DTT, and 0.1% Bromophenol
blue. This buffer lacking DTT can be stored at RT. DTT
should then be added just before that the buffer is used from a
1 M stock.
12. 0.5 M Tris–HCl pH 6.8: Dissolve 60.55 g of Tris base in
800 mL of deionized H2O. Adjust the pH to 6.8 with HCl and
add dH2O to make up a final volume of 1 L.
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13. 0.5% (w/v) Bromophenol blue: Dissolve 0.25 g bromophenol
blue powder in 45 mL of dH2O. Shake well to dissolve the
dye and then adjust the volume of the solution to 50 mL with
dH2O. Store at RT.
14. 5× Running buffer: Dissolve 15.1 g of Tris base, 94 g of glycine,
and 5 g of SDS in 900 mL of deionized H2O. Adjust the volume
of the solution to 1 L with dH2O.
15. Buffer for b-galactosidase assays: 100 mM sodium phosphate
pH 7.3, 1 mM MgCl2, 100 mM b-mercaptoethanol, 0.9 mg/
mL 2-nitrophenyl-b-D-galactopyranoside (ONPG).
16. 0.5 M Phosphate buffer: Dissolve 68.9 g of NaH2PO4·H2O in
900 mL of dH2O. Adjust the pH to 7.3 with NaOH and add
H2O to make up a final volume of 1 L.
17. 1 M MgCl2: Dissolve 9.5 g of MgCl2 in 90 mL of deionized
H2O. Then add H2O to make up a final volume of 100 mL.

3. Methods
3.1. Development
of a Cold Regulated
Expression System
3.1.1. Construction of the
pUCRP Expression Vector

The pUCRP inducible expression vector is constructed by cloning
the DNA fragment corresponding to the cold-active P(PSHAb0363)
promoter region (isolated as described in 12) that is under the
control of L-malate into pUCLT/Rterm vector (Fig. 1, Table 1,
13). The pUCLT/Rterm plasmid, deriving from the pUC18
plasmid, is characterized by the presence of: (1) the pJB3-derived
OriT (9), a DNA fragment responsible for the initiation of the
conjugative transfer between E. coli S17-1 lpir strain (donor) and
the psychrophilic cells (acceptor); (2) a pUC18 derived polylinker
wherein the target gene can be cloned; (3) E. coli blaM gene,
encoding a mesophilic b-lactamase, which is used for the selection
of the recombinant clones; (4) OriC, the origin of replication
allowing the plasmid to replicate in E. coli; (5) the T/R box, a DNA
fragment containing the cold-adapted origin of replication (OriR);
(6) the TaspC, the transcription termination signal of the aspartate
aminotransferase gene (aspC) isolated from P. haloplanktis TAC125.
1. The P(PSHAb0363) promoter region is amplified from P. haloplanktis TAC125 DNA genomic by PCR using Phusion® HighFidelity DNA Polymerase according to the manufacturer’s
protocols (Finnzymes) (see Note 3). PCR reactions carried out
by using specific oligonucleotide pairs listed in Table 1 generate
three DNA fragments:
(a) The insert a (~1,700 bp) is generated by using the primers
PSHAb0363a Fw and PSHAb0363a Rv containing the
proper overhangs of HindIII and ClaI restriction sites
(underlined in Table 1);
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Fig. 1. Construction of pUCRP expression vector. (a) P. haloplanktis TAC125 DNA genomic
fragment corresponding to the cold-active promoter of P(PSHAb0363) (13). (b) pUCLT/Rterm
promoter-less vector. (c) pUCRP expression vector. Adapted from ref. 13.

(b) The DNA fragment b (750 bp) is amplified by using
PSHAb0363b Fw and PSHAb0363b Rv as primers;
(c) The fragment c containing the 3¢ region of P(PSHAb0363)
promoter is amplified using PSHAb0363c Fw and
PSHAb0363c Rv as primers.
The primers PSHAb0363a Rv, PSHAb0363b Fw, PSHAb0363b
Rv, and PSHAb0363c Fw are designed to introduce an internal
restriction site to join the fragments, while PSHAb0363a Fw and
PSHAb0363c Rv contain the restriction sites for their cloning into
pUCLT/Rterm vector.
1. The three amplification products are purified using a commercial
purification kit (Roche) and then digested with the opportune
restriction enzymes (Promega) underlined in Table 1 (see Note 4).
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Table 1
Plasmids and oligonucleotides
Plasmids

Description

References

pSP79b-gal

Genomic clone containing the P. haloplanktis TAE79 lacZ gene
and its flanking regions

(14)

pUCLT/Rterm

Vector deriving from the pUC18 plasmid, containing the
T/R box and the transcription termination signal from
P. haloplanktis TAC125 aspC gene

(19)

pUCRP

pUCLT/Rterm containing PSHAb0363 promoter region

(13)

pUCRPLACZ

pUCRP containing P. haloplanktis TAE79 1acZ gene

(13)

Oligonucleotides
PSHAb0363a Fw

5¢ CAAAGCTAGGCAAAGCTTAATTATAC 3¢

PSHAb0363a Rv

5¢ CCTGGATCCAATATCGATAGTTTTACG 3¢

PSHAb0363b Fw

5¢ GATGGACGTCTAGAACTATCGATATTAG 3¢

PSHAb0363b Rv

5¢ CCTTCAATCTAGATATCTGCAGGAGTATC 3¢

PSHAb0363c Fw

5¢ GATACTCCTGCAGATATATTAATTG 3¢

PSHAb0363c Rv

5¢ GTTTAACGTGTCTGCAGTTTATCATATGGTGTCC 3¢

BG1

5¢ CATTCTAGATATCGATTTATGCAAGGAATAAACATG 3¢

BG2

5¢ CCCGGATCCAATAACGACTCATCGACC 3¢

2. The pUCLT/Rterm vector is digested with HindIII and PstI.
3. The 5¢ phosphate groups of the cleaved vector are dephosphorylated by treatment with calf intestinal alkaline phosphatase
(CIP, Roche) (0.5 U/pmol of 5¢phosphate ends) (see Note 5)
for 15 min at 37°C and 45 min at 55°C by using the appropriate
buffer delivered with the enzyme. The CIP is heat-inactivated
at 75°C for 10 min.
4. The dephosphorylated DNA is then loaded on a 1% agarose gel
(containing ethidium bromide as fluorescent marker for the
migrating DNA). The DNA is cut out of the gel and purified
using a commercial gel-purification kit (Qiagen) following the
manufacturer’s instructions.
5. The cleaved dephosphorylated vector is then ligated to the
digested amplification products by using two consecutive
ligation reactions, by the means of T4 DNA ligase (Promega)
according to the supplier’s instructions.
6. The ligation reaction mixture is used directly for transformation of the chemically competent bacteria (E. coli, strain DH5a)
according the procedure described by Duilio and co-workers (8).
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7. Recombinant clones are selected on LB agar plates containing
100 mg/mL ampicillin as selective marker.
8. Plasmids are isolated from ampR clones (QIAprep® Spin
Miniprep kit, Qiagen) and the presence of the appropriate
insert is verified by restriction digestion analysis (see Note 6).
9. Finally the nucleotide sequences of the inserts are checked by
DNA sequencing to rule out the occurrence of any mutation
during synthesis.
The resulting vector pUCRP (see Note 7) is shown in Fig. 1.
3.1.2. Procedure to
Grow Bacterial Cells

The following procedure is used to perform cellular growths of
P. haloplanktis TAC125 recombinant strain in liquid culture at 15°C
in minimal medium (Schatz) containing 100 mg/mL ampicillin.
1. Using a sterile wire, streak P. haloplanktis TAC125 recombinant
strain directly from a frozen stock (stored at −80°C in freezing
medium) onto the surface of a TYP agar plate supplemented
with 100 mg/mL ampicillin. Incubate the plate for 16 h at 15°C.
2. Transfer one well-isolated colony into 3 mL of TYP medium
pH 7.5 containing 100 mg/mL ampicillin in a loosely capped
15-mL tube. Grow the culture under continuous rotary shaking
in aerobic conditions at 15°C for 24 h. Carry out a tenfold dilution
of the bacterial culture in Schatz medium supplemented with
100 mg/mL ampicillin and casamino acid 0.5% (w/v).
3. Grow the cells for 24 h at 15°C, measure the optical density at
600 nm and use the starter culture to inoculate 50 mL of
Schatz containing 100 mg/mL ampicillin, casamino acid 0.5%
(w/v), and L-malate 0.2% to obtain an initial OD600 of about
0.08 (see Note 8). Incubate the culture under continuous rotary
shaking at 15°C. To monitor the cellular growth, determine
the OD600 every 30 min.

3.1.3. Preparation
of Protein Extracts

1. Harvesting of bacteria
(a) During the growth, harvest cells equivalent to a total
OD600 of 25.
(b) Centrifuge the samples at 200 × g for 15 min at 4°C in a
microfuge.
(c) Remove the medium by aspiration, leaving the bacterial
pellet as dry as possible.
(d) Store the pellets at −80°C.
2. Lysis of bacteria
(a) Resuspend the bacterial pellet in 1 mL of lysis buffer (100 mM
sodium phosphate pH 7.8, 5 mM EDTA pH 8.0, 2% Triton
X-100, 5 mg/mL lysozyme, 1 mM DTT, and 1 mM PMSF)
by vortexing (see Notes 9 and 10).
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(b) Incubate the samples for 20 min in a water bath set at 15°C.
(c) Centrifuge at 8,200 × g for 20 min at 4°C in a microfuge.
Transfer the supernatant to a fresh tube.
(d) Determine protein concentration with the Bio-Rad protein assay (18), using bovine serum albumin as standard.
(e) Store the protein extracts at −80°C (see Note 11).
3.2. Recombinant
b-Galactosidase
Protein Production
3.2.1. Production
and Detection of
Recombinant Psychrophilic
b-Galactosidase

The P. haloplanktis TAE79 lacZ gene encoding the b-galactosidase
(14) is inserted into the pUCRP expression vector by using the
following procedure:
1. A 280-bp fragment is amplified by PCR by using the primers
BG1 and BG2 and the genomic subclone pSP79b-gal as template,
Table 1, (14). The amplification product is digested with
XbaI and Hsp92I.
2. A 3.2-kb fragment, containing the 3¢ region of P. haloplanktis
TAE79lacZ gene, is recovered from pSP79b-gal clone (14)
by a double Hsp92I/BamHI digestion.
3. The two fragments are ligated into the pUCRP vector, previously digested with XbaI and BamHI, generating the plasmid
pUCRPLACZ.
4. A DNA sequencing reaction is performed on the pUCRPLACZ
amplified region to rule out the occurrence of mutations introduced by the PCR synthesis.
The production of the recombinant b-galactosidase is performed
using the following procedure:
1. The resulting vector pUCRPLACZ is mobilized into P. haloplanktis
TAC125 cells by interspecific conjugation (8) (see Note 12).
2. The psychrophilic transconjugants are grown in liquid culture
in minimal medium in the presence and in the absence of
L-malate at 15°C up to the stationary phase.
3. An aliquot of each culture is collected and the soluble protein
content is analyzed by SDS gel electrophoresis.
In these experiments we found that under the control of the
inducible expression system, b-galactosidase is produced in P. haloplanktis TAC125 only in the presence of L-malate, indicating an
undetectable basal activity of the inducible P(PSHAb0363) promoter.
Figure 2 shows the Coomassie blue-stained gel corresponding to
the protein extracts from P. haloplanktis TAC125 recombinant cells
grown in the absence and in the presence of L-malate. The presence of
a strong 118-kDa extra-band could clearly be detected in the cellular
extract grown in the presence of the inducer (lane C). In the absence
of L-malate, only a tiny band with the same electrophoretic mobility
was observed (lane B). The unambiguous identification and a detailed
structural characterization of the expressed b-galactosidase were
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Fig. 2. Recombinant production of the thermally labile b-galactosidase from PhTAE79 in
P. haloplanktis TAC125 cells. 7.5% SDS PAGE gel electrophoresis of protein extracts from
P. haloplanktis TAC125 cells harboring pUCRPLACZ and grown in minimal medium in the
absence (lane B) and in the presence (lane C) of L-malate, in comparison with b-galactosidase
from P. haloplanktis TAE79 used as control (lane A); molecular weight marker (lane D).
Adapted from ref. 13.

obtained by mass spectrometric analysis of the corresponding
Coomassie blue-stained protein band (Fig. 2, lane C) following
in situ digestion with trypsin. This structural characterization demonstrated that the recombinant product is the expected b-galactosidase from P. haloplanktis TAE79.
The catalytic activity of the recombinant b-galactosidase is
tested by the following procedure:
1. P. haloplanktis TAC125 recombinant cells harbouring
pUCRPLACZ are grown in liquid culture at 4 and 15°C
both in the absence and in the presence of L-malate up to the
stationary phase.
2. Since wild type P. haloplanktis TAC125 does not show any
detectable b-galactosidase activity, the lysate from recombinant
cells harbouring the void vector is used as negative control.
3. Cellular pellets (corresponding to 25 OD600nm) are collected
during the growth.
4. The cells are lysated and the protein extracts are saved.
5. Recombinant cold-active b-galactosidase is spectrophotometrically
assayed at 25°C as previously reported (14, see Notes 13–15).
The protein activity is calculated on the basis of the extinction
coefficient for o-nitrophenol of 3.5 mM1 cm−1 at 410 nm and
specific activity of 138.2 U/mg purified enzyme (14).
The specific activity of the recombinant enzyme is reported in
Table 2. Both at 4 and 15°C enzymatic activity greatly increases in
the presence of L-malate, being the largest increase detected at 15°C.
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Table 2
b-Galactosidase-specific activity (U/mg) from P. haloplanktis TAC125
recombinant cells at 4 and 15°C grown in minimal medium (MM)
in the presence and in the absence of L-malate, respectively
b-Galactosidase-specific activity (U/mg) ± SD
4°C

15°C

MM

0.21 ± 0.05

0.86 ± 0.02

MM + L-malate

2.12 ± 0.05

11.42 ± 1.05

Data shown are the average of 12 measurements. SD standard deviation

These data demonstrated that a soluble psychrophilic b-galactosidase
is efficiently produced in P. haloplanktis TAC125 in a catalytically
competent form (Table 2).
3.2.2. Induction Conditions

Once the production of a recombinant biologically active b-galactosidase in P. haloplanktis TAC125 was defined, different induction
conditions were tested to optimize the productivity of the pUCRP
inducible system (see Note 16).
This procedure consists of the two following steps:
1. Definition of the optimal cellular growth phase in which expression of the heterologous gene has to be induced (definition of t0);
2. Definition of the optimal inducer concentration to obtain higher
levels of expression of the psychrophilic gene (definition of C0).
1(a). P. haloplanktis TAC125 recombinant cells are grown in
minimal medium at 15°C.
1(b). Induction of psychrophilic gene expression is tested by
adding L-malate 0.2% at four different phases during cellular growth: early (t0 =5 h; OD600 =0.32±0.03) and mid (t0=7 h;
OD600 = 0.53 ± 0.04) exponential phase, early (t0 = 10 h;
OD600 = 1.31 ± 0.08)
and
mid
(t0 = 23
h;
OD600 = 1.92 ± 0.10) stationary phase.
1(c). Cellular pellets are collected at 2, 8, and 24 h from
induction.
1(d). The cells are lysated and the protein extracts are saved.
1(e). Recombinant b-galactosidase activity is monitored before
the addition of the inducer and after the induction (t1).
Figure 3a shows the yield of b-galactosidase, expressed
as milligram of protein/L (14), and the Induction Ratios
(IR) obtained at the four different phases calculated as a
ratio of b-galactosidase yield at a specific time after the
induction (t1) with respect to that before induction (t0).
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Fig. 3. Definition of optimal conditions of induction for the b-galactosidase production. (a) Definition of induction time (t0).
b-galactosidase production yield in P. haloplanktis TAC125 cells harbouring pUCRPLACZ grown in minimal medium (MM)
obtained by adding L-malate 0.2% at different time (t0) during cellular growth curve. (b) Definition of inducer concentration
(C0). b-galactosidase production yield in P. haloplanktis TAC125 cells harbouring pUCRPLACZ grown in minimal medium
(MM) obtained by adding L-malate at mid-exponential phase at four different concentrations (C0). b-galactosidase activity
was monitored before the addition of inducer (as negative control of the experiment), and 2-8-24 h after the induction
(t1). Numbers above bars refer to induction ratios (t1/t0). Means and standard deviations have been calculated from four
independent assays. Adapted from ref. 13.

The best induction ratios (t1/t0) are observed when
L-malate is added during the exponential phase, with the highest ratio detected in the mid-exponential phase. High levels of recombinant enzyme can be already detected on
cell lysates after 8 h from induction, but maximal b-galactosidase production is recorded at t1 = 24 h from induction (716 mg/L).
The second step in the optimization procedure consists in
the definition of the optimal concentration of inductor (C0).
2(a). P. haloplanktis TAC125 recombinant cells are grown in
minimal medium at 15°C.
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2(b). Four different concentrations of L-malate (0.2%, 0.4%,
1% and 5%) are added to recombinant P. haloplanktis
TAC125 cells, at mid-exponential phase.
2(c). Cell lysates are collected at 2, 8, and 24 h from induction.
2(d). The b-galactosidase activity is assayed before the addition
of the inducer and after the induction (t1).
Yields of b-galactosidase and calculated induction ratios in
these experiments are reported in Fig. 3b. Lower concentrations of inducer yielded the highest IR values with the maximum effect obtained using 0.4% L-malate. In these experiments,
the results obtained at 0.2% L-malate are slightly different from
those reported in Fig. 3a possibly due to a slightly higher basal
b-galactosidase activity, although the final enzyme production at
24 h is very similar (561 mg/L). Higher concentration of
L-malate resulted in a strong reduction in the IR value, probably
due to an effect of the dicarboxylic acid on the osmotic equilibrium of the cell; in particular when 5% L-malate is added to
recombinant cells, a decrease of cellular growth is observed
(data not shown). Also in this case, the highest production is
obtained when cell lysates were collected 24 h after the induction (620 mg/L).

4. Notes
1. Strain was kindly provided by C. Gerday (University of Liege,
Belgium). The strain was isolated from the sea water in the
surrounding of the Dumont d’Urville Antarctic station (66°40¢ S,
40°01¢ E) during the 1988 summer campaign of the “Expeditions
Polaires Française” in Terre Adélie.
2. To store bacteria, pick a single, well-isolated colony growing
on the surface of an agar plate, with a sterile inoculating needle,
dip the needle into the liquid broth and grow the bacterial
culture up to medium-late exponential phase. To 0.85 mL of
bacterial culture, add 0.15 mL of sterile glycerol (sterilize by
autoclaving for 20 min at 1 atm on liquid cycle). Vortex the
culture to ensure that the glycerol is evenly dispersed. Transfer
the culture to a labelled storage tube, freeze the culture in
ethanol-dry ice or in liquid nitrogen, and then transfer the
tube to −70°C for long-term storage.
3. We recommend a DNA polymerase such as Phusion® HighFidelity DNA Polymerase (Finnzymes) to minimize the occurrence of mutations during PCR.
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4. When using enzymes that exhibit star activity, use the minimum
reaction time required for complete digestion given that prolonged
incubation may result in increased star activity.
5. To prevent re-circularization of the vector in cloning strategies,
the DNA needs to be dephosphorylated by treatment with
alkaline phosphatase.
6. Alternatively, screen for recombinant plasmid clones by using
PCR to directly amplify the insert from each bacterial recombinant colony.
7. The pUCRPLACZ expression vector DNA can be kept for
several years in TE buffer at −20°C and the corresponding
bacterial clone can be preserved as a 15% glycerol stock at −80°C
for long-term storage.
8. It is necessary that the starter culture is grown until to logarithmic
phase given that the recombinant construct shows lower expression if the starter culture reached the stationary phase.
9. Add DTT fresh immediately before use because it tends to
undergo oxidation in the presence of air.
10. Add PMSF to the lysis buffer to prevent protein degradation.
11. Avoid repeated freeze/thaw cycles of the protein extracts.
12. The purity of the reagents and the cleanliness of the plasticware
is very critical.
13. Ensure that the rate of the reaction is directly proportional to
the amount of enzyme, i.e., that the substrate is in excess and
that the activities obtained are within the linear range of the
enzyme under the conditions employed. Miller reported that
b-galactosidase activity is within the linear range as long as the
absorbance at 410 nm produced by enzymatic hydrolysis of
ONPG remains below 0.6–0.9. Thus, if assays produce activity
values outside the linear range, they should be repeated using
a smaller amount of protein extract or a shorter reaction time.
14. b-Mercaptoethanol is added to the reaction buffer to stabilize
the b-galactosidase enzyme. The important part of b-mercaptoethanol is a reactive thiol (SH group). Thiols react with
oxygen in the air and oxidize (inactivate) over time. Therefore,
try not to make more buffer than you will use in a few days.
Store the unused portion at 4°C.
15. The ONPG substrate should be dissolved fresh each time.
16. The amount of L-malate for induction of protein expression
using the pUCRP vector depends on the protein that is to be
expressed.

218

V. Rippa et al.

References
1. Georgiou, G., and Valax, P. (1996) Expression
of correctly folded proteins in Escherichia coli.
Curr. Opin. Biotechnol. 7, 190–197.
2. Mitra, A., Chakrabarti, K. S., Shahul Hameed,
M. S., et al. (2005) High level expression of
peptides and proteins using cytochrome b5 as a
fusion host. Protein Expr. Purif. 41, 84–97.
3. Luo, Z. H., and Hua, Z. C. (1998) Increased
solubility of glutathione S-transferase-P16
(GST-p16) fusion protein by co-expression of
chaperones GroES and GroEL in Escherichia
coli. Biochem. Mol. Biol. Int. 46, 471–477.
4. Jeon, Y. H., Negishi, T., Shirakawa, M., et al.
(1995) Solution structure of the activator contact
domain of the RNA polymerase alpha subunit.
Science 270, 1495–1497.
5. Atlas, R. M., and Bartha, R. (1993) Microbial
ecology: fundamentals and applications, 3rd ed.
Benjamin/Cummings, Redwood City California.
6. Medigue, C., Krin, E., Pascal, G., et al. (2006)
Coping with cold: the genome of the versatile
marine Antarctica bacterium Pseudoalteromonas
haloplanktis TAC125. Genome Res. 15,
1325–1335.
7. Tutino, M. L., Duilio, A., Fontanella. B., et al.
(1999) Cold-adapted organisms: ecology,
physiology, enzymology and molecular biology.
Springer, Berlin.
8. Duilio, A., Tutino, M. L, and Marino, G.
(2004) Recombinant protein production in
Antarctic Gram-negative bacteria. Methods Mol
Biol. 267, 225–237.
9. Blatny, J. M., Brautaset, T., Winther-Larsen,
et al. (1997) Construction and use of a versatile
set of broad-host-range cloning and expression
vectors based on the RK2 replicon. Appl
Environ Microbiol. 63, 370–379.
10. Tutino, M. L., Duilio, A., Parrilli, E., et al.
(2001) A novel replication element from an
Antarctic plasmid as a tool for the expression
of proteins at low temperature. Extremophiles
5, 257–264.

11. Duilio, A., Madonna. S., Tutino, M. L., et al.
(2004) Promoters from a cold-adapted bacterium: definition of a consensus motif and
molecular characterization of UP regulative
elements. Extremophiles 8, 125–132.
12. Papa, R., Glagla, S., Danchin, A., et al. (2006)
Identification of a two-component regulatory
system in Pseudoalteromonas haloplanktis
TAC125 by using a proteomic approach.
Extremophiles 10, 483–491.
13. Papa, R., Rippa, V., Sannia, G., et al. (2007) An
effective cold inducible expression system developed in Pseudoalteromonas haloplanktis
TAC125. J. Biotechnol. 127, 199–210.
14. Hoyoux, A., Jennes, I., Dubois, P., et al. (2001)
Cold-adapted beta-galactosidase from the Antarctic
psychrophile Pseudoalteromonas haloplanktis.
Appl. Environ. Microbiol. 67, 1529–1535.
15. Tascon, R. I., Rodriguez-Ferri, E. F., GutierrezMartin, C. B., Rodriguez-Barbosa, I., Berche, P.,
and Vazquez-Boland, J. A. (1993) Transposon
mutagenesis in Actinobacillus pleuropneumoniae with a Tn10 derivative. J. Bacteriol. 175,
5717–5722.
16. Sambrook, J., Fritsch, E. F., and Maniatis, T.
(1989) Molecular cloning: a laboratory manual,
2nd ed. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, N.Y.
17. Tutino, M. L., Duilio, A., Moretti, M. A., Sannia,
G., and Marino, G. (2000) A rolling-circle plasmid
from Psychrobacter sp. TA144: evidence for a
novel Rep subfamily. Biochem. Biophys. Res.
Commun. 274, 488–495.
18. Bradford, M. M. (1976) A rapid and sensitive
method for the quantisation of microgram quantities of protein utilizing the principle of proteindye binding. Anal. Biochem. 72, 248–54.
19. Tutino, M. L., Parrilli, E., Giaquinto, L.,
Duilio, A., et al. (2002) Secretion of a-amylase
from Pseudoalteromonas haloplanktis TAB23:
two different pathways in different hosts.
J. Bacteriology 184, 5814–5817.

Chapter 11
A Novel Strategy for the Construction of Genomic
Mutants of the Antarctic Bacterium
Pseudoalteromonas haloplanktis TAC125
Maria Giuliani, Ermenegilda Parrilli, Cinzia Pezzella, Valentina Rippa,
Angela Duilio, Gennaro Marino, and Maria Luisa Tutino
Abstract
The sequencing and the annotation of the marine Antarctic Pseudoalteromonas haloplanktis TAC125 genome
has paved the way to investigate on the molecular mechanisms involved in adaptation to cold conditions.
The growing interest in this unique bacterium prompted the developing of several genetic tools for studying
it at the molecular level. To allow a deeper understanding of the PhTAC125 physiology a genetic system
for the reverse genetics in this bacterium was developed. In the present work, we describe a practical technique
for allelic exchange and/or gene inactivation by in-frame deletion and the use of a counterselectable
marker in P. haloplanktis. The construction of suitable non-replicating plasmid and methods used to carry
out a two-step integration–segregation strategy in this bacterium are reported in detail.
Furthermore two examples, in which the developed methodology was applied to find out gene function
or to construct genetically engineered bacterial strains, were described.
Key words: Pseudoalteromonas haloplanktis TAC125, Allelic exchange, Counterselectable marker,
Suicide vector

1. Introduction
A significant fraction of life develops in the sea at temperatures lower
than 15°C. However, little is known about the adaptive features
selected under those conditions.
The fast-growing psychrophilic bacterium Pseudoalteromonas
haloplanktis TAC125 (PhTAC125) is the first Antarctic bacterium
whose genome has been sequenced and carefully annotated (1).
Genomic and metabolic features of this g-proteobacterium, accounting
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for its remarkable versatility and fast growth compared with other
bacteria from aqueous environments, were discovered by combining
genome sequencing and further in silico and in vivo analyses (1).
PhTAC125 has found much unexpected solutions to cope with life
in the cold (1), not only it grows fast under such conditions, but
it displays remarkable resistance to reactive oxygen species (ROS).
Moreover, it provides a way to resist to the ageing caused by asparagine cyclization and deamidation. Indeed the PhTAC125 proteome
reveals a concerted amino acid usage bias specific to psychrophiles,
making it an organism of choice for foreign protein production
when deamidation ought to be put to a minimum (1).
Fast growth rates, combined with the ability of PhTAC125 to
reach very high cell densities and to be easily transformed by intergeneric conjugation (2), made this bacterium not only a model for
the study of adaptation to cold conditions but also an attracting
host for the development of an efficient gene-expression system at
low temperatures.
The growing interest in this unique bacterium for potential
applications prompted the developing up of several genetic tools to
allow the recombinant protein production in PhTAC125 (3),
although it is necessary to continue to expand the repertoire of
useful genetic tools for studying this bacterium at the molecular
level. Indeed, if a deeper understanding of the PhTAC125 physiology is to be gained, a genetic system for the reverse genetics in this
bacterium must be developed.
Reverse genetics is a powerful approach for the identification
of gene function, in which the gene of interest is mutated or inactivated to study the resulting effects on the microorganism (4). The
setting up of methods for the reverse genetic approaches in PhTAC125
is essential to determine gene function, and to create genetically
engineered bacterial strains, possibly displaying an improved feature
as host for recombinant protein production.
The replacement of a wild type chromosomal allele of a gene
of interest with a cloned allele that has been manipulated
in vitro (termed allelic exchange) is one essential genetic technique, indeed for some experiments it may be desirable to replace
the wild type allele with a mutant allele rather than completely
knockout a gene; thus, a means of allelic exchange rather than
insertion inactivation is important.
This technique can be used to transfer various types of mutant
alleles of a gene of interest, including, for example, in-frame deletions and point mutations, to the wild type chromosomal locus.
One advantage of allelic exchange is the placement of a mutant
allele in its natural chromosomal context, an optimal situation for
genetic analysis of the effects of the mutation. Furthermore, if markerless exchange is used, multiple mutations can be serially introduced
into the same strain without the addition of distinct antibiotic
resistance markers that might not be available or might otherwise
interfere with subsequent genetic analysis.
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Allelic exchange is typically performed by using a two-step
integration–segregation strategy, in which a non-replicating plasmid
harbouring a cloned copy of the gene with the desired mutation is
first integrated into the chromosome via Campbell-type homologous
recombination (5) with selection for a plasmid-encoded marker.
After removal of the selective condition, the resulting merodiploid
recombinants can resolve the duplication via a second recombination event between the duplicated chromosomal segments, yielding a recombinant carrying either the wild type allele or the mutated
allele, depending on the site of recombination.
Although allelic exchange is easy to perform with many bacteria, it remains very difficult or impractical with others. The classical
method of using a suicide plasmid that is unable to replicate in the
studied strain to deliver an inactivated allele of the gene in the
chromosome is often not efficient because the frequency of double
crossover events may be low and because illegitimate recombination may occur (6). Consequently, allelic exchange mutants may
represent only a small fraction of the transformants and may be difficult to isolate. The use of counterselectable marker (7) are often
instrumental for the construction of such mutants, especially in
microorganisms for which the genetic scheme is poorly developed.
Under appropriate growth conditions, a counterselectable gene
promotes the death of the microorganisms harbouring it (7).
Hence, transformants which have integrated a suicide vector containing a counterselectable marker, either by a single event of
homologous or illegitimate recombination, retain a copy of the
counterselectable marker in the chromosome and are therefore
eliminated in the presence of the counterselective compound.
Consequently, counterselectable markers have been used for to
facilitate the identification of recombinants that have lost the integrated plasmid. This strategy permits selection to be used for isolation of recombinants that have resolved the merodiploid state.
The evaluation of possible counterselectable markers that can
be successfully used in PhTAC125 has been recently reported
(8, 9). Although several counterselectable markers were tested, the
only gene able to allow a counterselection against the Antarctic
bacterium was pheSGly294 mutated gene. The pheS gene encodes the
a subunit of phenylalanyl-t-RNA synthetase (10). Mutation of
G294A in this protein results in an enzyme with relaxed substrate
specificity that tolerates incorporation of the toxic phenylalanine
analogue p-chlorophenylalanine. Expression, therefore, of a mutated
pheS gene in the presence of p-chlorophenylalanine is toxic to the
host cell (10). This strategy has successfully been used for counterselection in Gram-negative (10, 11) and Gram-positive bacteria (12).
In this chapter we describe a practical technique for allelic exchange
and/or gene inactivation by in-frame deletion and the use of pheSGly294
mutated gene as counterselectable marker in PhTAC125. The
construction of suitable non-replicating plasmid (suicide vector) and
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methods used to perform two-step integration–segregation strategy
in the Antarctic bacterium are reported in detail. Moreover several
examples, in which the developed methodology was applied to
determine gene function or to create genetically engineered bacterial strains, are described.

2. Materials
2.1. Bacterial Strains

1. Pseudoalteromonas haloplanktis TAC125 (see Notes 1 and 2).
2. Escherichia coli DH5a [supE44, DlacU169 (f80 lacZDM15)
hsdR17, recA1, endA1, gyrA96, thi-1, relA1] was used as host
for the gene cloning.
3. E. coli strain S17-1(lpir) [thi, pro, hsd (r− m+) recA::RP4-2TCr::Mu Kmr::Tn7 Tpr Smr lpir] was used as donor in intergeneric conjugation experiments (13).

2.2. Liquid Media

1. 100 mg/mL Ampicillin stock solution: Dissolve 1 g of ampicillin
powder in deionized H2O (dH2O) and sterilize by filtration
through a 0.22-mm sterile filter. Split the obtained stock solution
in aliquots of 1 mL each in sterile polypropylene tubes and
store them at −20°C.
2. 30 mg/mL Carbenicillin stock solution: Dissolve 300 mg of
carbenicillin in 10 mL dH2O and sterilize by filtration through
a 0.22-mm sterile filter. Split the obtained stock solution in
aliquots of 1 mL each in sterile polypropylene tubes and store
them at −20°C.
3. 40% (w/v) D-galactose stock solution: Dissolve 20 g of
D-galactose in 40 mL of dH2O. After the powder has dissolved
adjust the volume of the solution to 50 mL with dH2O and sterilize by filtration through a 0.22-mm sterile filter. Store at 4°C up
to 2 months.
4. 100× KH2PO4 stock solution: Dissolve 10 g of KH2PO4 in
90 mL of deionized water. Adjust the pH to 7 with NaOH and
add dH2O up to 100 mL. Sterilize by filtration through a
0.22-mm sterile filter. Store at 4°C up to 6 months.
5. 300× MgSO4 stock solution: Dissolve 6 g of MgSO4·7H2O in
90 mL of deionized water. Adjust the pH to 7 with NaOH and
add dH2O up to 100 mL. Sterilize by filtration through a
0.22-mm sterile filter. Store at 4°C up to 6 months.
6. 100× FeSO4 stock solution: Dissolve 183 mg of FeSO4⋅7H2O
in 90 mL of deionized water. Adjust the pH to 7 with NaOH
and add dH2O up to 100 mL. Sterilize by filtration through a
0.22-mm sterile filter. Store at 4°C up to 1 year.
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7. 3,000× CaCl2 stock solution: Dissolve 1.5 g of CaCl2·2H2O in
90 mL of deionized water. Adjust the pH to 7 with NaOH and
add dH2O up to 100 mL. Sterilize by filtration through a
0.22-mm sterile filter. Store at 4°C up to 6 months.
8. 50× TAE stock solution: Mix 242 g of Tris base, 57.1 mL of
glacial acetic acid, and 100 mL of 0.5 M EDTA pH 8 and
adjust the volume of the solution to 1 L with dH2O. Store at
room temperature (RT) up to 1 year.
9. 0.5 M EDTA pH 8: Dissolve 186.1 g of EDTA in 800 mL of
deionized H2O. Adjust the pH to 8 with NaOH (about 20 g
of NaOH pellets) and adjust the volume of the solution to 1 L
with dH2O.
10. 6×/Agarose gel-loading buffer: 0.25% bromophenol blue,
0.25% xylene cyanol FF, and 30% glycerol (Fermentas).
11. 10 mg/mL Ethidium bromide stock solution: Add 1 g of
ethidium bromide to 100 mL of dH2O. Stir on a magnetic stirrer
for several hours to ensure that the dye has dissolved. Wrap the
container in aluminium foil and store it at 4°C.
12. Luria-Bertani (LB) media: 10 g Bacto-tryptone, 5 g yeast
extract, and 10 g NaCl. Dissolve in 900 mL dH2O and shake
until the solutes have dissolved. Adjust the volume of the
solution to 1 L with dH2O. Sterilize by autoclaving for 20 min
at 1 atm on liquid cycle. Let it cool down and store at RT.
When required, add 1 mL of sterile ampicillin stock solution
(see Note 3). To prepare solid medium, add 15 g/L bacto-agar
just before autoclaving.
13. TYP medium (14): 16 g Bacto-tryptone, 16 g yeast extract and
10 g marine mix. Dissolve in 900 mL dH2O and shake until the
solutes have dissolved. Adjust the pH to 7.5 with 5 N NaOH and
adjust the volume to 1 L with dH2O. Sterilize by autoclaving for
20 min at 1 atm on liquid cycle. When required, add 1 mL of
sterile carbenicillin stock solution (see Note 3). To prepare solid
medium, add 15 g/L bacto-agar just before autoclaving.
14. Counterselection medium (15): 1 g NH4NO3, 10 g NaCl,
1.6 g L-alanine, 1.9 g, L-glutamate, 1.2 g L-leucin. Only when
required add also 2 g p-chlorophenylalanine (see Note 4).
Dissolve in 900 mL dH2O and shake until the solutes have
dissolved and sterilize by autoclaving for 20 min at 1 atm on
liquid cycle. Allow the solution to cool down at 50°C or less,
and then add: 10 mL of 100× KH2PO4, 3.34 mL of 300× MgSO4,
10 mL of 100× FeSO4, 0.33 mL 3,000× CaCl2 (see Note 5)
and 12.5 mL of 50× D-galactose from sterile solution stock
solutions. Store at 4°C up to 3 months. When required, add
1 mL of sterile carbenicillin stock solution (see Notes 3 and 9).
To prepare solid medium, add 15 g/L bacto-agar just before
autoclaving.
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2.3. Reagents
for Molecular Biology

1. Phusion™ DNA Polymerase (Finnzymes).
2. Go-Taq DNA Polymerase (Promega).
3. Restriction enzymes (Fermentas).
4. Calf Intestinal Alkaline Phosphatase, CIAP (Fermentas).
5. T4 DNA Ligase (Promega).
6. ChargeSwitch® gDNA Mini Bacteria Kit (Invitrogen).
7. High Pure PCR Product Purification Kit (Roche).
8. QIAprep® Spin Miniprep Kit (Qiagen).
9. QIAquick® Nucleotide Removal Kit (Qiagen).
10. pGEM®-T Easy Vector System I (Promega).

3. Methods
3.1. Construction
of the P. haloplanktis
TAC125 Suicide Vector

A two-step integration–segregation strategy is achieved by means
of a non-replicating plasmid (suicide vector, pVS), suitably constructed
for P. haloplanktis TAC125. The pVS vector is characterized by the
presence of: (1) the pJB3-derived oriT (3), a DNA fragment
responsible for the initiation of the conjugative transfer between
an E. coli S17-1 lpir strain (donor) and the psychrophilic cells
(acceptor); (2) a pGEM7Z derived polylinker, wherein a mutated
portion of the target gene of interest (goi) can be cloned; (3) the
E. coli blaM gene, encoding a mesophilic b-lactamase, which is
used as selection gene to isolate the first site-specific integration
event; (4) pheSGly294, which encodes a mutated version of the E. coli
a-subunit of Phe-tRNA synthase (10), which renders bacteria
sensitive to p-chlorophenylalanine. This phenylalanine analogue is
used as counterselective agent for the isolation of those strains in
which a second recombination event occurred. To assure a proper
level of pheSGly294 expression, its transcription was subjected to the
control of a psychrophilic synthetic promoter (P13) (3).
1. The oriT, responsible for the initiation of the conjugative transfer,
is amplified on pJB3 vector by using the primers oriTEcoRIfw
(5¢-TTGAATTCTCGCACGATATACAGG-3¢) and oriTSacIrv
(5¢-AAGAGCTCTTGAAGACGAAAGGG-3¢) containing the
proper overhangs of EcoRI and SacI restriction sites (underlined
above). PCR reaction is carried out by Phusion® High-Fidelity
DNA Polymerase following the manufacturer’s protocols (see
Note 6). The amplified product is purified using a commercial
purification kit and then digested with EcoRI and SacI. The same
enzymes are used to linearize pGEM7Z. Restriction hydrolyses
are performed by using 5 enzyme U/mg of DNA, in the reaction
conditions defined by the manufacturer (see Note 7). Afterwards,
the cleaved vector is dephosphorylated with calf intestinal
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alkaline phosphatase, CIAP (0.5 U/pmol of 5¢ phosphate
ends) for 15 min at 37°C and 45 min at 55°C (see Note 8).
The CIP is heat-inactivated at 75°C for 10 min and the entire
reaction volume is then loaded on a 1% agarose gel (containing
ethidium bromide as fluorescent marker for the migrating
DNA). The linearized vector is cut out of the gel and purified
using a commercial gel-purification kit following the manufacturer’s instructions.
The cleaved dephosphorylated vector is then ligated to the
digested oriT fragment by the means of T4 DNA ligase and
finally transformed into chemically competent bacteria (E. coli
strain Top10) according to the procedure described by Duilio (2).
Recombinant clones are selected on LB-agar plates containing
ampicillin (final concentration 100 mg/mL) as selective marker.
Plasmids are isolated from ampicillin-resistant clones and
sequences are checked by sequencing.
2. The pheSGly294 gene, which encodes a mutated version of the
E. coli a subunit of Phe-tRNA synthase, is amplified using
pKSS (10) vector as template. The PCR reaction is carried out
using the oligonucleotide pair PheSSNfw (5¢-TTGTCGACA
TATGTCACATCTCGCAGAAC-3¢) and PheSXrv (5¢-CCT
C TA G A G A AT T T C ATA AT C TAT T C C T G C C - 3 ¢) ,
designed to introduce NdeI and XbaI restriction sites (underlined above).
In order to assure a proper level of pheSGly294 expression in
the psychrophilic host, its transcription is subjected to the control of a psychrophilic synthetic promoter (P13). Thus, the
amplified DNA fragment is subjected to double NdeI/XbaI
digestion and cloned into pPM13 plasmid (3) corresponding
sites generating pPM13-pheSGly294 vector. The DNA fragment,
containing P13 promoter and pheSGly294 gene, is recovered
from pPM13-pheSGly294 vector by SmaI/EcoRV digestion, and
cloned into the pGEM7Z-oriT NaeI restriction site, resulting
in the construction of the pVS vector. Plasmids are isolated
from ampicillin-resistant clones and sequences are checked by
sequencing. The molecular biology procedures are similar to
those described in step 1.
3. Two goi fragments, a and b, are amplified by PCR on bacterial
genomic DNA as template, by the means of specific oligonucleotide pairs: A–B and C–D respectively (Fig. 1A). The primers
are designed to introduce an internal restriction site (in B and
C) to join the fragments, together with the restriction sites (in
A and D) for their cloning in pVS polylinker. The amplified
products correspond to two internal gene fragments (300–600 bp)
that are sequential but not adjacent in the gene sequence (being
at least 200 bp apart), in order to provide a deletion in the goi.
The translation frame-shift of the resulting deleted gene must
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Fig. 1. Schematic representation of the first recombination event. Since the pVSgoi contains two goi fragments (a and b),
two different crossing over events may occur, depending on which fragment undergoes recombination (A) resulting in two
different orientations of pVSgoi insertion on the genome. (B) Whatever crossing-over event occurs, selected clones will
contain two mutated copies of goi, both carrying a specific deletion, resulting in a P. haloplanktis TAC125::VSgoi mutant.

be carefully checked, in order to avoid in-frame translation of a
mutated gene product.
4. The fragments are suitably digested and cloned in the pVS
corresponding sites, generating pVSgoi. Amplification and
cloning reactions are carried out as described in step 1.
3.2. Construction of
P. haloplanktis TAC125
Genomic Mutants
3.2.1. First Recombination
Event: Integration of the
pVSgoi in the Genome

1. The resulting vector (pVSgoi) is mobilized into P. haloplanktis
TAC125 by intergeneric conjugation (2). Cells are plated on TYP
solid medium containing 30 mg/mL carbenicillin (see Note 9)
and incubated at 4°C to select those clones in which a single
recombination event – between a goi fragment on the pVSgoi
and the corresponding homologous sequence on goi genomic
copy – has occurred.
2. The first recombination event allows the pVSgoi insertion on
the genome. Since the pVSgoi contains two goi fragments
(a and b), two different crossing over events may occur, depending on which fragment undergoes recombination (Fig. 1B). In
order to characterize the occurred genomic insertion, genomic
DNA from some carbenicillin-resistant clones is extracted and
subjected to different PCR analyses (Fig. 1B). Amplification of
pheS Gly294 gene by PheSSNfw and PheSXrv primers is used to
confirm plasmid insertion. Positive clones are further analyzed
by PCR to distinguish between the occurred recombination
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events. Two oligonucleotide sequences designed on the upstream
(GOIfw) and downstream (GOIrev) goi sequences, respectively,
are used in combination with primers A and D to characterize
the genome organization of the mutants. Depending on the
crossing over event (a or b), amplification with primer pairs
GOIfw-D or GOIrev-A will give fragments of different sizes
(Fig. 1B). PCR amplifications are performed in standard conditions, using Taq polymerase.
Whatever crossing-over event occurs, selected clones will contain two mutated copies of goi resulting in a P. haloplanktis
TAC125::VS goi mutant.
3.2.2. Selection of the
Second Recombination
Event

For some applications, such as the construction of engineered
strains lacking a single gene function or entire metabolic pathways,
an integration mutation is not sufficient to guarantee the genetic
stability of the mutant strain. Indeed, in the absence of selective
condition, the merodiploid recombinants can resolve the duplication via a second recombination event between the duplicated
chromosomal segments, yielding a strain carrying either the wild
type allele or the mutated allele, depending on the site of recombination.
The following protocol allows the specific selection of knockout
mutants by using the counterselectable marker, present in the chromosome of transformants that have integrated the suicide vector.
1. Inoculate a single colony of the P. haloplanktis TAC125::VSgoi
mutant strain in 3 mL of liquid TYP medium.
2. Incubate at 15°C while shaking (250 rpm) for 18–24 h, until
the cell density reaches OD600 3–5 (see Note 10).
3. Perform serial dilution of the culture (1:10, 1:100, 1:1,000 v/v)
in 100 mL of counterselection liquid medium in sterile polypropylene tubes.
4. Plate the dilutions on solid counterselection medium containing
p-chlorophenylalanine (hereafter called counterselection plates).
5. Incubate the plates at 15°C until colonies development
(10–15 days). Growth on plates containing p-chlorophenylalanine (p-Cl-Phe) indicates the occurrence of the second
recombination event, which causes the excision of the suicide
vector from the target locus of the bacterial genome. Indeed,
insertion mutants carry the pheSGly294 gene, which confers to
the cells sensitivity to the phenylalanine toxic analogue, p-ClPhe. The counterselection medium maximizes the recombinant
expression of mutated phenylalanine tRNA synthetase and
therefore it does not allow the growth of insertion mutants.

3.2.3. Isolation
of P. haloplanktis
TAC125 Deletion Mutants

Clones able to grow on counterselection medium supplemented
with p-Cl-Phe are bacteria in which the counterselectable marker
(the pheSGly294 gene) is not expressed. Apart from those clones in
which the second recombination event has occurred and consequently
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Fig. 2. Multi-gridded templates for replica plating.

lack the suicide vector insertion in the genome, other clones could
have developed different mutations conferring the ability to overcome
the toxicity of the counterselective compound despite the presence
of pheSGly294 gene in the chromosome. For this reason, a second
screening is required for the selection of clones in which the second crossing over is occurred. It will be carried out by a replica
plating strategy where a single clone is plated in the presence of
carbenicillin (where only the cells carrying the suicide vector can
grow) and replicated in the presence of p-Cl-Phe (where only cells
lacking the suicide vector can grow).
1. Prepare two 150-mm multi-gridded plates with counterselection solid medium, one supplemented with carbenicillin and
the other with p-Cl-Phe. A grid needn’t be drawn onto each
plate as long as the top is marked with an arrow for alignment
purposes. Use a piece of card with Petri plate covers attached
and copies of the grid taped inside (Fig. 2). Label the back of
each plate with an alignment arrow, date and medium type.
2. Pick a single colony from one of the counterselection plates
(choose the plate where the number of colonies allows the
easiest selection of single clones) with a sterile needle and streak
it in the grid number “1” first on the plate containing carbenicillin and then on the plate containing p-Cl-Phe. Repeat it for
at least 50 colonies filling all the empty grids on the plates.
The squares labelled P1 and P2 are for the wild type strain and
the insertion mutant respectively, a control to check if they are
behaving as expected, and eventually to aid in phenotype
analysis.
3. Incubate the plates at 15°C for 5–10 days. Clones able to grow
on medium containing p-Cl-Phe and NOT in the presence of
carbenicillin are selected for the next molecular characterization.
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Fig. 3. Schematic representation of second recombination event. Depending on the site of recombination, the intramolecular
crossing-over can yield either the wild type gene (A) or the deleted form of goi (B).

If none of the clones show the desired phenotype repeat the
screening analyzing more colonies.
4. Inoculate the selected clones in 3 mL of liquid TYP medium.
5. Incubate at 15°C while shaking (250 rpm) for about 24 h.
6. Centrifuge 1.5 mL of each culture 10 min at 3,300 × g at 4°C,
remove the supernatant and use the resulting pellets for
genomic DNA extraction. The remaining culture can be used
for strain storage (see Note 2).
7. Use 100 ng of genomic DNA for pheSGly294 gene amplification
by using PheSSNfw and PheSXrv primers. Use the same
amount of genomic DNA extracted from P. haloplanktis
TAC125::VSgoi strain as positive control and from P. haloplanktis TAC125 wild type as negative control. Clones in
which the suicide vector has excised from the chromosome will
NOT show pheSGly294 gene amplification.
3.2.4. Molecular
Characterization
of P. haloplanktis Deletion
Mutants

The second recombination event causes the excision of the suicide
vector from the target locus in the bacterial genome. Depending on
the site of recombination (Fig. 3), the intramolecular crossing over
can yield either the wild type gene (Fig. 3A) or the deleted form of
goi (Fig. 3B). If the mutation does not confer a disadvantageous
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phenotype the probability of merodiploids to revert to wild type or
to mutant is of 50% (but it can be much different if the mutation
confers an unfavorable phenotype). Hence, apart from a phenotypic
analysis, a molecular characterization is required in order to isolate
the clones in which the desired deletion has occurred.
1. Use 100 ng genomic DNA of each clone selected by the previous
screening as template for a PCR reaction using the oligonucleotide pair GOIfw-GOIrv. Use the same amount of genomic
DNA extracted from P. haloplanktis TAC125 wild type strain
as negative control. Perform PCR amplifications in standard
conditions, using Taq polymerase. The PCR amplification will
give a fragment of the same size of that obtained for the negative control (whole goi length) if the clone has resolved the
merodiploid state reverting to wild type, while a shorter sized
fragment is expected for the deleted copy of goi (Fig. 3A, B).
PCR products can be directly cloned using the pGEM®-T Easy
system and sequenced.
3.3. Characterization
of the Role of a 2-on-2
Haemoglobin in
Oxidative and
Nitrosative Stress
Resistance
of P. haloplanktis
TAC125

The 2-on-2 haemoglobins, previously named truncated, are monomeric, low-molecular weight oxygen binding proteins that share
the overall topology with vertebrate haemoglobins (16). Although
several studies on 2-on-2 haemoglobins have been reported, their
physiological and biochemical functions are not yet well defined,
and various roles have been suggested. The genome of P. haloplanktis TAC125 is endowed with three genes encoding 2-on-2
haemoglobins (17). To investigate the function played by one of
the three trHbs, PhHbO, a P. haloplanktis TAC125 genomic
mutant strain was constructed, in which the encoding gene was
inactivated by an integration strategy (18). For the construction of
a suitable suicide vector, a genomic fragment corresponding to a
241-bp long region of the PHSAa0030 gene was PCR amplified
by using specific oligonucleotides as primers (18).
The mutant strain was grown under controlled conditions and
several aspects of bacterium physiology were compared with those
of wild type cells when dissolved oxygen pressure in solution and
growth temperature were changed. Interestingly, inactivation of
the PhHbO encoding gene makes the mutant bacterial strain sensitive to high solution oxygen pressure, to H2O2, and to a nitrosating agent, suggesting the involvement of PhHbO in oxidative and
nitrosative stress resistance (18).

3.4. Cell Engineering
of P. haloplanktis
TAC125: Construction
of a Mutant Strain
with Reduced ExoProteolytic Activity

A “cold” gene-expression system implemented for the secretion of
recombinant proteins in P. haloplanktis TAC125 was previously set
up (19). Such a system could effectively conjugate the positive
effect of low temperature on the recombinant product solubility
with the obvious advantages linked to extra-cellular protein targeting. This novel system makes use of the psychrophilic a-amylase
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from P. haloplanktis TAB23 (3) as secretion carrier. Several chimerical proteins were produced and used to test the versatility and
efficiency of the novel secretion system. All the chimerical proteins
were efficiently produced and secreted (19).
However, bacteria belonging to Pseudoalteromonas genus are
reported to secrete a wide range of exo-proteins, especially proteases. This feature could hamper both applicability and efficiency
of the cold-adapted secretion system, due to the possible recombinant product degradation. The P. haloplanktis TAC125 genome in
silico analysis highlighted the presence of a putative Type II secretion system (T2SS), while the extra-cellular targeting of the cold
a-amylase depends on a novel and still uncharacterized secretion
pathway (15). A simple and successful experimental approach was
designed for the construction of an improved psychrophilic host
for the cold a-amylase-dependent recombinant secretion system
through the development of a P. haloplanktis TAC125 mutant
strain where the T2SS was inactivated. For the construction of a
suitable suicide vector, two genomic fragments were PCR amplified corresponding to the 5¢ 360-bp portion of gspC and 3¢ 300-bp
portion of gspN respectively. The integration–segregation strategy
led to the construction of a P. haloplanktis TAC125 where the
T2SS cluster was almost totally deleted (8). While the growth
behaviour and some physiological features of the mutant strain are
indistinguishable from the wild type ones, the deleted strain displays a remarkable reduction in the protease content in the culture
supernatant. This aspect makes it a truly improved host with a
remarkable biotechnological potential in recombinant protein
secretion at low temperature. Moreover, this work demonstrates
that P. haloplanktis TAC125 is a versatile psychrophilic host for
recombinant protein production since it that can be easily improved
by a directed engineering approach. To the best of our knowledge
this is the first described example of a strain improvement strategy
applied to an Antarctic bacterium.

4. Notes
1. Pseudoalteromonas haloplanktis TAC125 was kindly provided
by C. Gerday, University of Liege, Belgium. The strain was
isolated from the sea water in the surrounding of the Dumont
d’Urville Antarctic station (66°40¢S, 40°01¢E) during the 1988
summer campaign of the “Expeditions Polaires Française” in
Terre Adélie.
2. Bacteria can be stored indefinitely in cultures containing glycerol at low temperature (either −20 to −70°C). To store bacteria, pick a single, well-isolated colony growing on the surface
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of an agar plate, with a sterile inoculating needle, dip the needle into the liquid broth and grow the bacterial culture up to
medium-late exponential phase. To 0.85 mL of bacterial culture,
add 0.15 mL of sterile glycerol (sterilize by autoclaving for
20 min at 1 atm on liquid cycle). Vortex the culture to ensure
that the glycerol is evenly dispersed. Transfer the culture to a
labelled storage tube, freeze the culture in ethanol-dry ice or in
liquid nitrogen, and then transfer the tube to −70°C for
long-term storage.
3. After antibiotic addition the medium can be stored at 4°C up
to 2 weeks.
4. The p-chlorophenylalanine is poorly soluble at the required
concentration. Heat the solution up to 50°C while shaking to
completely solubilize it.
5. Most of the salts contained in counterselection medium precipitate after autoclaving and therefore they must be prepared
separately in higher concentrations, sterilized by filtration and
finally added to the basal medium.
6. We recommend a DNA polymerase such as Phusion® HighFidelity DNA Polymerase (Finnzymes) to minimize the occurrence of mutations during PCR.
7. When using enzymes that exhibit star activity, use the minimum reaction time required for complete digestion given that
prolonged incubation may result in increased star activity.
8. To prevent re-circularization of the vector in cloning strategies, the DNA needs to be dephosphorylated by treatment
with alkaline phosphatase.
9. Carbenicillin (an ampicillin analogue) is preferred to ampicillin
as selecting agent, due to its higher stability and resistance to
degradation.
10. The growth phase of the starter culture is a critical factor. Lag
and stationary phase must be avoided; the suggested range of
concentration will ensure the culture is in logarithmic growth
phase.
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Chapter 12
A New Bacterial Co-expression System for Over-expressing
Soluble Protein and Validating Protein–Protein Interaction
Jumei Zeng and Zheng-Guo He
Abstract
Toxic, membrane, and hydrophobic proteins are usually difficult to individually over-express in Escherichia
coli because they require a binding-partner protein for folding and stability. To obtain these types of soluble proteins or protein complexes, protein co-expression is used. Such co-expression systems are extremely
suitable for the high-throughput validation of protein–protein interactions. In a previous study, we developed a novel co-expression vector, pHEX, which is compatible, and thus can be partnered, with many
commercially available E. coli vectors, such as pGEX and pMAL. Either of the vectors allows proteins to be
expressed individually as a tagged fusion protein and can be used directly for protein co-purification. This
protocol presents the experimental procedure for the co-expression method.
Key words: Co-expression, pHEX, pGEX, Protein complexes

1. Introduction
Escherichia coli cells are superior host for heterologous gene expression
because of their high levels of protein expression, rapid growth rate,
and ease of genetic manipulation (1). However, for a number of
protein types, such as toxic, membrane, or hydrophobic proteins,
difficulties are usually experienced when individually over-producing
them in E. coli (2, 3). The co-expression of multiple genes, such as
members of a stable protein complex or a protein with a chaperone
(4), can, in many cases, alleviate these problems (5).
Different techniques are used to co-express proteins in cells via
more than two plasmids. An ideal replicon-compatible co-expression
system is excellent for varying the genes of interest. Vectors
employed in this system carry different antibiotic resistance and
contain very convenient affinity tags, such as HA (an epitope
derived from the Influenza protein haemagglutinin), MYC
Argelia Lorence (ed.), Recombinant Gene Expression: Reviews and Protocols, Third Edition,
Methods in Molecular Biology, vol. 824, DOI 10.1007/978-1-61779-433-9_12, © Springer Science+Business Media, LLC 2012
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(an epitope derived from the human proto-oncoprotein MYC),
SBP (streptavidin binding peptide), 6×His (polyhistidine-tag),
GST (glutathione s-transferase), and MBP (maltose binding protein), among others, which are beneficial to co-purification experiments (6, 7). Duet co-expression vectors have been developed by
Novagen (6), and Scheich and his colleagues developed the pQLink
vector series (8). Dzivenu and his colleagues constructed pOKD
vector series (9), Stols and his colleagues gained pMCSG derived
vectors (10), and Wakamori and his colleagues developed a series
of bacterial co-expression system-pWM vectors (8). In a previous
study, we developed a novel co-expression vector, pHEX (11).
Co-expression and co-purification could be more successful and
feasible when the positive qualities of these vector systems are taken
advantage of.

2. Materials
2.1. Amplification
of the Target
Oligonucleotide

1. 10 μM stocks of appropriate primers: Use 1 μL for a 50 μL
PCR amplification reaction.
2. 100 ng/μL Mycobacterium tuberculosis H37Rv template DNA:
Use 0.5 μL for a 50 μL PCR amplification reaction.
3. 10 mM Deoxynucleoside triphosphates (dNTPs): Use 1 μL for
a 50 μL PCR amplification reaction.
4. Pyrobest DNA polymerase: Use 1 μL for a 50 μL PCR amplification reaction.
5. 10× amplification buffer (New England Biolabs): Use 5 μL for
a 50 μL PCR amplification reaction.
6. Use ddH2O, add to 50 μL.

2.2. Cloning
of the Amplification
Product into
the Desired Vector

1. Vectors: pBT, pTRG, pHEX, and pGEX/pMAL (see Table 1).
2. Restriction enzymes.
3. T4 ligase.
4. DNA purification kits (Watson).
5. E. coli DH5α competent cells.
6. Plasmid extraction kits (Watson).
7. Deoxynucleoside triphosphates (dNTPs).

2.3. Co-transformation
and Verification

1. E. coli BL21 (DE3) competent cells.
2. E. coli XR competent cells.
3. Plasmid extraction kits.
4. rTaq DNA polymerase.
5. Deoxynucleoside triphosphates (dNTPs).
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Table 1
Vectors used in this protocol
Vector

Antibiotic resistance

Replicon

Tag

Application

Source

pBT

Chloramphenicol

p15A ori

–

Bacterial two-hybrid

Stratagene

pTRG

Tetracycline

ColE1 ori

–

Bacterial two-hybrid

Stratagene

pHEX

Kanamycin

p15A ori

6×His

Co-expression

(11)

pMAL

Ampicillin

ColE1 ori

MBP

Co-expression

(11)

pGEX

Ampicillin

ColE1 ori

GST

Co-expression

GE Healthcare

2.4. Bacterial TwoHybrid Analysis of
Protein–Protein
Interactions

1. Basic medium: 1.5 g Bacto agar, 76 mL ddH2O pH 7.0, autoclave
at 121°C for 30 min.
2. 10× M9 salts: 67.8 g Na2HPO4, 30 g KH2PO4, 5 g NaCl, and
10 g NH4Cl, add ddH2O to 1 L.
3. Solution I: 2 mL 20% glucose (filter-sterilized), 1 mL 20 mM
adenine–HCl (Sigma, filter-sterilized), and 10 mL 10× His dropout amino acid (BD/Clontech); autoclave at 121°C for 15 min.
4. Solution II: 0.1 mL 1 M MgSO4, 0.1 mL 1 M thiamine–HCl,
0.1 mL 10 mM ZnSO4, 0.1 mL 100 mM CaCl2, and 0.1 mL
50 mM IPTG (isopropyl-β-D-thiogalacto pyranoside).
5. Chloramphenicol stock solution: 34 mg/mL in ethanol; sterilize by filtration, store at −20°C, and use at a final concentration of 34 μg/mL.
6. Tetracycline stock solution: 12.5 mg/mL in 75% ethanol; sterilize by filtration, store at −20°C, use at a final concentration of
12.5 μg/mL.
7. Streptomycin stock solution: 8 mg/mL in double-distilled
water; sterilize by filtration, store at −20°C, use at a final concentration of 8 μg/mL.
8. 1 M 3-AT (Sigma) stock solution: 8.408 g 3-AT (3-Amino1,2,4-triazole) dissolved in 100 mL DMSO (dimethyl sulfoxide), sterilize by filtration, store at −20°C (see Note 1), and use
at a final concentration of 0.5 mM.
9. CK+: Co-transformant containing pBT-LGF2 and pTRGGal11P as a positive control.
10. CK−: Co-transformant containing pBT and pTRG as a negative control.

2.5. Co-expression
of the Heterodimeric
Protein Complexes

1. LB medium: 10 g/L bacto tryptone, 5 g/L bacto yeast extract,
and 5 g/L NaCl, autoclave at 121°C for 30 min.
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2. Kanamycin stock solution: 10 mg/mL in double-distilled
water; sterilize by filtration, store at −20°C, and use at a final
concentration of 25 μg/mL.
3. Ampicillin stock solution: 100 mg/mL in double-distilled water;
sterilize by filtration, store at −20°C, use at a final concentration
of 100 μg/mL.
4. Isopropyl-β-D-thiogalactopyranoside (IPTG) stock solution:
1 M IPTG in double-distilled water; sterilize by filtration, store
at −20°C, and use at a final concentration of 0.5 mM.
2.6. Co-purification
Assays of a Pair
of Recombinant
Proteins
2.6.1. GST (Glutathione
s-Transferase) Pull-Down

2.6.2. His-Tag Pull-Down

1. GST column: soaked in 20% ethanol, store at 4°C, pre-equilibrated with buffer A before use.
2. Buffer A (PBS, phosphate buffer solution): 150 mM NaCl,
3 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4 pH 7.4;
store at room temperature (RT), with cooling during use.
3. Buffer B: 16 mM Na2HPO4, 4 mM KH2PO4, and 20 mM
GSH, store at 4°C (see Note 2).
1. Ni-NTA column (Qiagen): soaked in 20% ethanol, store at 4°C.
2. Binding buffer: 5 mM imidazole, 0.5 M NaCl, and 20 mM
Tris–HCl pH 7.9.
3. Elution buffer: 1 M imidazole, 0.5 M NaCl, and 20 mM
Tris–HCl pH 7.9.
4. 50 mM Imidazole elution buffer: 50 mL elution buffer and
950 ml ddH2O.
5. 100 mM Imidazole elution buffer: 100 mL elution buffer and
900 ml ddH2O.
6. 150 mM Imidazole elution buffer: 150 mL elution buffer and
850 mL ddH2O.
7. 200 mM Imidazole elution buffer: 200 mL elution buffer and
800 mL ddH2O.
8. 250 mM Imidazole elution buffer: 250 mL elution buffer and
750 mL ddH2O.
9. Change buffer: 50 mM NiSO4; do not adjust pH.
10. Strip buffer: 100 mM EDTA-2Na, 0.5 M NaCl, and 20 mM
Tris–HCl pH 8.0.

2.6.3. MBP (Maltose
Binding Protein) Pull-Down

1. Amylose resin column: soaked in 20% ethanol, store at 4°C.
2. Cell lysis buffer: 30 mM Tris–HCl pH 7.1, 1 mM EDTA, and
20% (w/v) sucrose.
3. Cell wash buffer: 20 mM Tris–HCl pH 7.4, 0.2 M NaCl,
10 mM β-mercaptoethanol, and 1 mM EDTA.
4. Column elute buffer: 20 mM Tris–HCl pH 7.4, 0.2 M NaCl,
10 mM β-mercaptoethanol, 1 mM EDTA, and 10 mM maltose.
5. Column wash buffer: 10 mM Tris–HCl pH 7.4, and 1 M NaCl.
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2.7. SDSPolyacrylamide Gel
Electrophoresis
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1. 2 ´ SDS loading buffer: 100 mM Tris–HCl pH 6.8, 4% (w/v)
SDS (sodium dodecyl sulfate), 0.2% (w/v) bromophenol blue,
20% (v/v) glycerol, and 200 mM DTT (DL-dithiothreitol)
added before use.
2. 10 ´ Running buffer: 250 mM Tris, 2.5 M glycine, and 1%
(w/v) SDS; store at RT.
3. 30% Acrylamide/bis solution (37.5:1 with 2.6% C) and
N,N,N,N ¢-tetramethyl-ethylenediamine (TEMED, BioRad).
4. 2 M Tris–HCl pH 8.8, store at RT.
5. 1 M Tris–HCl pH 6.8, store at RT.
6. 10% (w/v) SDS, store at RT.
7. Ammonium persulfate: 10% solution in double-distilled water,
freeze immediately in single-use 1-mL aliquots at −20°C.
8. Isopropanol, store at RT.

2.8. Western Blotting

1. Transfer buffer: 25 mM Tris, 190 mM glycine, 20% (v/v)
methanol, and 0.025% (w/v) SDS; do not adjust pH and store
at RT with cooling during use.
2. Supported nitrocellulose membrane and filter paper.
3. Tris-buffered saline with Tween (TBS-T): 20 mM Tris–HCl
pH 7.5, 150 mM NaCl, and 0.05% Tween 20; store at 4°C.
4. Blocking buffer: 5% (w/v) skimmed dry milk in TBS-T.
5. Primary antibody dilution buffer: TBS-T supplemented with
2% (w/v) bovine serum albumin (BSA).
6. Primary antibody (antisera to His-tag): Use at a 1:1,000 (v/v)
dilution and store at −20°C.
7. Secondary antibody IgG-HRP (goat anti-rabbit): Use at a
1:10,000 (v/v) dilution and store at −20°C.
8. DAB detection reagents (Boster): Store at −20°C.

3. Methods
This co-expression system is demonstrated to efficiently co-produce
and co-purify protein complexes through convenient affinity tags.
In addition, it is also effectively used to characterize and confirm
protein–protein interactions. The two-hybrid system is valuable for
screening and determining protein–protein interactions (12, 13),
but it may generate many false positives, requiring confirmation of
results by another method. Protein co-purification may be an
important tool for the validation of suspected protein–protein interactions or for discovering novel protein interactions (11). Association
of the bacterial two-hybrid system with pull-down/co-purification
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Fig. 1. Workflow of the co-expression system protocol.

assays brings more systematic and reliable results. An example of
the results produced is shown in ref. 11. A summary of the method
is presented in Fig. 1.
3.1. Design
and Amplification
of the Target
Oligonucleotide

1. The appropriate PCR primers are designed and synthesized.
The primers should include 17–30 nucleotides complementary
to the sequence of interest and appropriate restriction enzyme
sites for the chosen vector.
2. For each target to be cloned, 50 μL PCR amplification reactions are needed.
3. The target nucleic acids are amplified according to the standard PCR program. The adoption of appropriate melting temperatures is ensured to generate specific amplification.

3.2. Cloning
of the Amplification
Product into
the Desired Vector

1. The chosen vector DNA (pBT, pTRG, pHEX, pGEX/pMAL)
is prepared by digesting ~2 μg of the vector with restriction
enzymes for 4 h at 37°C. The vector DNA is dephosphorylated (14) after gel-purification.
2. The dephosphorylated vector and PCR product are gel-purified using the DNA purification kit according to the manufacturer’s instructions.
3. The insert DNA is prepared by digesting 50 μL of the purified
PCR product with restriction enzymes for 4 h at 37°C.
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4. The insert DNA is purified, and the ligation reaction is performed
using 6 μL of the insert DNA, 2 μL of the vector DNA, 1 μL
ligation buffer, and 1 μL ligase. The reaction is incubated at
16°C for 4 h.
5. About 5 μ L of the ligation reaction are used to transform
E. coli DH5α competent cells. The cells are plated on LB agar
containing the appropriate antibiotic for the chosen vector and
incubated at 37°C for 18 h.
6. The transformants are selected and 3 mL cultures of each are
prepared in LB broth containing the appropriate antibiotics.
The cultures are incubated with vigorous shaking at 37°C
overnight.
7. About 600 μL of the cultures is removed for the preparation of
a glycerol stocks (add glycerol to a final concentration of 20%).
The mixture is stored at −80°C.
8. Another 1 mL of the culture is transferred to a microcentrifuge
tube, and the cells are collected by centrifuging at 13,000 × g
for 1 min. The supernatant is discarded. Plasmid DNA from
each culture is isolated and bacterial clones are verified for each
target by PCR and sequencing.
3.3. Co-transformation
and Verification
3.3.1. For Bacterial
Two-Hybrid Analysis

1. About 1 μL (20–50 ng) of each plasmid (recombined pBT,
pTRG) is used to transform E. coli XR competent cells. These
are resuscitated after 1 h.
2. The cells are plated on LB agar containing the chloramphenicol and tetracycline solutions for the chosen vector, after which
they are incubated at 37°C overnight.
3. The transformants are selected and 3 mL cultures of each are
set in LB broth containing chloramphenicol and tetracycline.
4. The cultures are incubated with vigorous shaking at 37°C
overnight.
5. About 600 μL of the cultures is removed for the preparation of
a glycerol stock (add glycerol to a final concentration of 20%)
and stored at −80°C.
6. Another 1 mL of the culture is transferred to a microcentrifuge
tube, and the cells are collected by centrifuging at 13,000 × g
for 1 min. The supernatant is discarded. Plasmid DNA is isolated and bacterial clones are verified for each target by PCR.

3.3.2. For Co-expression

1. About 1 μL (20–50 ng) of each plasmid (recombined pHEX,
pGEX/pMAL) is used to transform E. coli BL21 (DE3) competent cells. These are resuscitated after 1 h (see Note 3).
2. The cells are plated on LB agar containing the kanamycin and
ampicillin solutions for the chosen vector, after which they are
incubated at 37°C for 18 h overnight.
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3. Several transformants are selected and 3 mL cultures of each
are set in LB broth containing kanamycin and ampicillin.
4. The cultures are incubated to an OD600 of 0.8 with vigorous
shaking at 37°C.
5. About 600 μL of the cultures are removed for the preparation
of a glycerol stock (add glycerol to a final concentration of
20%) and stored at −80°C.
6. Another 1 mL of the culture is transferred to a microcentrifuge
tube, and the cells are collected by centrifuging at 13,000 × g
for 1 min. The supernatant is discarded. Plasmid DNA is isolated and bacterial clones are verified for each target by PCR.
3.4. Bacterial TwoHybrid Analysis
of Protein–Protein
Interactions

1. The basic medium is heated in a microwave. When the agar has
cooled to 70°C, 10 mL of 10× M9 salts are added.
2. When the agar mixture has cooled to 50°C, Solutions I and II
are immediately added. The mixtures are shaken gently (see
Note 4).
3. Other additives are added: 100 μL chloramphenicol stock
solution, 100 μL tetracycline stock solution, 100 μL streptomycin stock solution, and 500 μL 3-AT stock solution. The
solution is mixed gently.
4. The solution is poured into petri dishes (~25 mL/100-mm
plate). When the agar solidifies, the B2H plates are wrapped
and stored at 4°C.
5. After verification of the co-transformants, 3 mL of the LB
broth medium containing chloramphenicol and tetracycline
are inoculated with the bacterial two-hybrid co-transformants.
Bacteria are allowed to grow at 37°C overnight.
6. The culture (3 μL) is separately packed onto a B2H plate and
an LB plate. CK+ and CK− are added.
7. The plates are incubated at 37°C for 24 h. If colonies are not
apparent, the plates are transferred to RT and allowed to further incubate in a dark location (to preserve the tetracycline)
for an additional 16 h.

3.5. Co-expression
of the Heterodimeric
Protein Complexes

1. About 3 mL of the LB medium containing kanamycin and
ampicillin is inoculated with the co-transformants in glycerol
stock. Bacteria are allowed to grow at 37°C overnight.
2. About 20 mL of the LB medium containing kanamycin and
ampicillin is inoculated with 500 μL of the overnight culture.
Bacteria are allowed to grow at 37°C with vigorous shaking
until the OD600 reaches 0.6.
3. IPTG is added to a final concentration of 0.5 mM. The culture
is grown at 37°C with vigorous shaking for 4 h (see Note 5).
4. The cells are harvested by centrifugation at 13,000 × g for 1 min.
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3.6. Growth of Cultures
for Large-Scale
Expression
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1. Depending on the requirements of the amount of proteins to
be expressed, for large-scale expression, the glycerol stock is
used to inoculate a starter culture in 20 mL LB broth supplemented with kanamycin and ampicillin. Incubation at 37°C for
18 h follows.
2. About 2 mL of the starter culture is used to inoculate 100 mL
of the LB broth supplemented with kanamycin and ampicillin
in 250 mL flasks. Series flasks can be used for large-scale
expression.
3. Growth is allowed at 37°C with vigorous shaking until OD600
reaches 0.6.
4. IPTG is added to a final concentration of 0.5 mM. The cultures are grown at 37°C with vigorous shaking for 4 h.
5. The cells are harvested by centrifugation at 13,000 × g for
1 min.

3.7. Co-purification
Assays
of Recombinant
Proteins
3.7.1. GST Pull-Down

1. The cell pellets are resuspended in 10 mL ice-cold buffer A.
About 10 μL are removed for SDS-PAGE.
2. The mixtures are then sonicated until the cloudy suspension
becomes translucent (see Note 6). The cell debris is collected
by centrifuging at 10,000 × g for 30 min at 4°C. The supernatants are collected, and the pellet and supernatant of each
cleared lysate are prepared for SDS-PAGE analysis.
3. The GST column is equilibrated with 5 mL buffer A and centrifuged for 2 min at 500 × g (see Note 7).
4. The supernatants are loaded onto the GST column and gently
mixed for 1 h (see Note 8).
5. The column is centrifuged at 500 × g for 2 min. The supernatant is carefully removed and discarded.
6. Each column is washed thrice with 3 mL buffer A and eluted
with 500 μL Buffer B.
7. Fractions are pooled and concentrated. About 10 μL of each
fraction is removed for SDS-PAGE assay. Remaining fractions
are stored at −80°C for further assays.
8. The column is regenerated using the following steps: Add
3 mL Buffer A, centrifuge at 2,000 × g for 1 min, and discard
the washing solution. Add 5 mL 2 M NaCl, centrifuge at
2,000 × g for 1 min, and discard it. Add 3 mL Buffer A, wash,
and discard it. Finally, add 5 mL 1 M NaOH and 3 mL Buffer A.
Store in 20% ethanol.

3.7.2. His-Tag Pull-Down

1. The cell pellets are resuspended in 10 mL ice-cold binding
buffer. About 10 μL are removed for SDS-PAGE assay.
2. The mixtures are sonicated until the cloudy suspension becomes
translucent. The cell debris is collected by centrifuging at
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10,000 × g for 30 min at 4°C. The supernatants are collected,
and the pellet and supernatant of each cleared lysate are
prepared for SDS-PAGE analysis.
3. The Ni-NTA column is pre-equilibrate with 5 mL binding
buffer and centrifuged for 2 min at 500 × g. About 5 mL of the
change buffer is loaded onto the Ni-NTA column. The beads
become light blue. They are centrifuged for 2 min at 500 × g,
after which the column is washed with 5 mL binding buffer.
4. The supernatants are loaded onto the Ni-NTA column and
gently mixed for 1 h.
5. The column is centrifuged at 500 × g for 2 min, after which the
supernatant is carefully removed and discarded.
6. Each column is washed with an imidazole gradient (50 mM,
100 mM, 150 mM, and 200 mM) and eluted with 500 μL
250 mM imidazole.
7. Fractions are pooled and concentrated. About 10 μL of each
fraction is removed for SDS-PAGE. The remaining fractions
are stored at −80°C for further assays.
8. The column is regenerated using the following steps: Add
3 mL binding buffer, wash three times, and discard the washing solution. Add 5 mL strip buffer, centrifuge at 2,000 × g for
1 min, and discard it. Finally, add 5 mL binding buffer, wash,
and discard it. Store in 20% ethanol.
3.7.3. MBP Pull-Down

1. The cell pellets are resuspended in 10 mL ice-cold cell lysis
buffer and about 10 μL is removed for SDS-PAGE assay.
2. The mixtures are then sonicated until the cloudy suspension
becomes translucent. The cell debris is collected by centrifuging at 10,000 × g for 30 min at 4°C. The supernatants are collected and the pellet and supernatant of each cleared lysate are
prepared for SDS-PAGE analysis.
3. The amylose resin column is pre-equilibrated with 5 mL cell
wash buffer.
4. The supernatants are loaded onto the amylose resin column
and gently mixed for 1 h.
5. The column is centrifuged at 500 × g for 2 min. The supernatant is carefully removed and discarded.
6. Each column is washed with the cell wash buffer and eluted
with 500 μL column elute buffer.
7. Fractions are pooled and concentrated. About 10 μL of each
fraction is removed for SDS-PAGE. The remaining fractions
are stored at −80°C for further assays.
8. The column is regenerated using the following steps: Add
3 mL ddH2O, wash three times, and discard the washing solution.
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Add 3 mL 0.1% SDS, centrifuge at 2,000 × g for 1 min, and
discard it. Add 1 mL ddH2O, wash, and discard it. Finally, add
3 mL column wash buffer, centrifuge, and discard it. Store in
20% ethanol.
3.8. SDSPolyacrylamide Gel
Electrophoresis

1. The analysis samples are prepared to include the induced cell,
pellet, supernatant, and elution solution. About 10 μL of the
sample are moved to a microcentrifuge tube, 10 μL 2 ´ SDS
loading buffer is added, and the tube is heated at 95°C for
10 min.
2. SDS-PAGE is performed on a Bio-rad PowerPac Basic system. A 1-mm thick 13.5% gel is prepared by mixing of
1.71 mL water with 3 mL 30% acrylamide/bis solution,
0.94 mL 2 M Tris–HCl pH 8.8, 50 μL 10% SDS, 50 μL
ammonium persulfate solution, and 5 μL TEMED. The gel
is poured after mixing, leaving a space for the stacking gel,
and overlaid with isopropanol. The gel is polymerized for
about 30 min.
3. The isopropanol is poured off and the top of the gel is rinsed
twice with water. Filter paper is used to absorb the remaining
water. The stacking gel is prepared by mixing of 1.38 mL
water, 0.335 mL 30% acrylamide/bis solution, 0.25 mL 1 M
Tris–HCl pH 6.8, 20 μL 10% SDS, 25 μL ammonium persulfate solution, and 3 μL TEMED. About 1.5 mL of this is used
to quickly rinse the top of the gel. It is also poured over the
stack. The comb is inserted into the stack afterwards. The
stacking gel is polymerized for 20 min.
4. The running buffer is prepared by diluting 100 mL of the 10×
running buffer with 900 mL of water. The container is covered
and inverted to allow mixing. Once the stacking gel curdles,
the comb is carefully removed and the wells are washed with
the running buffer (see Note 9). The running buffer is added
to the inner and outer chambers of the gel unit, and 10 μL of
each sample is added to each well.
5. Assembly of the gel unit is completed, and it is connected to a
power supply. The gel always runs at 80 V through the stacking gel and 120 V through the separating gel. When the dye
front runs to the bottom of gel, the run is stopped and the gel
is stripped for Coomassie staining.

3.9. Western Blotting

1. The transmembrane experiment is performed on the BioRad
Mini Trans-Blot cell system. Three trays are filled with the
transfer buffer. The samples that had been separated by SDSPAGE are stripped, the stacking gel is removed and discarded,
and one corner is cut from the separating gel to allow its
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orientation to be tracked. It is then submerged into the first
tray. Two pieces of foam and four sheets of filter paper are submerged into the second tray, and a sheet of the nitrocellulose
membrane just larger than the size of the separating gel is laid
on the surface of the third tray. The membrane is allowed to
become wet by capillary action.
2. A transfer cassette is laid out with a piece of its foam and two
sheets of filter paper on one side. The separating gel is laid out
on the top of the filter paper, after which the nitrocellulose
membrane is laid on top of the gel, ensuring that no bubbles
are trapped between the membrane and the gel. Another two
sheets of filter paper are laid on top of the membrane. The
second wet foam sheet is laid on top and the transfer cassette
closed.
3. The cassette is placed into the transfer cell, ensuring that the
nitrocellulose membrane is between the gel and the anode. It
is very important to ensure this orientation (see Note 10). The
lid is put on the cell and the power supply is activated. Transfers
are performed at 4°C (see Note 11) and can be accomplished
at 250 mA for 120 min.
4. After electrophoresis, the protein bands are transferred to a
nitrocellulose membrane, and the cassette is taken out of the
cell and carefully disassembled, with the top sponge and sheets
of filter paper removed. The membrane is soaked in 20 mL
TBS-T with 5% milk and blocked for 2 h at RT on a rocking
platform.
5. The blocking buffer is discarded and the membrane is rinsed
quickly prior to the addition of a 1:1,000 dilution of the primary antibody (antisera to His-tag) in primary antibody dilution buffer for 1 h at RT on a rocking platform.
6. The primary antibody is removed and the membrane is washed
three times for 5 min each with 20 mL TBS-T.
7. The secondary antibody IgG-HRP (goat anti-rabbit) is freshly
prepared for each experiment at 1:10,000 dilution in TBS-T
and added to the membrane for 1 h at RT on a rocking
platform.
8. The secondary antibody is discarded and the membrane is
washed three times for 5 min each with TBS-T (see Note 12).
9. During the final wash, 500 μL aliquots of each of the DAB
detection reagents are mixed in 10 mL ddH2O. Once the final
wash is removed from the blot, the blot is transferred into the
DAB reagents mixture immediately. The signals are recorded
by photography when they are stable.
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4. Notes
1. 3-AT is toxic and it can only be stored for 1 month. Use it as
soon as possible after preparation.
2. In the GSH redox cycle, reduced glutathione (GSH) is prone
to forming oxidized glutathione (GSSG). Buffer B should be
distributed into small volumes and not be stored for long periods of time.
3. When transforming multiple plasmids, it is essential to allow
the cells to recover for at least 1 h before plating on the LB
agar containing the appropriate antibiotic.
4. Moderate temperatures are low at this time and the mixture is
prone to bubbles, so shake the medium gently.
5. Optimizing growth and induction conditions may increase the
solubility from inclusion bodies. Lowering the induction temperature, altering the concentration of inducing agents, inducing the reaction for shorter periods of time at higher cell
densities, and increasing aeration during growth are all options
for either enhancing bait protein solubility or decreasing the
formation of inclusion bodies. According to the characteristics
of the protein, the induction temperature can be lowered to
between 18 and 30°C, and the induction time can vary from
2 to 20 h.
6. Freeze-thawing treatments prior to sonication will increase lysis
efficiency for certain strains, such as the BL21 series, and
enhance the lysis of cultures grown to a high density. Freezing
at −20°C for 15–20 min or on dry ice for 5–10 min is usually
sufficient. The ultrasonic power used should be appropriate;
200 W is enough. Using powers that are too high will destroy
the protein complex and lead to low or no translation efficiency.
In addition, ensure that the cell lysate is at low temperature.
7. Control the amount of beads to avoid high background noise
or the appearance of many contaminating bands. To ensure
efficient binding, it is important not to exceed 500 × g when
centrifuging the beads.
8. Incubation for 1 h may help facilitate bait and prey protein
complex affinity to the column. In addition, gently mixed during this incubation period may help remove non-specific adherent proteins and reduce background noise. A different
incubation temperature and time may be required for your specific protein–protein interaction.
9. Washing the wells before loading the samples is beneficial to
sample loading and ensuring the lanes’ appearance.
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10. It is vitally important to ensure this orientation. Otherwise, the
proteins may be lost from the gel into the buffer rather than
transferred to the nitrocellulose.
11. Adequate cooling to keep the buffer no warmer than RT by
use of a refrigerated/circulating bath is essential to prevent
heat-induced damage to the apparatus and the experiment.
12. Increasing the number and volume of washes may help reduce
non-specific interactions. However, the stability of different
protein–protein interactions is protein pair-specific and depends
on the Kd (dissociation constant) of the interaction. Optimization
of washing conditions may be required for less stable interactions. For example, the number of washes and the volume of
each wash may need to be changed.
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Chapter 13
Heterologous High-Level Gene Expression
in the Photosynthetic Bacterium Rhodobacter capsulatus
Nadine Katzke, René Bergmann, Karl-Erich Jaeger,
and Thomas Drepper
Abstract
The functional expression of heterologous genes in standard hosts such as Escherichia coli is often hampered
by various limitations including improper folding, incomplete targeting, and missassembly of the corresponding enzymes. This observation led to the development of numerous expression systems that are
based on alternative, metabolic versatile hosts. One such organism is the Gram-negative phototrophic
nonsulfur purple bacterium Rhodobacter capsulatus. During photosynthetic growth, R. capsulatus exhibits
several unique properties including the formation of an intracytoplasmic membrane system as well as the
synthesis of various metal-containing cofactors. These properties make R. capsulatus a promising expression host particularly suited for difficult-to-express proteins such as membrane proteins. In this chapter, we
describe a novel R. capsulatus expression system and its application.
Key words: Rhodobacter capsulatus, T7 expression system, Heterologous expression, Photosynthetic
bacteria

1. Introduction
Over the past decade, various systems have been established for the
functional expression of heterologous proteins in diverse hosts,
including both prokaryotic and eukaryotic microorganisms (1–11).
To date, bacterial systems are most widely used, predominantly
due to their high productivity combined with cost efficiency and
the potential for easy genetic modification.
Here, we describe a novel expression system recently developed
in our group that is based on the photosynthetic Gram-negative
bacterium Rhodobacter capsulatus (12). As a member of the group
of photosynthetic nonsulfur purple α-proteobacteria, R. capsulatus
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is capable of growing either phototrophically in the light under
exclusion of oxygen, acquiring energy by anoxygenic photosynthesis,
or chemoheterotrophically in the dark performing aerobic respiration
to generate energy. The genome of R. capsulatus is fully sequenced
(13) and is freely available at the ERGO-Light database (http://
www.ergo-light.com/ERGO/). Unique properties of R. capsulatus render this organism advantageous for heterologous expression
of certain classes of “difficult-to-express” proteins (12, 14–17).
For example, an extensive system of intracytoplasmic membranes
synthesized by R. capsulatus during phototrophic growth allows
accommodation of high levels of heterologous membrane proteins
due to the highly enlarged membrane surface and the efficient
membrane protein folding and translocation machinery. In addition, the capability of R. capsulatus to produce various types of
metal-containing cofactors may be advantageous for functional
heterologous expression of cofactor-dependent types of enzymes.
The R. capsulatus expression system is based on a set of expression plasmids conferring diverse modes of expression, selection,
and purification of expression products. Plasmids of the pRhok
series allow the constitutive expression under control of the promotor of the kanamycin resistance gene, PaphII. By contrast, the
pRhot series of expression plasmids allows the T7-RNA polymerase-dependent expression of target genes when used in combination with R. capsulatus strain B10S-T7 which carries a genomic
T7 RNA polymerase gene under control of a fructose-inducible
promoter. Plasmids of both series are available with either kanamycin and chloramphenicol or kanamycin and spectinomycin resistance and with either His6 or StrepII as tagging options.
In this chapter, we describe experimental protocols for heterologous expression using R. capsulatus as an expression host.

2. Materials
2.1. Bacterial Strains,
Media and Antibiotics

1. R. capsulatus: B10S (18) is used for constitutive expression
with expression plasmids based on the pRhok series, while
B10S-T7 (12) is employed for T7-dependent expression.
2. Escherichia coli: DH5α (Invitrogen) is used for DNA cloning
and plasmid amplification, S17-1 (19) is used for transfer of
plasmids to R. capsulatus by conjugation.
3. Luria–Bertani (LB) medium: 10 g/L Tryptone (peptone from
casein), 5 g/L yeast extract and 5 g/L NaCl is prepared as
described by Sambrook and Russell (20).
4. Trace Element Solution: 0.4 g MnSO4⋅H2O, 0.7 g H3BO3,
0.01 g Cu(NO3)2.3H2O, 0.06 g ZnSO4⋅7H2O, and 0.02 g
Na2MoO4⋅2H2O. Dissolve in 250 mL H2O.
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5. RCV minimal medium: 2 mL 1% EDTA, 1 mL 20% MgSO4, 1 mL
Trace Element Solution, 1 mL 7.5% CaCl2, 2.4 mL 0.5% FeSO4,
1 mL 1% thiamine, and H2O to 1 L. Autoclave the basic solution
(121°C, 2 bar, 20 min) and allow to cool, then add 9.6 mL 1 M
phosphate buffer (81.3 g KH2PO4 and 78.7 g K2HPO4 in 500 mL
H2O pH 6.8), 40 mL of a 10% DL-malate solution pH 6.8 and
10 mL of a 10% (NH4)2SO4 solution (see Note 1).
6. PY medium: 10 g/L Bacto peptone (BD) and 0.5 g/L Bacto
yeast extract (BD). After sterilization (121°C, 2 bar, 20 min)
and cooling, add 2 mL/L of each 1 M MgCl2 and 1 M CaCl2,
as well as 2.4 mL/L of a 0.5% FeSO4 solution (supplemented
with 2 mL/L 37% HCl) are added to the medium. For biparental mating experiments with E. coli S17-1, this medium is
prepared without FeSO4 (see Note 2).
7. PYG buffer: 3 g/L Bacto peptone and 3 g/L Bacto yeast
extract. 2.5 mL/L of a 20% MgCl2 solution and 4 mL/L of a
7.5% CaCl2 solution are added after sterilization.
8. If necessary, antibiotics are added to culture media to a final
concentration of 25 μg/mL kanamycin, 10 μg/mL spectinomycin, or 200 μg/mL streptomycin.
9. Agar plates: Liquid media supplemented with 1.5% (w/v) agar.
For E. coli, add agar-agar (Carl Roth), or for R. capsulatus add
select agar (Invitrogen), to the media prior sterilization.
2.2. Vectors

1. pRhokHi-2 (Fig. 1): The PaphII expression vector contains a
broad-host-range origin of replication suitable for both R. capsulatus and E. coli, the aphII gene conferring resistance to
kanamycin as well as a MOB site for plasmid mobilization to
R. capsulatus. The expression of target genes cloned into the
multiple cloning site is under control of the PaphII promoter,
enabling constitutive expression at moderate levels. A His6-tag
downstream of the target gene allows for easy purification and
immunodetection by using affinity chromatography and specific His6-tag antibodies, respectively.
2. pRhotHi-2 (Fig. 1): The PT7 expression vector is identical to
pRhokHi-2 with exception of the orientation of the aphII gene.
A T7 promoter upstream and a T7 terminator downstream of
the multiple cloning site allow for T7 RNA polymerase dependent high-level expression of subcloned target genes.
3. pRhokHi-6 and pRhotHi-6, which are otherwise identical to
pRhokHi-2 and pRhotHi-2, respectively, harbor a spectinomycin resistance gene instead of a chloramphenicol resistance gene.
4. pRhokS-2 and pRhotS-2, which are otherwise identical to
pRhokHi-2 and pRhotHi-2, respectively, carry an alternative
DNA sequence encoding the StrepII-tag instead of His6-tag.
5. The properties of all pRho vectors are summarized in Table 1.
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Fig. 1. The Rhodobacter capsulatus pRho expression vectors. The pRhokHi-2 vector harbors the constitutive promoter of
the aphII kanamycin resistance gene (KmR) that facilitates moderate heterologous gene expression. By contrast, the
pRhotHi-2 vector allows the T7 RNA polymerase dependent high-level expression via the T7 promoter (PT7). Both vectors
carry an origin of replication (REP), an origin of transfer (MOB) and an additional chloramphenicol resistance gene (CmR).
The target gene can be cloned into the multiple cloning site (MCS) and is fused to a His6-tag.

Table 1
Properties of the pRho expression vectors
pRho vector

Promoter

Induction

Antibiotic resistance

Affinity tag

pRhokHi-2

PaphII

Constitutive

Km, Cm

His6

pRhokHi-6

PaphII

Constitutive

Km, Sp

His6

pRhokS-2

PaphII

Constitutive

Km, Cm

StrepII

pRhotHi-2

PT7

Inducible

Km, Cm

His6

pRhotHi-6

PT7

Inducible

Km, Sp

His6

pRhotS-2

PT7

Inducible

Km, Cm

StrepII

2.3. Solutions
for Preparation
of Competent E. coli
Cells and
Transformation

All solutions used for preparation of competent E. coli cells and for
transformation are sterilized at 121°C, 200 kPa, and 21 min.
1. Mg2+ solution: 500 mM MgCl2 and 500 mM MgSO4.
2. TMF buffer: 100 mM CaCl2, 50 mM RbCl2, and 40 mM
MgCl2.
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1. KH2PO4 wash solution: 0.01 M KH2PO4 pH 7.0.
2. SP resuspension buffer: 22 mM KH2PO4, 40 mM K2HPO4,
and 150 mM NaCl. If necessary, this buffer can be supplemented with protease inhibitor tablets (e.g., Complete, EDTAfree; Roche, 1 tablet per 50 mL).
3. SDS sample buffer: 1.25 mL of a 0.5 M Tris–HCl pH 6.8,
1.2 mL 87% glycerol, 3 mL 10% SDS, 0.5 mL β-mercaptoethanol, 0.6 mL 0.5% bromophenol blue solution, and 2.65 mL
Millipore water (see Note 6).
4. 20× NUPAGE running buffer (Invitrogen).
5. 20× NUPAGE blotting buffer (Invitrogen).
6. Coomassie blue staining solution: 0.1% (w/v) Coomassie
Brilliant Blue pigment (Serva) in 42% (v/v) ethanol (technical)
and 16% (v/v) acetic acid in H2O. The solution is reusable
several times.
7. Coomassie blue destaining solution: 20% ethanol (technical)
and 7% acetic acid in dH2O. The solution may be used several
times when filtered through active coal.
8. 20× TBS buffer: 60.5 g Tris, 87.6 g NaCl, and 2 g MgCl2 in
500 mL H2O. Adjust pH to 6.8 with HCl. Note that the components of the solution will not dissolve properly while at a pH
above 7.
9. TBST buffer: Dilute 50 mL of TBS buffer in 950 mL of H2O,
supplemented with 2% Tween 20 (Carl Roth).
10. ECL solution A: 37% hydrogen peroxide solution.
11. ECL solution B: 11 mg p-coumaric acid (Sigma-Aldrich) in
10 mL dimethylsulfoxide (DMSO).
12. ECL solution C: 50 mg Luminol sodium salt (Sigma-Aldrich)
in 500 mL 100 mM Tris–HCl pH 6.8. Store at 4°C.
13. Amidoblack staining solution: 0.1% (w/v) Amidoblack pigment (Merck) in 250 mL mixture of 45% ethanol (technical)
and 10% acetic acid. The solution is reusable several times;
store at room temperature (RT) in the dark.
14. PBS buffer: 4 mM KH2PO4, 16 mM Na2HPO4, and 115 mM
NaCl pH 7.4.
15. Reaction buffer: 100 mM NaCl, 5 mM MgCl2, and 100 mM
Tris–HCl pH 8.8.
16. NTB solution: 7.5% (w/v) Nitrotetrazolium blue in 70% (v/v)
dimethylformamide. Store at −20°C.
17. BCIP solution: 5% (w/v) 5-Bromo-4-chloro-3-indolylphosphate in dimethyl-formamide. Store at −20°C.
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2.5. Solutions
for Agarose Gel
Electrophoresis

1. 5× TBE buffer: 89 mM Tris–HCl pH 8.3, 89 mM borate, and
2.5 mM EDTA.

2.6. Commercial Kits

1. Plasmid DNA preparation: innuPrep Plasmid Mini Kit (Analytik
Jena).
2. DNA isolation from agarose gels: innuPrep DOUBLEpure Kit
(Analytik Jena).
3. Anti-His (C-term)-HRP antibody (Invitrogen).
4. Strep-Tactin® AP conjugate detection kit (iBA GmbH).

2.7. Enzymes

Enzymes are obtained from Fermentas and applied with buffers at
optimal reaction temperature:
1. Restriction enzymes: NdeI (10 U/μL), XhoI (10 U/μL).
2. T4 DNA Ligase: 1 U/μL.

2.8. DNA Ladder

1. GeneRuler 1 kb DNA ladder (Fermentas), 14 fragments (in
bp): 10,000, 8,000, 6,000, 5,000, 4,000, 3,500, 3,000, 2,500,
2,000, 1,500, 1,000, 750, 500, 250.

2.9. Protein Ladder

1. Precision Plus Protein Standard Dual Color (Bio-Rad), 10
bands (in kDa): 250, 150, 100, 75, 50, 37, 25, 20, 15, 10.

2.10. Devices

The devices described here may be replaced by alternative devices
with adequate specifications.
1. For anaerobic cultivation of R. capsulatus on solid media, the
Microbiology Anaerocult A system (Merck), consisting of airtight containers as well as gas packs to deplete atmospheric
oxygen, is used.
2. French Press cell disruptor (Thermo Scientific).
3. French pressure cell: 40 K, 1″ piston diameter (Thermo
Scientific).
4. Xcell SureLockTM electrophoresis cell with SDS PAGE and
Western blot appliances (Invitrogen).
5. NUPAGE 4–12% Bis-Tris ready to use gels (Invitrogen).
6. STELLA Imaging System (Raytest).

3. Methods
3.1. Restriction
of Vectors and Insert
Fragments

1. Hydrolyze 5 μg DNA (vector or PCR product) with 1.5 U of
each NdeI and XhoI in a total reaction volume of 50–100 μL
containing the appropriate reaction buffer for double digestion (for Fermentas enzymes: red or orange) (see Note 3).
2. Incubate reaction mixture at 37°C overnight (see Note 4).
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3. Inactivate the restriction enzymes by heat treatment (at 80°C
for 20 min).
4. Add 10 μL DNA sample buffer and apply the whole mixture to
agarose gel electrophoresis (Subheading 3.3).
5. Excise a gel slice with the DNA fragment of the appropriate
size (~6.6 kbp for vectors pRhokHi-2 and pRhotHi-2).
Purify the vector from the gel slice using the innuPrep
DOUBLEpure kit.
3.2. Cloning of DNA
Fragments into pRho
Plasmids

1. A DNA fragment containing the gene to be expressed in
R. capsulatus is obtained from plasmid or genomic DNA by
PCR amplification. Primers may be designed with standard
methods, but appropriate restriction sites have to be added to
each primer to clone the fragment into plasmids pRhokHi-2 or
pRhotHi-2: An NdeI-site has to be attached to the up-primer
that specifically binds at the 5¢-end of the target gene including
the start codon (see Note 5). Add at least six further bases to
the 5¢ end of the up-primer for optimal restriction of the PCR
product with NdeI. For the down-primer, design the primer
without the stop codon to fuse the gene product to one of the
short tag peptides and add an XhoI restriction site. For efficient
XhoI-digestion of the PCR product, extend this primer at the
5¢-end by at least three bases.
2. Amplify the desired gene by PCR.
3. Digest both the PCR fragment from step 2 and the target
vector separately by restriction with NdeI and XhoI
(Subheading 3.1). Purify the DNA fragments by elution from
an agarose gel using the innuPrep DOUBLEpure kit.
4. Use 5 μL each of a solution containing vector and insert for
agarose gel electrophoresis (Subheading 3.3). Estimate DNA
concentrations by comparison with DNA standards. For the
ligation reaction, calculate the ratio for fragment and vector
DNA using the following formula:
Mass fragment[ng] = (5 × mass vector[ng]
× fragment length[bp]) / (vector length[bp]).
Usually, 1 μL of vector DNA with the calculated amount
of insert DNA is sufficient for efficient ligation; however, at
low DNA concentrations, those volumes may be increased.
5. Mix insert and vector DNA in the calculated amounts and
dilute the mixture with Millipore H2O to a volume of 17 μL
(see Note 6). Add 2 μL 10× T4 DNA ligase buffer (Fermentas)
and 1 μL T4 DNA ligase (1 U/μL) and mix gently by pipetting
up and down.
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6. Incubate at RT for 2 h or at 16°C overnight. After incubation,
inactivate the ligase by heating to 65°C for 10 min.
7. Use the reaction mixture for heat shock transformation into
E. coli DH5α cells (Subheading 3.4.2).
8. Pick ten clones from the transformation plate and grow them
separately in 5 mL LB-medium containing kanamycin at 37°C
overnight. Harvest cells and isolate plasmid DNA using the
innuPrep Plasmid Mini Kit as indicated by the manufacturer.
Analyze a 5 μL aliquot of each isolated DNA sample for correct insertion of the recombinant gene by restriction with NdeI
and XhoI (Subheading 3.1) followed by separation on a 0.8%
agarose gel (Subheading 3.3). When cloning of the insert was
successful, two bands should be visible in the gel at the appropriate positions for vector (~6.6 Kb) and insert.
3.3. Agarose Gel
Electrophoresis

1. Agarose gel electrophoresis is performed according to a standard protocol and gels are stained with ethidium bromide (see
ref. 20).
2. Prepare a solution of 0.8% (w/v) agarose in TBE buffer. Boil
until the agarose has been completely dissolved. Disperse
10 μL of ethidium bromide per 50 mL into the solution.
3. Cast the gel and transfer it into the electrophoresis equipment.
Fill the electrophoresis chamber with 0.5× TBE buffer and
apply samples to different wells.
4. Agarose gel electrophoresis is performed at 100 V for 20 min
(time depends on gel size).
5. Ethidium bromide-stained DNA bands can be detected by
subjecting the gel to UV light.

3.4. Transformation
of Competent E. coli
Cells
3.4.1. Preparation
of Competent E. coli Cells

1. Transfer E. coli cells from a fresh LB master plate into 5 mL LB
medium and incubate overnight at 37°C with constant
shaking.
2. Prepare 100 mL LB medium supplemented with 2 mL Mg2+
solution in a 500 mL Erlenmeyer flask. Inoculate with 1 mL of
the preculture from step 1. Grow this culture to an optical
density (OD580 nm) of 0.4–0.6 and then keep it on ice during
all following steps.
3. Harvest cells by centrifugation (3 min, 4,500 × g, 4°C).
Resuspend the pellet in 50 mL TMF buffer which has been
precooled to 4°C. Incubate on ice for 30–60 min.
4. After a second centrifugation step, resuspend the cells in 10 mL
of chilled TMF buffer containing 20% (v/v) glycerol.
5. Divide the cell solution into aliquots of 200 μL each.
Competent cells may be stored at −80°C.
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1. Thaw one aliquot (200 μL) of competent E. coli cells (from
Subheading 3.4.1) on ice. Mix the E. coli cells with 100 μL
chilled TMF buffer where either a previously prepared ligation
mixture (Subheading 3.2) or 5 μL of isolated plasmid DNA
(20 ng) was added. Mix gently by pipetting up and down.
2. Incubate the mixture on ice for 30 min, then perform a heat
shock by transferring the reaction tube to a preheated thermo
block at 42°C. Keep the tube at this temperature for 2 min, then
remove the tube from the heating block and incubate it for
5 min on ice. Add 700 μL of LB medium without antibiotics.
3. Incubate the transformation tubes at 37°C for 2 h under constant shaking.
4. Centrifuge the cell suspension at 16,000 × g for 3 min at RT.
Remove 800 μL of supernatant and resuspend the cells in the
remaining liquid. Plate the cells on LB agar plates containing
kanamycin.

3.5. Conjugational
Transfer of Plasmid
DNA into R. capsulatus

Plasmids are transferred into R. capsulatus by conjugation; transformation does not work.
1. Two days before conjugation starts, streak the R. capsulatus
recipient strain on PY agar plates and incubate at 30°C for 48 h
under phototrophic conditions (i.e., anaerobically in the light,
Subheading 3.7.2). The day before conjugation, transform the
mobilizable plasmid (e.g., pRho vectors) into the E. coli donor
strain S17-1 (Subheading 3.4.2).
2. For conjugational transfer of mobilizable plasmids from E. coli
S17-1 to R. capsulatus, first completely scrape R. capsulatus
single colonies off the plate from step 1 and resuspend the cells
in 5 mL RCV medium by pipetting up and down until no cell
clumps remain. For a single conjugation approach, 1 mL of
this cell suspension is transferred to a 2-mL reaction tube.
3. Resuspend 20–30 single colonies of donor E. coli cells in 1 mL
iron-free PY medium. Handle the cells gently, since when
treated too roughly the cells might lose their pili, thus reducing conjugation efficiency.
4. Add 0.5 mL of E. coli suspension to the R. capsulatus cell
suspension.
5. Centrifuge for 10 min at 16,000 × g at RT. During centrifugation, prepare PY agar plates without antibiotic by placing a
sterile cellulose acetate filter (0.2 μm pore size, 25 mm diameter, Whatman) in the center of the plate.
6. After centrifugation, remove supernatant except for a small
volume to resuspend the cells. Again, resuspension has to be
carried out gently (e.g., via agitation with a pipette tip) to prevent
E. coli donor cells from shearing their pili. Transfer the whole
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resuspension volume onto the filter on the prepared PY agar
plate. Ensure to avoid spilling cell suspension from the filter to
the agar plate.
7. Incubate the plate overnight at 30°C in the dark.
8. Fill a 2-mL reaction tube with 1 mL RCV medium without
antibiotic. Transfer the filter with the cell suspension into the
tube. Ideally, the filter should neatly line the tube wall after
insertion, as any crumpling or folding could decrease resuspension efficiency. Vortex vigorously to remove the cell suspension from the filter (the vortex step immediately stops cell
conjugation). Use a pipette to break down any remaining cell
clumps.
9. Plate 250 μL of resuspension onto a PY agar plate selective for
the transferred plasmid. To avoid growth of the E. coli donor
strain on selective PY agar plates, 200 μL/mL streptomycin is
also added to the medium (see Note 7). Centrifuge the remaining cell suspension (10 min at 16,000 × g), remove most of the
supernatant and use the remaining supernatant to resuspend
the pellet. Plate 250 μL of this resuspension on a second selective PY agar plate.
10. Incubate the plates under phototrophic growth conditions
(Subheading 3.7.2) until red R. capsulatus colonies have
reached a diameter of about 1 mm (usually after 2–3 days of
inoculation).
3.6. Preparation
of R. capsulatus
Freeze Cultures

1. Recombinant R. capsulatus strains can be stored for several
years at −20°C. First, prepare a phototrophically grown PY agar
plate with the desired R. capsulatus strain (Subheading 3.7.2).
2. Harvest the cell material from whole plate and resuspend it in
3 mL RCV medium without antibiotic.
3. Centrifuge 1.5 mL of the cell suspension at 16,000 × g for
10 min. Remove supernatant with a pipette and resuspend the
pellet in 1 mL PYG buffer.
4. Divide the cell suspension in two sterile 2 mL reaction tubes.
Add 0.75 mL of 87% glycerol to each sample and mix by inverting the tube several times until the cell suspension is completely
dispersed in the glycerol.
5. Store R. capsulatus freeze cultures at −20°C (see Note 8).

3.7. Cultivation
of R. capsulatus
3.7.1. General Remarks

1. R. capsulatus is a facultative phototrophic bacterium. It can be
cultivated either under chemoheterotrophic conditions (i.e.
aerobically in the dark) or phototrophic conditions (i.e., anaerobically in the light) (see Note 9).
2. For growth of R. capsulatus on solid media, PY agar plates are
used. Growth in liquid medium is usually carried out in RCV
medium.
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3. As mentioned above, both R. capsulatus B10S and B10S-T7
are streptomycin resistant. Thus, beside contraselection against
the E. coli donor strain after conjugation, 200 μL/mL streptomycin can also be added to PY medium (solid or liquid) to
avoid contamination. In RCV minimal medium, however, this
antibiotic is omitted as it may pose too much stress on the
cells.
4. The optimal cultivation temperature for R. capsulatus is 30°C.
Deviations from this temperature may severely hamper cell
growth.
5. To assess cell density, the optical density of a liquid culture is
measured at a wavelength of 660 nm (OD660) (see Note 10).
3.7.2. Cultivation on Solid
Medium

1. As solid medium, PY agar plates are used.
2. Streak a small amount of R. capsulatus cell mass onto the
plate.
3. Plates of R. capsulatus can be either incubated under aerobic
conditions by placing them in an appropriate cell incubator
in the dark or phototrophic conditions. For phototrophic
growth, the plates are placed in a gas-tight jar (Fig. 2a) (e.g.,
Microbiology Anaerocult A system, Merck). Here, a disposable gas generating envelope (Gas Pack for Microbiology
Anaerocult A system, Merck) can be used for the generation of
an anaerobic environment. Therefore, douse the powder in the
gas pack evenly with 15 mL of distilled water, put it into the jar
and close the jar (see Note 11). Place the jar between six customary 60 W light bulbs for proper illumination.
4. In both cases, incubation is carried out at 30°C for 48–72 h.

3.7.3. Preparation
and Growth
of R. capsulatus
Precultures

1. For inoculation of expression cultures (i.e., the main culture
within an expression experiment), first prepare a 10 mL
preculture.
2. Fill an appropriate volume of RCV medium into a Hun gate
anaerobic reaction tube (Fig. 2b). If necessary add antibiotics
for the stable maintenance of explicative plasmids (e.g.,
kanaymcin for pRho vectors).
3. Pick a single colony from freshly grown R. capsulatus master
plates (Subheading 3.7.2). Resuspend the cells in the RCV
medium by pipetting up and down.
4. Incubate the precultures as instructed for anaerobic cultivation
(Subheading 3.7.5).
5. After incubation, measure the optical density (OD660) of the
preculture. Calculate the volume of preculture necessary to
inoculate the subsequent expression culture with a cell density
corresponding to an OD660 of 0.02 (see Note 12).
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Fig. 2. Phototrophic growth of Rhodobacter capsulatus. A variety of different gas-tight
containers may be used for anaerobic incubation of R. capsulatus. Cultivation on solid
medium is carried out in gas-tight anaerobic jars (Merck) equipped with oxygen-depleting
packs (a). For cultivation in liquid medium, diverse vessels such as Hungate tubes (b), bottles
(c), or flat-panel reactors (custom-made, d) may be used depending on culture volume.

3.7.4. Cultivation
of R. capsulatus
Expression Cultures
Under Aerobic Conditions

1. Prepare a sterile 1 L Erlenmeyer flask containing 100–200 mL
RCV liquid medium supplemented with kanamycin.
2. Inoculate the expression culture from an anaerobic preculture
(Subheading 3.7.3) to an OD660 of 0.02. For T7-dependent
expression, add 12 mM fructose to the medium as an inducer
(see Note 13).
3. Grow the aerobic cultures at 30°C in a microbiological incubator (shaking frequency 100 rpm) in complete darkness to a
maximum OD660 of 1. If necessary, wrap aluminum foil around
the cultivation flask to avoid illumination of the cultures.
4. Harvest cells by centrifugation for 20 min, at 6,000 × g and RT.

3.7.5. Cultivation
of R. capsulatus
Expression Cultures Under
Phototrophic Conditions

1. For anaerobic cultivation of R. capsulatus, various gas-tight vessels can be used (Fig. 2b–d). Small volumes (up to 15 mL) are
cultivated in Hun gate anaerobic tubes that can be sealed with
a screw cap and a rubber septum. Larger volumes (up to 2 L)
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are cultivated in appropriate bottles or Erlenmeyer flasks sealed
with rubber plugs with septum. To avoid self-shading, flat panel
bioreactors can be used. We are using self-made 600-mL bioreactors with a width of 1 cm that are also closed by rubber-sealed
screw caps (Fig. 2d). All kinds of containers may usually be
filled to maximum volume as oxygen availability is not an issue
under anaerobic conditions (see Note 14).
2. Inoculate the culture from an anaerobic preculture
(Subheading 3.7.3) with a cell density according to an OD660
of 0.02. For T7-dependent expression, add 12 mM fructose to
the medium as an inducer (see Note 13).
3. Seal the vessel by a gas-tight screw cap with rubber septum
(Hungate tubes and flat panel reactors) or a rubber plug with
septum (Erlenmeyer flasks and bottles).
4. Attach a flexible tube to an argon source and add an injection
needle to the free end of the tube. Use the injection needle to
pierce the septum of the gas-tight vessel. Add a second injection needle to the septum to create an outlet for excess gas.
Flush gas through the septum into the vessel for 5–10 min
(depending on the size of dead volume) to exchange all oxygen in the gas phase by argon (see Note 15).
5. Incubate the expression cultures phototrophically by illuminating them with six 60 W light bulbs (~2,500 lux) on the bench.
At constant RT, the heat emitted by the light bulbs might be
sufficient to incubate the cultures at 30°C without further technical equipment. In that case, temperature within the cultivation vessel should be controlled frequently. If the diameter of
the cultivation vessel exceeds 1 cm, the culture can be stirred
slowly during incubation to reduce self-shading effects.
6. Harvest cells by centrifugation for 20 min, at 6,000 × g and RT
(see Note 16).
3.8. Analysis of Protein
Accumulation
in R. capsulatus
Expression Strains
3.8.1. Disruption
of R. capsulatus Cells via
French Press

1. After harvesting the R. capsulatus cells from expression cultures, wash the cells two times with 0.01 M KH2PO4 buffer
pH 7.0.
2. Resuspend the cell pellet in a small volume of SP buffer supplemented with protease inhibitor. Dilute the cell suspension to a
volume of maximum 30 mL depending on the optical density
of the respective culture (the final cell density should correspond to an OD660 of 5). Higher cell densities (up to OD660
10) will result in lower disruption efficiency, but will increase
protein concentration in the final homogenate.
3. Assemble the French Press cell (Thermo Scientific) according
to manufacturer’s instructions. Insert the disruption cell into
the French Press device and set up the device to a pressure of
550 bar (“high”).
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4. Pull sample into the French Press cell via the inlet/outlet tube.
5. Slowly press the sample back into the sample tube. Ensure that
the pressure never drops below 550 bar by careful regulation
via the adjusting screw.
6. Repeat steps 4 and 5 five times. The sample should appear as a
transparent reddish solution.
3.8.2. Cell Fractionation

1. To separate soluble from insoluble and membrane bound
proteins, first centrifuge cell lysates (Subheading 3.8.1) at
2,500 × g for 5 min, at 4°C. The resulting pellet comprises cell
debris, undisrupted cells, and proteins that aggregated in
insoluble inclusion bodies. The supernatant contains soluble
and membrane proteins.
2. Centrifuge supernatant by ultracentrifugation at 135,000 × g,
and 4°C, for 1 h. The supernatant comprises soluble proteins,
while the pellet exclusively contains proteins bound to the cell
membranes.

3.8.3. Protein Sample
Preparation for SDS-PAGE

1. Prepare a 100 μL aliquot from either whole cells (washed twice
with KH2PO4-solution) or cell lysate (Subheading 3.8.1) and
cell fractions (Subheading 3.8.2) containing a cell density corresponding to an OD660 of 2–3 (see Note 17).
2. Add 100 μL of SDS sample buffer and mix by pipetting.
3. Boil the sample at 100°C for 12 min while shaking vigorously.
Sample tubes should be tightly closed at all times to prevent
vaporization of the samples.
4. Let the sample cool to RT for 5 min, then spin down the condensed water collected under the lid. Vortex the sample briefly.
5. Samples can be used instantly for SDS-PAGE (Subheading 3.8.4)
or may be stored at −20°C (when stored, repeat this protocol
from step 3 prior to electrophoresis). Sometimes, a centrifugation step (5 min at 14,000 × g and RT) is necessary before
loading the samples on a gel, as nonprotein material may interfere with clean separation.

3.8.4. SDS Polyacrylamide
Gel Electrophoresis

1. Prepare a NUPAGE 4–12% Bis-Tris ready to use gel (Invitrogen)
in a Xcell SureLockTM electrophoresis cell and fill the buffer
chamber of the cell with 500 mL NUPAGE running buffer
(Invitrogen).
2. Apply 10 μL samples and protein marker on the gel and run
the protein gel electrophoresis at 200 V until the blue band
reaches the bottom of the gel (see Note 18).
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3. Remove the gel from the plastic casing and wash it briefly in
dH2O. The gel may be used for Western Blot (Subheading 3.8.5)
and subsequent immunodetection of tagged proteins
(Subheading 3.8.6). Alternatively, the gel may be stained by
Coomassie Blue (proceed with step 4).
4. Incubate the gel in Coomassie Blue staining solution for
20 min. Shake gently during staining. Rinse the gel with distaining solution once, then incubate the gel in distaining solution overnight on a shaking platform at RT and photograph
for documentation.
3.8.5. Transfer of Proteins
onto PVDF Membranes
(Western Blot)

1. Equilibrate the PVDF membrane (Bio-Rad) in methanol for
1 min and then transfer the membrane into 20 mL of NUPAGE
transfer buffer (Invitrogen).
2. Assemble the blotting sandwich and chamber (Xcell SureLockTM
electrophoresis cell with blotting appliance) as instructed by
the manufacturer. Fill the chamber with 800 mL of transfer
buffer and blot for 1 h at 25 V.
3. Disassemble the blotting chamber and retrieve the membrane. Proceed with the immunodetection procedure
(Subheading 3.8.6) or stain the transferred proteins by incubating the membrane in Amidoblack solution for 10 min,
followed by air-drying on the bench.

3.8.6. Immunodetection
of Heterologous Proteins
3.8.6.1. Immunodetection
of His6-Tagged Proteins

1. After Western blotting incubate a PVDF membrane with transferred proteins (Subheading 3.8.5) in TBST solution containing 1.5% skim milk powder for 2 h at RT to block free binding
sites of the membrane. Alternatively, incubation may be carried
out at 4°C overnight (see Note 19).
2. Wash membrane briefly in TBST buffer.
3. Incubate membrane in 25 mL TBST buffer containing AntiHis (C-term)-HRP antibody (dilution 1:5,000, v/v) for 1 h
under constant shaking. Ensure that the membrane is completely covered by the antibody solution during the
procedure.
4. Wash the membrane by shaking it in 25 mL of TBST buffer
several times. Do first wash for 15 min and subsequent ones for
5 min to remove free antibodies.
5. Place the membrane in a clear petri dish. Mix 0.3 μL of ECL
solution A, 100 μL of ECL solution B and 1 mL of ECL solution C in a reaction tube. Disperse the mixture over the membrane several times; ensure that the membrane is completely
and evenly covered.
6. Chemiluminescence of the antibody-labeled recombinant protein
can be detected by a chemiluminograph (e.g., STELLA system,
Raytest).
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3.8.6.2. Immunodetection
of StrepII-Tagged Proteins

For the immunodetection of StrepII-tagged proteins the Strep-Tactin®
AP conjugate detection kit (iBA) is used.
1. After Western blotting incubate a PVDF membrane with
transferred proteins (Subheading 3.8.5) in PBS solution
containing 3% BSA and 0.5% Tween 20 (v/v) for 1 h at RT to
block free binding sites of the membrane. Alternatively, incubation may be carried out at 4°C overnight.
2. Wash membrane three times in PBS buffer containing 0.1%
(v/v) Tween 20.
3. Incubate membrane in 10 mL PBS buffer with 2.5 μL StrepTactin alkaline phosphatase conjugate antibody (dilution
1:4,000, v/v) for 1 h under constant shaking. Ensure that the
membrane is completely covered by the antibody solution during the procedure.
4. Wash the membrane twice for 1 min in PBS buffer containing
0.1% (v/v) Tween 20 to remove free antibodies.
5. Wash the membrane twice for 1 min in PBS buffer to remove
the detergent.
6. Place the membrane in a clear petri dish. Mix 20 mL reaction
buffer with 10 μL NBT solution and 60 μL BCIP solution in
a reaction tube.
7. Incubate the membrane in the reaction solution until purple colored signals appear. Proceed with the chromogenic reaction until
optimal signal-to-background ratio is achieved (see Note 20).
8. Stop the reaction by washing the membrane either several
times with distilled water or rinse the membrane in distilled
water until all reaction solution is removed.
9. Air-dry the membrane and store it in the dark.

4. Notes
1. Addition of the listed components before cooling-down leads
to irreversible precipitation. (NH4)2SO4 is the standard nitrogen source used in most experiments. In the literature, serine
is described as a substitute nitrogen source (applied at the same
concentration); note however, that the use of serine results in
slower growth and activation of the enzyme nitrogenase,
resulting in production of high amounts of hydrogen gas that
might lead to explosion of gastight glass vessels (risk of injury!).
In this case, a dead volume of about one third of the culture
vessel should be maintained.
2. This is important since E. coli is not able to survive on high
iron concentrations.
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3. While the NdeI site has to be used for cloning to ensure the
optimal distance between gene and ribosome binding site, the
XhoI site may be exchanged by another site for a single cutting
enzyme present within the multiple cloning site (BamHI,
SacI, SalI, or HindIII). In this case, modify the primer design
and restriction procedures according to the new enzyme
combination.
4. Some enzymes may exhibit star activity at high concentrations
and long incubation times. Check information of manufacturer
for the chosen enzymes. If star activity is an issue, reduced
enzyme concentrations and incubation times may prevent its
occurrence. However, this might require to separate restriction
reactions for both enzymes involved.
5. The ATG start codon of the target coding region has to be
part of the 6-bp recognition site of NdeI: CATATG.
6. Millipore water is a registered trademark for water purification
systems manufactured by Millipore providing water with a
conductance of 18.2 mΩ at 25°C. After sterilization (121°C,
2 bar, 20 min) store at 4°C.
7. We generally use R. capsulatus strains that base on strain B10S,
a spontaneous streptomycin resistant mutant of R. capsulatus
wild type strain B10 (18).
8. In contrast to E. coli, R. capsulatus does not survive storage at
−80°C.
9. Illumination of R. capsulatus in the presence of oxygen leads
to photooxidative processes that might cause cell death.
10. This is an important issue because R. capsulatus produces photopigments under phototrophic growth conditions that absorb
light at the standard wavelength for measuring bacterial cell
densities (λ = 580 − 600 nm), which affects correct determination of cell density.
11. Activation of the gas pack by addition of water, placing in the
jar and closing of the container has to be carried out quickly to
avoid exhaustion of the gas pack before the jar is closed. For
the same reason, do not reopen the jar once closed, as the generated anaerobic environment will be lost.
12. Within the stationary growth phase, dead cells of the preculture are forming a dark layer at the bottom of the Hungate
reaction tube. Thus, do not mix precultures after incubation.
Use cell suspension from the upper phase of the culture for cell
density measurements and inoculation.
13. In most cases, best expression efficiencies were observed when
the inducer fructose was directly added to the medium.
However, in some cases, it might be beneficial to allow cells to
grow to the logarithmic growth phase prior induction of
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heterologous gene expression. In this case, add fructose when
the cultures have reached a cell density corresponding to an
OD660 of 0.4–0.6.
14. Although maximal filling of cultivation vessels is generally sufficient to exclude oxygen from cultures, it might be advantageous to flush the cultures with argon or nitrogen to remove
all traces of oxygen and to facilitate the sampling process.
15. When argon is not available, nitrogen may be used as an alternative gas. However, in contrast to nitrogen argon gas exhibits
a higher density than air and will form a layer above the culture
surface preventing contact with oxygen. Therefore, when using
nitrogen gas, ensure that the containers are completely airtight as otherwise R. capsulatus will not grow.
16. Some heterologously expressed proteins may be subjected to
proteolytic degradation, resulting in low protein yields when
the cells are grown to stationary phase. In that case, higher
protein yields may be achieved within the logarithmic growth
phase (OD660 £ 1).
17. Low-level expression may require aliquots with higher protein
concentrations.
18. If protein concentration is low in the samples, higher sample
volumes can be used.
19. When levels of heterologous proteins are low, decrease skim
milk concentration in the TBST buffer to 1% or 0.75%.
20. Signal and background generally bleach after air-drying. As the
background bleaches far more than the signal, it is recommended to stop the reaction when the signal is distinct, regardless of the background being stained as well.
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Chapter 14
Plasmid DNA Production for Therapeutic Applications
Alvaro R. Lara and Octavio T. Ramírez
Abstract
Plasmid DNA (pDNA) is the base for promising DNA vaccines and gene therapies against many infectious,
acquired, and genetic diseases, including HIV-AIDS, Ebola, Malaria, and different types of cancer, enteric
pathogens, and influenza. Compared to conventional vaccines, DNA vaccines have many advantages such
as high stability, not being infectious, focusing the immune response to only those antigens desired for
immunization and long-term persistence of the vaccine protection. Especially in developing countries,
where conventional effective vaccines are often unavailable or too expensive, there is a need for both new
and improved vaccines. Therefore the demand of pDNA is expected to rise significantly in the near future.
Since the injection of pDNA usually only leads to a weak immune response, several milligrams of DNA
vaccine are necessary for immunization protection. Hence, there is a special interest to raise the product
yield in order to reduce manufacturing costs. In this chapter, the different stages of plasmid DNA production are reviewed, from the vector design to downstream operation options. In particular, recent advances
on cell engineering for improving plasmid DNA production are discussed.
Key words: DNA vaccines, Plasmid DNA, pDNA, Cell engineering, Minicircles

1. Introduction
Plasmids are extrachromosomal DNA present in archaea, bacteria,
and some yeast with at least one origin of replication (ori), at which
the plasmid replication starts independently of the chromosomal
DNA. Plasmid DNA codes for additional genetic information such
as resistances against antibiotics, heavy metals, or UV light. They
also can code for enzymes participating in the catabolism of unusual
substrates or can confer the possibility to form surface antigens,
antibiotics, or toxins. Plasmid sequences like the fertility factor
allow passing plasmids from one cell to another via conjugation.
Hence, microorganisms receive advantages from the additional
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capacities encoded in the acquired plasmids. During the last
40 years, plasmids have played a crucial role in the development of
biotechnology, being probably the molecular tool most widely
used for DNA manipulation, transfer, and gene expression in a
variety of microorganisms and animal cells (1). In the field of pharmaceutical biotechnology, plasmids are essential to produce heterologous proteins. Such proteins should substitute defective proteins
present in the patient, or provide a lost function due to lack of the
natural active protein. An alternative to treat diseases related to
defective production of a protein, or missing genetic information,
is the administration of the gene of interest to the patient, a strategy that is known as gene therapy or genetic medicine. The underlying concepts of gene therapy date back to the 1960s. In the early
1990s the transfer of genes to humans was reported (2). Since
then, gene therapy and genetic vaccination have attracted much
attention.
Gene therapy and DNA vaccination require the identification
of the gene or genes related to a particular disease (inherited or
acquired), the fabrication of a therapeutic gene, the design of a
molecular vector (and its formulation), and the introduction of the
gene into the patient (Fig. 1). When the gene is expressed in the
patient, the correct protein is expected to be formed and function.
Hence, problems related to recombinant protein production, such
as complex glycosylation, are eliminated. There exist several possible vectors to introduce the genetic information into human cells.
The most relevant are virus (adenovirus or retrovirus) and plasmid
DNA (pDNA), which can be used in aqueous solution (naked) or
included in lipids or other formulations.
Until now, over 1,500 clinical trials of human gene therapy
with more than 220 genes in almost 30 countries have been carried
out since the first gene therapy trial was conducted (3). More than
60% of the trials have been performed in the USA and almost 30%
in Europe. As shown in Table 1, pDNA plays a very important role
as a vector for gene therapy and DNA vaccination. Almost 20% of
the trials for human gene therapy have been based on naked pDNA,
whereas lipofection (which also requires pDNA production) counts
for 6.6% of the trials. Together, both approaches represent nearly
25% of the techniques used in clinical trials.
The highly efficient transfection machinery of viruses makes
them a very important tool for gene therapy. Indeed, they represent about 50% of the vectors used in current trials (Table 1).
Although expression of the therapeutic gene following transfection with viral vectors is significantly higher than that using pDNA,
the direct use of plasmid has important advantages over viruses.
For instance, compared to retrovirus vectors, pDNA presents
decreased risk of integration of the foreign DNA into the human
chromosomes (4).
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Fig. 1. Overview of the main steps for pDNA vaccine design and production.

Table 1
Vectors used for gene therapy trials worldwide
Gene delivery vector

Number of trials

% of trials

Adenovirus

392

23.8

Retrovirus

341

20.7

Naked/plasmid DNA

301

18.3

Lipofection

109

6.6

Vaccinia virus

102

6.2

Others

399

24.4

Data source: The Journal of Gene Medicine (John Wiley & Sons) (3)
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Isolated cases of safety issues were reported for early clinical
trials based on retroviral vectors, such as severe immune and
inflammatory response that led to the death of one patient (5).
Another advantage of pDNA is that the gene size is not limited
to the size of the viral capsid. The immune response of pDNA
when used for vaccination is usually lower than that of viral vectors. Hence, large amounts of pDNA are necessary for a successful immunization. However, such drawback can be overcome by
using different adjuvants (6, 7) and/or gene delivery methods
such as needle-free jet injection, electroporation/electro pulses
or a gene gun (8–10). Since pDNA is produced in bacterial cultures, all the accumulated knowledge with such systems can be
readily applied to manufacture processes. In comparison to animal cell cultivations, needed for viral vectors production, microbial processes are faster, easier and more information exists on
scaling-up issues.
The Food and Drug Administration of the USA (FDA)
defines DNA vaccines as “purified plasmid preparations containing one or more DNA sequences capable of inducing and/or
promoting an immune response against a pathogen” (11). For
a plasmid DNA vaccine, the target DNA sequence is cloned into
a plasmid under the control of a eukaryotic promoter. After
purification of the plasmid DNA, the final vaccine is injected
into the recipient, where the target DNA sequence is expressed
by the eukaryotic promoter. The recipient should then generate
a symptom-free immune response to the plasmid-encoded
immunogen.
In current clinical trials based on pDNA, the immunization
against or the treatment of some severe illnesses, especially of cancer and cardiovascular diseases, is investigated, including malignant
melanoma, pancreatic carcinoma, renal cell carcinoma, critical limb
ischemia, and coronary heart disease. In addition, pDNA as a vector also holds great potential against infectious, monogenetic, and
neurological diseases such as HIV (1), hepatitis B, influenza,
Huntington’s disease, hemophilia, multiple sclerosis, and diabetic
neuropathy (Table 2). In 2005, the first DNA vaccine was released
for immunization of horses against the West Nile Virus (12). Today,
in the veterinary field, five medical applications (four of them for
vaccination purposes) based on pDNA have already been approved
for clinical use (13).
The discussed information allows estimating a growing
demand for pDNA in the near future. In this chapter, details
about pDNA vectors construction, bacterial strain selection, and
modification will be analyzed, with an emphasis on the interaction of host–vector, bacterial physiology, and culture methods.
Finally, developments in pDNA purification and delivery will be
shortly reviewed.
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Table 2
Clinical trials for pDNA-based gene therapy for selected diseases
Disease type

Examples of applications

Cancer:

Malignant melanoma, pancreatic carcinoma, renal cell carcinoma, headand neck-squamous cell carcinoma, metastatic carcinoma, breast cancer,
lymphoma, leukemia, prostate carcinomas, lung cancer, multiple
myeloma, malignant glioma, colorectal cancer

Cardiovascular diseases:

(Critical) limb ischemia, coronary heart disease, peripheral artery occlusive
disease, angina

Infectious diseases:

HIV(1), hepatitis B, tetanus, influenza

Monogenetic diseases:

Huntington’s disease, hemophilia

Neurological diseases:

Multiple sclerosis, diabetic neuropathy

Others:

Retinitis pigmentosa (progressive retinal dystrophy), type I diabetes,
erectile dysfunction, hip fracture, pulmonary hypertension

Data source: The Journal of Gene Medicine (John Wiley & Sons) (3)

2. Considerations
for the Design
of Plasmids
for Gene Therapy
and Vaccination
2.1. Basic Concepts on
Plasmid Replication

After a target gene has been defined, it is inserted into a plasmid
(Fig. 1). The plasmid is then used as vector to introduce the genetic
information into the patient’s cells. Plasmids are autonomously
replicating, circular DNA that often code additional (metabolic)
capabilities in some unicellular organisms, such as resistance to
antibiotics, heavy metals, and toxic anions. Plasmids for therapeutic applications are commonly produced in bacterial cultivations;
therefore, it is necessary to preserve all the needed elements for
their replication in the microorganism. A constant concentration
of intact plasmids per cell is maintained actively by the plasmids
themselves, by means of a plasmid-encoded repressor (negative
active control). Replication control takes place at the level of the
initiation of the leading strand synthesis by auto-repression: An
unstable repressor protein (Cop), which is constantly expressed
from the plasmid, inhibits the formation of a part of the initiation
complex (such as initiator proteins -Rep- or primers) in case the
plasmid concentration is too high (14).
The inhibitor dilution model describes that at a certain plasmid
concentration equilibrium is established between the degradation
and synthesis of the Cop protein. Since the Cop protein is unstable, its concentration rapidly decreases in case the plasmid concentration decreases, e.g., when the cell grows. As a result the Rep
protein expression is no longer inhibited and plasmid replication is
reestablished. The increasing plasmid number again leads to a
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higher Cop protein concentration that upon reaching a critical
concentration will again inhibit plasmid replication (14).
The most commonly used plasmids for gene therapy and vaccination are derived from ColE1 plasmid from Escherichia coli.
Initially, the selection of such plasmid backbones was based on the
positive results for recombinant protein production (15). The origin of replication of ColE1 plasmids confers a relatively low copy
number (20–40 copies per cell). Regulation of ColE1 plasmid
involves several molecules coded by about 600 bases of its own
sequence. Plasmid ColE1 replicates via the theta mechanism (name
derived from the structural similarity to the Greek letter θ of the
two DNA strands during the replication). Bidirectional replication
begins at the site oriV (16), and is not dependent on a plasmidencoded Rep protein. The primer that leads strand replication is
formed by RNAII, a transcript from the plasmid. ColE1-type plasmid replication is initiated by stable, host-encoded proteins, which
allow plasmid replication to continue for a significant time even
without synthesizing new proteins (unlike other plasmids which
need permanent synthesis of the unstable Rep protein). The primer
for plasmid replication, RNAII, needs to fold in its active form and
bind to its complementary DNA strand in order to initiate plasmid
replication. Here replication control takes place by the molecule
RNAI, which binds to RNAII and inhibits firstly the correct folding
of RNAII and consequently the binding of RNAII to the complementary DNA strand (16). A further part of the replication control
system is the RNA one modulator (Rom) protein, which increases
the binding speed of RNAI. RNAI is unstable with a half-value
period (t1/2) of 2 min and hence is synthesized very fast (14).
Replication of ColE1-type plasmids normally requires RNase
H for cutting out the DNA primer. The elongation of the new
DNA strand is carried out by DNA polymerase I by connecting
complementary nucleotides with a transcription rate of about 60
nucleotides per second at 37°C (14). Additionally, there is an alternative way for replication without the need of RNase H and DNA
polymerase I: RNAII hybridizes to the DNA and then displaces
the non-transcript strand while extending. Further on, a helicase
unwinds the plasmid DNA (14, 17, 18).
A preferred origin of replication, derived from ColE1 is present in the pUC family, in which the ori gene has a mutation in a
single base, affecting RNA sequences that control the replication
of the plasmid (19). Additionally, the pUC plasmids do not contain the rop gene, which exerts control mechanisms to keep the
copy number low. With such modifications, pUC plasmids can
reach copy numbers of more than 500 copies per cell (20). An
important exception to the ColE1 origin of replication for pharmaceutical use is the design reported by Soubrier et al. (21), who
reported the use of a conditional origin of replication that also
requires molecular modifications in the host. This particular example will be discussed below.
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2.2. Selectable
Markers

As the plasmid is inserted into a bacterium, a means to selectively
cultivate plasmid-bearing population is needed. Traditionally, the
selectable marker for this purpose has been a gene coded in the
plasmid that confers resistance to an antibiotic. Although
β-lactamase is a commonly found marker in a variety of plasmids
(providing resistance to bacterial lytic penicillin-based antibiotics),
the use of this antibiotic is undesirable in technical cultivations, since
the enzyme degrades the antibiotic and hence the effectiveness of the
marker decreases with cultivation time. The presence of penicillinbased antibiotics is also undesirable, since this antibiotics are used
in humans to treat a variety of infections, and if the antibiotic is not
completely removed during plasmid purification, antibiotic resistance could be favored and in other cases, allergic reactions could
occur (22). This is also the case of bacteriostatic resistance marker
such as tetR (20). The tetracycline selection marker can also be
toxic to E. coli (the most common host used for pDNA production) under certain conditions (23).
For plasmids used in gene therapy and vaccination, the preferred antibiotic resistance marker is the TN903 gene, coding for
an aminoglycoside enzyme that confers resistance to kanamycin.
As kanamycin is not widely used in humans, a lower risk of allergic
responses than other antibiotics is expected. However, in general,
the introduction of antibiotic resistance into the plasmids is an
undesirable characteristic. Current developments on the design of
safer resistance marker are discussed below.

2.3. Elements
for Eukaryotic
Expression

Once the plasmid has reached the nucleus of the target cell, the
therapeutic gene should be expressed. Therefore, the plasmid must
contain the necessary elements for expression in human cells. The
therapeutic gene sequence should be optimized in terms of the
codons preferably used by the host organism. A proper promoter
should be used to express the therapeutic gene, being the viral
promoters CMV, RSV, and SV40 the most widely used (20).
However, these promoters may not be the best option in a near
future. For instance, it has been demonstrated that the use of the
promoters from the human polyubiquitin C (UbC) and the elongation factor 1α (EF1α) genes result in persistent gene expression
in the mouse lung, lasting up to four times more than using viral
promoters (24). In the case where more than one therapeutic gene
is included in a vector, bidirectional promoters can be introduced.
For a review, see Müller et al. (25).
The plasmids taken into clinical trials also contain polyadenylation/termination sequences coupled to termination and processing of the therapeutic gene. These sequences are usually derived
from the rabbit β-globin or bovine growth hormone genes (13,
20). The use of synthetic or SV40 signals increase the half-life of
plasmids in cell lysates (26), which is desirable for extending the
potency of a plasmid-based drug. Recent advances also include
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extra sequences to improve the efficacy of the therapeutic gene,
such as antigen-targeting sequences (promoting protein transport
to the extracellular space) (27). It is assumed that no extrachromosomal elements for expression of the therapeutic gene are
necessary and thus no extra information is contained in the plasmid.
Common plasmid backbones used for gene therapy and vaccination
include (but are not limited to) pVAC, pDNAVACultra, pcDNA,
and pCMV (28).
2.4. Structural
Characteristics
of Plasmids

The structural characteristics of plasmids are important from a
therapeutic point of view, since stability and efficacy depend in part
of the topology of the plasmid. The topology of the produced
plasmid is also dependent on several physiological characteristics of
the production host, which will be reviewed in Subheading 3
of this review chapter.
Double-stranded DNA can exist in several conformations,
know as A, B, and Z, depending on the hydration level, sequence,
chemical environment, and coiling (29, 30). The A-DNA form is
a wider right-handed spiral, with a shallow, wide minor groove
and a narrower, deeper major groove, compared to B-DNA. If there
are methylated segments, a major change in conformation can
occur, in which the strands turn left-handed around the helical
axis, opposite to the spiral direction of the B-DNA conformation.
This form, named Z-DNA can be recognized by specific binding
proteins and is probably involved in transcriptional regulation
(31). From the described forms, B and Z are the most commonly
found in the cell (32).
Due to the circular nature of plasmids, other structures such as
knots, and links with other plasmid molecules (known as catenanes),
can be present (33). Concatamers can also exist, consisting in
multimeric concatenations of several plasmid molecules, formed
normally after replication by homologous recombination (14).
Therefore, the formation of multimers depends on the sequence of
the plasmid.
Most of the plasmids produced by bacteria are packed in a very
compact form. This form is known as form I or closed circular,
since each DNA strand is closed on itself, thus linking the two
strands of the DNA double helix. The breakage of one DNA strand
by nucleases or mechanical stress results in an open circular form
by loss of the molecular coiling (34).
The linking number (Lk) describes the number of intersections
between one strand and a spanning surface, defined by the other
strand. By convention, Lk is positive for right-handed double helix
(33). The value of Lk (which should be an integer, positive or negative) is usually very close to the number of base pairs in the molecule (N) divided by the number of base pairs per double-helix
turn in linear DNA under given conditions (γ), a factor also known
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as Lk0 (Lk0 = g/N) (33). The properties of closed circular pDNA
can be better described by the linking number difference (ΔLk),
defined as:
ΔLk = Lk −

γ
.
N

(1)

If ΔLk ¹ 0, closed circular pDNA is assumed to be supercoiled.
This name arose from the fact that the stress resulting from the
supercoiled condition leads to a spatial deformation of the helix axis,
forming a helix of higher order, also known as “superhelicity” (33).
Alternatively, the value of superhelical density (σ) is also used
to describe the topology of the plasmid. This is a normalized value
of ΔLk, and is defined by (2):
σ=

ΔLk γ·ΔLk
=
.
Lk0
N

(2)

Supercoiled pDNA has the advantage of displaying a reduced
size. Supercoiling is an active, energy consuming process controlled
by DNA gyrase, a type II topoisomerase (35). Energy is supplied
by ATP hydrolysis. Intracellular relaxation of supercoiled pDNA
can also occur, mediated by topoisomerase I, without the need for
ATP. With both enzymes acting in an antagonistic way, a constant
level of pDNA supercoiling is usually maintained. Except for
archebacteria, the majority of pDNA supercoiling is negative, i.e., the
sense of rotation is against that of the double helix (14), with values
of σ between −0.03 and −0.09, usually near to −0.06 (36).
Current efforts tend to the production of the supercoiled form
of pDNA, since a content of at least 80% of supercoiled pDNA
in the final product has been recommended (11). It is believed
that the supercoiled form is better protected against enzymatic
degradation and thus more plasmid can reach the nucleus of the
target cell. Several studies have shown that supercoiled pDNA is
more efficient for vaccination (for instance refs. 37, 38). Other
authors have shown that concatamers can elicit a higher immune
response compared to monomers (39). This can be due to the several
copies of the therapeutic gene contained in the concatamers.
Concatamers can also show supercoiled and open circular forms
(34). The analysis and quantification of pDNA is crucial for process
development and product regulation. The next section addresses
some issues on this regard.
2.4.1. Plasmid Analysis
and Quantification

A traditional method to quantify pDNA is by measuring light
absorbance at 260 nm. At this wavelength, there is a peak of maximum
absorption of light of the cyclic nucleic acids bases. This method
requires only a UV spectrophotometer. In most cases, with the use
of standard cuvettes, there is no need for constructing a calibration
curve, and a constant ratio of DNA concentration per absorbance
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unit is assumed. Although straightforward and fast, absorbance
data can be deviated by interference with proteins and RNA. In
principle, all the nucleic acid bases will absorb light, regardless of
the content of DNA or RNA, or whether the DNA is single or double
stranded, supercoiled, open circular, or linear. Therefore, no information about the topology of the plasmid can be obtained, and
highly pure samples are required for robust quantification.
The use of intercalating, fluorescent molecules has also been
reported for quantifying pDNA. For instance, PicoGreen is an
ultrasensitive fluorescent nucleic acid stain that intercalates specifically between the double stranded DNA (40, 41). When measured
with fluorescence, DNA concentrations of the order of ng/mL can
be determined. RNA is not detected with PicoGreen. It has been
demonstrated that single stranded DNA does not interfere during
the quantification of pDNA (42). However, pDNA topology
causes different fluorescence of the dye. For instance, in Fig. 2 it is
shown that linear fragments of DNA (lambda phage DNA digested
with the enzyme HindIII), supercoiled pDNA and linearized
pDNA yield very different slopes in calibration curves. This issue
should be taken into account when using such method to quantify
pDNA. This fact can, however, be used to monitor DNA damaged
during production processes (43) and to detect the presence of
topoisomers (44).

Fig. 2. Visualization of pDNA topoisomers in agarose gels. (a) A 0.8% agarose gel stained with ethidium bromide. Numbers
at left correspond to the size of the bands (bp) in lane 1, where a linear DNA mass ladder was loaded. In lane 2, three bands
of a 6-kbp plasmid can be seen. The faster isoform corresponds to supercoiled DNA, which migrated more than the linear
DNA of the same size. (b) Lane 2 was image analyzed and two different areas can be detected. Area 1 corresponds to
isoforms with low electrophoretic mobility, while area 2 corresponds to supercoiled pDNA, whose proportion in the sample
can be calculated by integration of the two areas.
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Detailed studies of plasmid topology can be carried out using
advanced microscopy techniques (for instance ref. 45). This is,
however, a technique that could rarely be implemented for monitoring
industrial production. There are faster and simpler techniques that
have been traditionally used in laboratory, such as the agarose gel
electrophoresis. For this method, pDNA is separated under an
electric field force and the different topological (different ΔLk)
forms migrate with different mobilities in the polymer matrix. For
instance, supercoiled pDNA migrates faster than the linear and
open circular forms (which correspond to ΔLk = 0). The gel is then
stained with an intercalating molecule, such as ethidium bromide.
Upon exposure to UV radiation, the bands corresponding to the
different pDNA forms can be visualized and identified (in principle)
when compared to a linear or supercoiled ladder run in the same
gel. This method has the advantage that several dozens of samples
can be analyzed in the same gel. The gel can be further analyzed by
image analysis methods. A simple example is seen in Fig. 3.
Image analysis can also be useful to quantify pDNA, for example,
by comparing the intensity of color and size of the bands of a sample
to those of the standard (provided that a quantitative standard is
used). This method is usually very precise. However, it should be
taken into account that the different pDNA topoisomers can
absorb the intercalating and UV radiation at different intensities,
which may yield wrong results (Fig. 3). The mobility of each topoisomer
can vary with several factors, such as gel running conditions and
the presence or absence of the intercalating agent during the electrophoresis, which may lead to mistakes during the identification of
topoisomers. It has been suggested that untreated, UV irradiated
and linear samples should be run in parallel for a precise identification
of the topoisomers (46). Capillary gel electrophoresis allows a better

Fig. 3. Influence of the DNA form on the fluorescence signal using PicoGreen.
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separation and quantification of plasmid structure (46), although
up to now it cannot be applied for several samples at a time, which
may limit its use for high-throughput research and development.
Topoisomer mobility is determined by the absolute value of ΔLk,
hence, a single band can correspond to topoisomers with positive
and negative values of ΔLk. If a more detailed resolution of the
topoisomers is needed, a second dimension electrophoresis of the
sample can be run. This technique can also be useful to distinguish
between Z-DNA and B-DNA (47–49).
Chromatographic methods have also been developed for
monitoring, quantification, separation, and analysis of pDNA (50–54).
A common method is anion exchange high performance liquid
chromatography (HPLC), which allows the quantification of pDNA
in the presence of impurities such as RNA or genomic DNA.
Chromatographic methods present the advantage of having been
scaled to several industrial biotechnology applications. Other
characteristics like sequence, restriction patterns, radius of gyration,
size, and shape can be monitored for industrial production using
Raman spectroscopy, infrared spectroscopy, and light scattering
(55, 56).
2.5. Engineering
of Plasmid Vectors
2.5.1. Eliminating the Use
of Antibiotic Resistance
Genes

There exist several drawbacks in the basic plasmid characteristics
described in previous sections. Due to the fact that plasmid backbones have been initially taken from bacterial plasmids, several
bacterial elements remain in the plasmid. Such sections of pDNA
are useless for therapeutic applications and are undesirable, as they
can cause activation of cryptic expression signals (11). Therefore, a
logical strategy to improve vector design is to eliminate those sections
of the plasmid that are not necessary for the therapeutic application,
but that will not affect its replication in the bacterial cell. This has
the additional advantage of reducing the size of the plasmid, which
can result in higher amounts of pDNA produced by bacterial cultivations. A shorter plasmid size is also desirable due to recent technologies
that include larger sequences, such as genomic loci (57–59) or more
than one therapeutic gene in the same vector.
There exists the possibility of dissemination of selectable marker
genes, such as those that confer antibiotic resistance (60, 61) or other
undesirable consequences. For instance, it has been shown that
the expression of plasmid-coded neomycin resistance affected the
expression of the therapeutic gene and caused negative metabolic
effects (62). The expression of antibiotic resistance genes is generally strong, imposing a metabolic burden to the cell that impacts
the metabolic fluxes and results in a general reduction of growth
rate and biomass yields on glucose (63–65). It has been demonstrated
that the expression of the kanamycin resistance gene encoded in a
pCDNA3 (Invitrogen) derived plasmid was so strong that inclusion
bodies were accumulated (66). A general approach to eliminate the
use of antibiotic resistance genes is the construction of mutant
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E. coli strains lacking a specific metabolic activity (auxotrophy).
The metabolic activity is then restored by some elements present in
the plasmid and the native phenotype is recovered. Hence, under
the cultivation conditions, only those cells bearing the plasmid will
grow and extra selective pressure is not needed. For example,
deletion of dap gene resulted in E. coli cells with lysine auxotrophy.
A copy of the dap gene was integrated into the chromosome, under
transcriptional control of the lac promoter (67, 68). A high copy
number plasmid containing the lac operator, relieves the repression of the lac promoter in the chromosome (69) and allows the
expression of dap. Therefore, only cells containing the plasmid can
successfully grow in minimal medium. This approach has also been
applied to the production of a HIV DNA vaccine candidate (70).
Another group reported the complementation of a glyA mutant
strain (unable to synthesize glycine) with the insertion of glyA in
the plasmid (71). The deletion of infA gene, coding for an essential translation initiation factor, and its complementation with a
copy in the plasmid has also been reported (72). Thymidine auxotrophy has also been used for eliminating the need for antibiotic
resistance in a cholera vaccine (73). Marie and coworkers used a
thymidine auxotrophic E. coli strain and introduced an antibiotic
marker-free plasmid containing the thyA, restoring the capacity
of growth in minimal medium (74). The plasmid contained a tRNA
amber suppressor gene. They found that the expression level of
luciferase (reporter gene) was higher and more prolonged than
when the original plasmid was used for transfection. An interesting
design was presented by Dong and coworkers (75), who knocked
out the chromosomal quinolinic acid phosphoribosyltransferase
(QAPRTase), which resulted in a defective de novo biosynthesis of
NAD in the E. coli mutant strain. The QAPRTase gene of E. coli or
mouse was inserted into a model plasmid, and the antibiotic resistance gene was removed. Growth was restored in minimal medium,
although the strain expressing the QAPRTase gene from E. coli
accumulated more biomass and grew faster than that containing
the same gene but from mammalian origin.
A more specific therapeutic-oriented plasmid design contains a
conditional origin of replication (ori g), which requires the expression of an initiator protein (p protein, encoded by the pir gene)
produced by the host (76). With this system, named pCOR, the
plasmid is only replicated by p-expressing bacteria and thus the
host range and the possibility of plasmid dissemination is limited.
The plasmid pCOR also contains a gene coding for a tRNA selectable
marker that suppresses an arg gene mutation (arginine auxotrophy),
which allows the selection of plasmid-bearing cells without the
need for antibiotics. This system allowed higher luciferase activity
levels (reporter gene) than the unmodified plasmid. Additional
mutagenesis of pir resulted in a fourfold increase of pCOR production level in small-scale bioreactors (76).
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Another option to eliminate the use of antibiotic resistance
genes is the use of antisense RNA. An example is the system developed
by Grabherr and coworkers (77, 78). The murA essential gene
(coding for UDP-N-acetylglucosamine enolpyruvyl transferase)
was placed under the transcriptional control of the pLtetO operator,
so that its expression was hampered by the tet repressor (tetR) of
E. coli. This repressor was modified to contain a sequence complimentary to RNA I. With this design, cells containing a plasmid
with the ColE1 origin of replication and the antisense RNA
sequence deactivated tetR. Consequently, the expression of murA
was de-repressed and growth was restored only in cells bearing the
plasmid. A more general system (not depending on ColE1-type
plasmids) was proposed by Luke and coworkers (79), who inserted
a sequence for 150 bp RNA-OUT antisense RNA in different
plasmids. The levansucrase gene (sacB) from Bacillus subtilis was
inserted in E. coli, where it was expressed constitutively, with the
result that the mutant strain was killed in the presence of sucrose.
When the antisense RNA coded in the plasmid was present, it
repressed the sacB gene and growth was restored.
The examples explained above show that new and more sophisticated approaches are emerging to avoid the use of antibiotics
for DNA vaccine production. Advances on the size reduction of
plasmids and other considerations will be discussed below.
2.5.2. Minimizing the
Plasmid Size

Reducing the size of the plasmid is an important issue for the success
of pDNA-based drugs. A shorter plasmid would reduce the metabolic
burden on the host (63), improve transfection efficiency (80) and
would even be easier to purify, especially at large scale. Efforts to
eliminate antibiotic resistance genes have been discussed, but other
issues arise for pDNA-based drugs to reach safer (as explained below)
and broader applications. The current approach is to eliminate
all prokaryotic sequences of the plasmid and use only those that are
necessary for its replication and expression in the patient. The designs
of minimalistic plasmids include the MIDGE and the minicircle
plasmids.
The “Minimalistic Immunogenically Defined Gene
Expression” (MIDGE) concepts aim at the design of vectors of
superior safety, strongly reduced size, and enhanced transfection
and expression efficiency. MIDGE-vectors are plasmid-derived,
linear double stranded covalently closed DNA molecules, with stemloop structures that protect against exonuclease degradation and
provide specific sites for targeting signals (81, 82). MIDGE vectors
can be as small as 1,200 bp, whereas common plasmid size is well
above 4,000 bp. Although molecular excisions and ligations are
needed for obtaining the MIDGE from pDNA, Junhghaus and
coworkers argue that the elevated transfection and expression efficiency balance the additional process cost at pilot level compared
to the production of conventional pDNA (81). Some reported
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applications of MIDGE vectors include experimental vaccines
against Leishmania infection in mice (83), lymphoblastic leukemia
(84), and hepatitis B (85).
Minicircles are supercoiled DNA that lack a bacterial origin of
replication and antibiotic resistance marker. To produce the
minicircles, pDNA is produced in E. coli, and should contain attP
and attB specific sites. The plasmid is excised and ligated by att
specific-recombination mediated by the phage λ integrase. Two
products are obtained: the minicircle DNA, containing the therapeutic gene and eukaryotic promoter, and the miniplasmid, which
contains the undesired prokaryotic sequences (86, 87). The size of
the minicircle can be a half of that of the original plasmid. The
minicircle can be separated from the miniplasmid using cesium
chloride density gradients. However, undesirable dimeric, concatemeric and relaxed minicircles are frequently copurified along with
the targeted supercoiled minicircles (88). The yield of the recombined
products is low, around 60% of the starting material (86, 87). An
alternative way to produce minicircles is using a Cre recombinase
(89). Another technique utilizes phage φ31 integrase to catalyze
recombination and produce minicircles, not requiring digestion
enzymes. The resulting product can be purified on commercially
available affinity columns, which is an advantage over cesium chloride gradients. Expression of the therapeutic gene using minicircles
is 5–50 times higher than with the original or undigested plasmid
(86, 87, 90, 91).
There is a current concern about the sequences within the
plasmid backbone that may cause undesirable effects during pDNA
production or administration. For instance, repetitive DNA sequences
in the plasmid can cause mutations and recombination (90).
Unmethylated bacterial CG dinucleotides (CpGs) could play a role
in the decrease of gene expression and inflammation observed
during the application of pDNA in lungs; effects that have been
reduced when such sequences were eliminated form pDNA (91).
Although inflammatory response may be desirable for vaccination,
it is not a desired effect for gene therapy protocols (61). Therefore,
reducing the presence of CpGs in pDNA is a current trend. It has
been reported that insertion of sequences IS1 in pDNA can occur
during production cultures, affecting the productivity of the cells
(92). A review on the consequences of plasmid sequences on stability
and safety has been recently published (93).

3. Host
Characteristics
The usual host for pDNA production is the gram negative bacterium E. coli. Ample knowledge has been accumulated on basic
physiology, culture medium design, cultivation techniques, genetic

286

A.R. Lara and O.T. Ramírez

Table 3
Common Escherichia coli strains used for pDNA production
Strain

Genotype

DH1

F− endA1 hsdR17(rk− mk+) supE44 thi-1 recA1 gyr96 (Na1r) relA1

DH5

F− deoR endA1 hsdR17(rk− mk+) supE44 thi-1 recA1 gyr96 (Na1r) relA1

DH5α

F− endA1 hsdR17(rk− mk+) supE44 thi-1 recA1 gyr96 (Na1r) relA1 Δ(lacZYA-argF)
U196 Φ80lacZΔM15

JM105

F− Δ(lac-proAB) lacIq thi repsL endA1slcB15 hadR4 traD36 proAB Δ(ZM15)

BL21

F− ompT hsdSB (rB−mB−) gal dcm

W3110

F− λ− rph-1 INV (rrnD, rrnE)

engineering, and industrial bioprocessing with this microorganism.
From the reports published up to now, the most common E. coli
strains for pDNA production are listed on Table 3, including their
genotypes. Several of the surveyed reports come from industrial
practitioners.
The most popular strain for pDNA production is DH5α. This
may be due to its widespread use for pDNA replication in different
laboratory-scale protocols. In the next section, the influence of the
genotype on the amount and characteristics of the produced pDNA
will be reviewed.
The first three E. coli strains described in Table 3 (by far the
preferred hosts for pDNA production) share several genotypic characteristics. For instance, endonuclease I (coded by endA) is deleted
to reduce the degradation of double stranded DNA. Endonuclease
I is a magnesium-dependent periplasmic enzyme with a size of
12 kD. Although its function is not completely understood, it was
found to cleave foreign double stranded DNA and cause degradation of plasmid DNA upon cell lysis (94). A deactivated endA
gene is designated endA1 and produces an inactive form of endonuclease I, improving pDNA stability (94, 95).
The gene recA produces a DNA strand exchange and recombination protein with a variety of functions, such as ATP-dependent
recombination by catalyzing DNA strand exchange and insertions
(96). Furthermore, it has a regulatory function involved in repairing DNA damages. E. coli strains lacking recA have shown increased
plasmid segregational stability (97). A mutation in the gene for the
subunit A of DNA gyrase (topoisomerase II), designated gyrA96,
provides resistance against the gyrase inhibitor nalidixic acid
formerly used as an antibiotic. This mutation is included in order
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to increase pDNA supercoiling. Other authors have used E. coli
JM105 to select clones with high production of multimeric pDNA,
which may be advantageous for therapeutic use, as the multimers
contain several copies of the therapeutic gene (98).
Table 3 shows that several other mutations have been incorporated
in the described strains. The highly mutated strains tend to be unstable, i.e., they have a relatively high mutation rate leading to changes
of the chromosomal as well as the pDNA (15). This can be a problem
for safety, quality, and yield in regard to the production of pDNA
as a drug. For example, the E. coli strain DH10β was found to have
a 13.5-fold higher mutation rate than its wild-type MG1655,
which is mainly attributed to higher rates of insertion sequence
transposition (15). Since most of the studies regarding pDNA
production focus on a few strains, there is still room for significant
improvement in this field. Hence a re-evaluation of E. coli strains is
necessary for optimized pDNA formation (15, 99, 100). For
instance, Yau et al. (99) investigated the influence of the strain/
plasmid combination on pDNA formation with eight commercial
and nine non-commercial E. coli strains and three different plasmids
of 5.8, 6.9, and 20 kb size. The strains were cultivated in shake
flasks with complex medium. It was shown that plasmid formation
depends to a huge extent on the strain and the strain/plasmid
combination, wherein commercial strains were not necessarily
better pDNA producers than non-commercial ones. In comparison
to the other 16 strains, W3110 (a wild type strain, Table 3) showed
a superior plasmid DNA yield and good growth rate when hosting
a large plasmid (20 kb), and moderate values when hosting smaller
ones (5.8 and 6.9 kb). In another study, Singer et al. (100) investigated 13 strains, most of them commercial, for their ability to produce supercoiled pDNA in shake flasks and fed-batch culture in defined
medium containing glycerol or glucose. In contrast with Yau et al.
(99), in this study the wild type MG1655 (wild type K-12 derived
strain) appeared as a weak pDNA producer. Singer et al. (100) found
that (with few exceptions) glycerol as the energy and carbon source
lead to higher pDNA yields than glucose, but lower specific growth
rates. Strain BL21 (commercial strain by Strategene), designed
for the expression of non-toxic proteins, is noteworthy, as it has
been shown to be a superior pDNA producer (95). This strain has
the advantage of accumulating low amounts of acetate, which is a
major issue for E. coli cultivations, as will be discussed later.
In general, no correlation between genotype and pDNA
productivity or supercoiling degree has been found, as shown by
the above mentioned studies. It should be noted that the discussed
information is based on small-scale cultivations. Large-scale conditions
could favor or affect the performance of one strain over others;
however, information at this level is very scarce.
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4. Cultivation
Processes
Cultivation processes are a key step for the production of any
biomolecule. In the case of pDNA, the well-established techniques
for bacterial cultivations have been adopted. An important approach
to maximize the productivity of a cultivation process is to achieve
high cell densities, for example, to attain biomass concentrations
higher than 30 g/L (measured as dry cell weight) in the bioreactor.
Another important factor to improve the productivity is to increase
the amount of pDNA that can be produced per cell (specific productivity). This parameter, known as specific yield or selectivity
(some authors also count the number of plasmid molecules per
cell, and report it as the copy number), is strongly dependent on
the cultivation conditions, such as growth rate, and carbon and nitrogen source among others. The effect of some of these variables is
discussed below.
4.1. Effect of Growth
Rate on pDNA
Production

The influence of the specific growth rate on pDNA formation has
been actively studied. Understanding the effect of growth rate on
specific pDNA yield is of particular importance for the design of
cultivation strategies. Though there have been reports indicating a
positive correlation or an optimal growth rate for pDNA formation,
in general, low specific growth rates are considered to lead to
higher pDNA synthesis.

4.1.1. Positive Correlation
and Optimal Growth Rate

Reinikainen and Virkajärvi (101) studied the effect of dilution rate
in chemostats using a complex medium (LB broth) on the copy
number of two plasmids in E. coli K-12 HB101. They reported
that copy number increased two to three times when the growth
rate (μ, equivalent to the dilution rate) was increased from 0 to
1 h−1. With further increase of the dilution rate, the copy number
decreased sharply. The critical dilution rate (dilution for bioreactor
wash out) was 1.4 h−1 when the cells were bearing the pBR322
plasmid (4.4 kb) and 1.2 h−1 with the recombinant pBR322derivate pKTHI220 (14 kb). However, due to the complex nature
of the LB broth, it is difficult to define the limiting substrate in
those chemostats. As the stability and concentration of plasmids is
also dependent on the nutritional situation (102), the mentioned
results are difficult to interpret.
In a different study, the E. coli strain HB101 with plasmid
pDM246 (a high copy number plasmid derived from pMB1)
showed a maximum plasmid number per cell at a growth rate of
0.3 h−1 in minimal M9 medium chemostats. The same strain with
plasmid RSF1050 in complex LB or minimal M9 medium showed
a threefold increase of pDNA copy number per cell when lowering
the growth rate from 1.25 to 0.35 h−1, apparently having a maximum at the latter growth rate (103, 104).
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Singer et al. (100) indicated that when using pUC-based
plasmids and heat treatment, higher dilution rates might be advantageous for pDNA production, as the pDNA is formed faster (higher
productivity) and the percentage of supercoiling is improved. On
the other hand, the copy number of ColE1-type plasmids was found
to have a negative correlation to the specific growth rate. However,
Yau et al. (99) and Reinikainen et al. (101, 105) did not conclusively find a correlation between growth rate and the supercoiling
level or pDNA yield.
4.1.2. Negative Correlation

During the feed stage of a feedback controlled fed-batch process,
where the growth rate of E. coli DH10β in complex medium was
controlled at 0.13 h−1, Chen et al. (106) observed that the specific
pDNA yield increased ten times compared to unlimited growth
(0.69 h−1 attained without feedback control). Higher cell densities
and the carbon/nitrogen limitations were also suggested as other
possible causes of the improved pDNA yield.
A clearly negative correlation between specific growth rate and
pDNA yield was found for E. coli RR1 with pBR329 plasmid in
M9 minimal medium, M9CA minimal medium plus amino acids or
LB complex medium (107), E. coli K-12 EC1005 with R1drd-19
in E minimal medium (108), E. coli M72 with pPLc-RP in LB complex
medium (109), E. coli RL331T with pBR322 in LB complex medium
or C minimal medium (110), E. coli JM103 with pUC8 plasmid
in M9P minimal medium (111), E. coli M72 with pPLa23ll (3.8 kb),
pPLa2311trpAl (8.1 kb), or pPLx23trpAl (6.5 kb) plasmid in M-56
minimal medium or M-56 with yeast extract (112), and several
others (113, 114). Wunderlich (115) also found a negative correlation of the production of a 6-kb pDNA vaccine and growth rate
in an E. coli W3110 in minimal medium. However, whereas the
plasmid content of cells was maximum at a growth rate of 0.25 h−1,
a second local maximum was found at a growth rate of 0.15 h−1.
In general, the negative correlation is attributed to a higher
plasmid stability as well as plasmid replication being privileged over
other biochemical pathways in reduced growth rates (116), which
lead to a considerable pDNA accumulation since the replication of
the plasmid continues at the same rate independently from the host
cell division. Yet, the best growth rate should be determined for
each particular pDNA vaccine.

4.2. Influence of Heat
Treatment and the
Chemical Environment

Since the replication of ColE1-like plasmids has relaxed control,
which allows replication without the expression of new proteins,
there is the possibility to increase the pDNA yield by supplying
inhibitors of protein synthesis. For example, the supplement of
chloramphenicol in the late exponential phase leads to an increase
of up to 50-fold in plasmid copy number (14). However, applying
this method in the production of active pharmaceutical ingredients
may be difficult since it must be shown that all of the chloramphenicol
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has been removed from the product. Accordingly, it is preferred
to use a temperature increase to 42°C (105, 117), which is also an
effective strategy.
Plasmids with a ColE1-type origin may be able to have an increased
copy number as a result of a temperature elevation within the cultivation. In this way, for example in a fed-batch process, biomass can
be grown in optimal conditions first with a later change of the cultivation temperature in order to induce the increased pDNA formation. The temperature-inducible copy number control can replace
more complex copy number control systems such as a dual origin
system or an inducible primer promoter. A prerequisite is a point
mutation of guanine to adenine (G → A) immediately before the
RNAI sequence. Depending on the temperature such a mutation
prevents RNAII from folding normally, so RNAI cannot bind
correctly, and consequently cannot efficiently control plasmid
replication. However, this effect can be suppressed by lowering the
cultivation temperature to 30°C or by the Rom protein. On the
contrary, a temperature rise to 42–45°C in the absence of the Rom
protein leads to highly increased plasmid copy numbers (from
20–50 to 400–500 copies per cell) (117–120). Singer et al. (100)
reported that temperature treatment seems to have greater impact
when bacteria are grown at a high growth rate. By applying the G → A
point mutation, any ColE1-type plasmid can be converted into a
temperature-inducible high copy number plasmid (117).
An alternative to improve pDNA yield is through adequate
media composition and amino acid starvation. For example, Hofmann
et al. (121) found in arg– strains of E. coli (CP79 and CP143)
an increase of pDNA concentration of up to tenfold after full consumption of the amino acid arginine in both batch and fed-batch
cultivation. In these strains the gene relA was deleted, meaning
that upon arginine starvation the resulting strains were not able
to form guanosine tetraphosphate (ppGpp), an alarmone of the
stringent response, which was identified as an inhibitor of ColE1
plasmid replication (122). Other mutations preventing the stringent response, i.e., the change of metabolism caused by signal
molecules such as ppGpp formed as a response to amino acid or
carbon starvation, can provide similar results in pDNA production
(123). Amino acid starvation is easy to apply and easy to scale-up.
On the other hand it requires the addition of the special amino
acid to the medium, which also implies additional costs and that
time of amino acid depletion cannot be controlled precisely.
Another significant influence on the pDNA yield is the carbonto-nitrogen ratio (C:N) of the cultivation medium. O’Kennedy
et al. (124), using a complex nitrogen source, found that the maximum pDNA formation was reached at a C:N ratio of 2.78:1 molC/
molN, whereas this ratio had no influence on the characteristics of
cell lysis or breakage. Also the nitrogen source can be important.
For instance, it has been reported that a combination of glutamate
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and ammonium chloride at optimized concentrations can result in
an important improvement of pDNA production (125). Carbon
source can also have some influence on pDNA production (126).
Cultivation processes comprising medium optimization, fed-batch
schemes, and temperature induction, have resulted in specific
pDNA yields of up to 24.9 mg/L/OD600 and pDNA concentrations as high as 2 g/L (127).
4.3. High Cell-Density
Processes

Attaining high cell densities in the bioreactor is a key technology
for the commercialization of bioproducts. In the case of E. coli,
several process limitations have influenced the operation mode of
the cultivation. A prevalent problem in E. coli cultivation is the
production of acetate, a by-product that is synthesized when the
carbon uptake rate surpasses a certain threshold value even if
fully aerobic conditions are maintained (128). This phenomenon
is known as overflow metabolism, and has been attributed to
an imbalance between the carbon fluxes in glycolysis and the tricarboxilic acid cycle (129). The accumulation of acetate provokes
several undesirable effects on the physiology of E. coli. Also, it can
affect the plasmid content, as shown in Fig. 4.
The traditional way to avoid overflow metabolism is to limit
the carbon uptake rate below a threshold value, which can be done
using fed-batch schemes. Usually, the threshold value corresponds
to reduced specific growth rates of around 0.12 h−1, being strongly

Fig. 4. Specific content of plasmid (YP/X) in Escherichia coli DH5α cells during a fed-batch
cultivation at high growth rate. Acetate accumulated as a result of the elevated glucose
uptake rate, causing a strong decrease in YP/X. Fully aerobic conditions were maintained and
pH was controlled at 6.8.
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dependent on the strain and cultivation conditions used. However,
if the optimum growth rate is above the threshold value, acetate
production will be unavoidable and the process will be operated under
non-optimal conditions and the concomitant loss of productivity.
With a careful medium design it is possible to reach cell densities
of more than 120 g/L (measured as dry cell weight). However, the
bioreactor capacity for transferring oxygen can be limiting, especially
as the cultivation scale increases. Although several strategies to increase
oxygen transfer have been proposed, in general they are difficult
to implement at large scale. Recently, the use of pressurized bioreactors
has been proposed to supply enough oxygen to high cell-density
cultures (130). Increasing the head-space pressure within the
bioreactors increases the driving-force for oxygen transfer. This
technique has been applied to E. coli DH5α high cell-density
cultivations at a scale of 50 L and compared to the conventional
strategy of sparging oxygen-enriched air to 1 L bioreactors, for
the production of a 5.6-kb pDNA vaccine against hepatitis (131).
In both cases, biomass concentrations of nearly 80 g/L were achieved,
and the oxygen transfer rate (OTR) reached values of around
0.5 mol O2/L h at both scales. Although the overpressure in the
50 L bioreactor was close to 8 bar at the end of the process, neither
pDNA production nor its topology showed differences with that
produced in small-scale cultivations. Therefore, pressurization
can be potentially applied for the scale-up of pDNA production
processes using high cell-density cultivations.
As the process scale increases, the existence of environmental
gradients within the bioreactor becomes a prevalent problem
(132). The effects of environmental gradients on E. coli have been
the subject of detailed studies (133, 134); however, the effects of
heterogeneities on pDNA production and topology are nearly
inexistent. Cells can be subjected to additional stresses during
pDNA production. For instance, the increase of temperature
triggers a variety of physiological responses in E. coli known as the
heat-shock response, as well as stringent response and SOS response
(135, 136). This generalized stress response can limit the achievable
biomass, and represent drainage of resources for pDNA synthesis.
The particular effects of heat-shock on pDNA synthesis by E. coli
have not been studied in detail. Induction by temperature has
also been largely used for the production of recombinant proteins
by E. coli using the pL and/or pR phage lambda promoters regulated by the thermolabile cI857 repressor. In this case, the heat-shock
response represents a compromise between the adaptation of the
cell to the temperature upshift and the production of the heterologous protein. It has been shown that at a relatively slow increase of
temperature (from 30 to 42°C) at a rate of 0.4°C/min, the production of recombinant human pro-insulin was higher than under a fast
heating rate (6°C/min) (137) and more biomass was accumulated.
Similar strategies could also be evaluated for pDNA production.
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5. Downstream
Processes
Purification of pDNA has been a very active research area during
the last few years. The initial pDNA purification step consists
on disrupting the bacterial cells. However, traditional methods
such as mechanical lysis are not suitable, since pDNA and chromosomal DNA can be sensitive to shear forces (138, 139) and DNA
breakage can lead to product degradation or contamination. The
method most commonly applied for cell disruption for initial pDNA
recovery is based on the alkaline lysis, as originally described by
Birnboim and Doly (140). The use of alkaline solutions and the
increase in viscosity when pDNA is being isolated makes the scalingup of this method an important challenge, since shear forces can be
higher and cause a loss of supercoiled pDNA (141) or local regions
of very high pH values could arise as an effect of reduction in mixing efficiency. Consequently, lytic processes should be carefully
designed. For instance, Chamsart et al. (142), evaluated the effect
of shear stress on the alkaline lysis of E. coli DH1, finding that at a
shear rate of 662 s−1, less than 2% of chromosomal DNA contaminated the pDNA produced. With this information, the process was
scaled-up to 60 L scale with good results.
It has been reported that the amount of pDNA constitutes
only 3% of the total E. coli lysates, whereas proteins represent 55%
and RNA 21% (143). The separation of pDNA from relatively
similar molecules, such as chromosomal DNA and RNA, is a key
step. Usually, RNase A prepared from bovine pancreas is added to
facilitate this step, with the consequent difficulties to totally eliminate
such animal-derived protein in the final product (144). Tangential
flow filtration has been proposed as an alternative method for
RNA removal (145). Chromosomal DNA can also be removed
by filtration through nitrocellulose membranes (146, 147). Darby
et al. (148) reported the purification of pDNA by combining a
crude lysate containing pDNA that was previously modified to include
lacO sequences, with a second lysate containing the Lac repressor
protein. Since the protein binds stably to the specific sequences,
pDNA could be further separated by affinity chromatography without need for RNase.
The final purification of pDNA should ensure that all the contaminants are removed to acceptable levels and that supercoiled
pDNA is selectively purified. It has already been mentioned
that chromatography can be applied for pDNA purification.
Hydrophobic interaction chromatography (149–151), thiophilic
interaction chromatography (152), and anion exchange chromatography (153–155) have been applied for this purpose. Other
downstream operations have been proposed for pDNA purification, such as thiophilic/aromatic adsorption (156), aqueous twophase extraction (157, 158), and affinity interaction (159). Detailed
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discussion of the different purification methods is beyond the scope
of this chapter, but has been the theme of several published reviews
(160–163).

6. Cell Engineering
to Improve pDNA
Synthesis and
Purification

Modification of the cellular metabolism and physiology has
been successfully applied to increase the synthesis and secretion of
biomolecules, or to improve their purification. However, there are
few reports on the application of metabolic engineering for improving
pDNA production. Modified strains lacking recA and endA genes
have been used for producing pDNA, as described in Subheading 3.
Nevertheless, strains that can better cope with industrial conditions
are also needed. For example, it has been previously described the
undesirable effects of overflow metabolism. Commercial strains such
as BL21 have a reduced overflow metabolism due to a more active
glyoxylate shunt (164), which makes it possible to cultivate them
in batch mode using up to 50 g/L of glycerol as carbon source
with minimal acetate production. By knocking out the genes recA
and endA, it was demonstrated that such a strain was able to produce
even more pDNA than DH5α strain, which is generally a very efficient
pDNA producer (95).
It has been demonstrated that the substitution of the PTS glucose transport system of E. coli by the galactose permease allows a
more efficient glucose utilization, much lower acetate production
(due to a lower glucose consumption rate) and higher biomass and
recombinant protein production (129). The modified strain (PTS−
GalP+) has been successfully grown up to 52 g/L of biomass in
batch mode using 100 g/L of initial glucose concentration, with a
very low amount of acetate accumulated and more than 8 g/L of
recombinant protein produced (165). This strain has also been
applied for the production of a 6-kb experimental pDNA vaccine.
Not only higher cell densities were attained using 100 g/L of glucose in batch cultivation of the engineered strain but also the final
titer of pDNA was more than double compared to the parent strain
(166). This improvement in pDNA production has been explained
not only by the reduction of overflow metabolism in the engineered
strain but also because carbon flux through the pentose phospate
pathway (PPP) is higher in PTS− strains than in wild type strains (167),
and this can result in a higher production of nucleotide precursors.
The modified strain was also cultivated in exponential fed-batch
mode at a growth rate of 0.35 h−1 (90% of its maximum growth rate
in mineral medium). The productivity and final pDNA concentration showed an additional improvement of around 20% with respect
to batch cultivation, whereas acetate production was negligible
(167). Although such kind of cultivation strategies require very
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high oxygen transfer rates, it has also been reported that pressurized
bioreactors can supply enough oxygen (oxygen transfer rate of up
to 0.45 mol O2/L h) to ensure aerobic growth of the engineered
strain using up to 130 g/L of glucose in batch mode (168).
Cunningham et al. (169) showed that a reduced activity of the
pyruvate kinase resulted in higher pDNA copy number and cyclic
AMP levels. By knocking out the pykA gene in the PTS− GalP+
strain, the pDNA production was tripled whereas acetate was
undetectable in batch cultivation with 10 g/L of glucose (166).
The reduction of carbon flux through the pyruvate kinase increases
the flux through the PPP and also reduces the glycolytic flux, which
explains the observed results.
It has been previously mentioned that introduction of a plasmid
into E. coli results in a metabolic burden, generally reflected as a
reduction in growth rate and biomass, and an increase in acetate production. Understanding the mechanism of the impact of plasmid
production at a global physiological level is a challenge. Such knowledge can provide information useful for further cell engineering to
improved pDNA production (170). For instance, based on metabolic flux analysis and enzyme activity studies, Wang et al. (65)
over-expressed the gene rpiA (coding for ribose-5-phosphate
isomerase A), leading to a more active PPP. As a result, the plasmid
copy number increased nearly three times. Ow et al. (171, 172)
inactivated the global metabolic regulator fruR. Apparently, this
resulted in a reduced metabolic burden, as growth rate was importantly improved and pDNA production was modestly higher in the
modified strain.
The described examples show the potential that metabolic
engineering has to improve pDNA production. Based on a theoretical
analysis, it has been suggested that the maximum achievable pDNA
content in E. coli is 592 mg/g (173). The best published results
up to now are far from such value. Hence, there is ample room for
cellular modifications to increase pDNA yields in E. coli.
Cell engineering has also been applied to facilitate the purification of pDNA. For instance, the expression of ribonuclease A at
the end of the cultivation of E. coli bearing pDNA efficiently
reduced contaminating bacterial RNA. The enzyme translocated in
the periplasm was released after alkaline lysis and was active enough
to degrade most of the RNA (174). Likewise, by expressing
endolysin, autolytical E. coli strains have eliminated the use of alkaline lysis with the consequent simplification of the process (175).

7. Perspectives
The application of pDNA as a therapeutic agent has reached an
important degree of efficacy, and in a near future a variety of products
will probably reach the market. This will demand the development
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of better production strains, the design of more efficient and scalable
downstream processes, as well as a parallel advance on the design
of more potent, smaller, and safer vectors. The latter point should
also include the development of ad hoc strain genotypes so that
production can be improved. The trend to eliminate antibiotics as
well as advances in cell engineering to facilitate downstream operations will result in more efficient processes. Metabolic engineering
represents a very valuable tool to increase pDNA synthesis in E. coli,
to obtain strains better prepared for process conditions, as well as
to develop new cultivation techniques based on engineered strains,
for safer and faster production of DNA vaccines.
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Part III
Lower Eukaryotes

Chapter 15
Recombinant Protein Production in the Eukaryotic
Protozoan Parasite Leishmania tarentolae : A Review
Tomoaki Niimi
Abstract
Leishmania tarentolae is a trypanosomatid protozoan parasite of the gecko, and has been established as a
new eukaryotic expression system for the production of recombinant proteins. It seems that a protozoan
parasite is a curious choice as the expression host; however, Trypanosomatidae are rich in glycoproteins
with a pattern of glycosylation closely related to those in mammals and higher vertebrates. Thus, one of
the main advantages of a L. tarentolae expression system is the mammalian-type posttranslational modification
of target proteins. Although there are few examples of recombinant protein expression using this system,
it can be an attractive alternative to using mammalian cells. This chapter presents an overview of the newly
developed protein expression system based on L. tarentolae.
Key words: Trypanosomatidae, Protozoan parasite, Mammalian-type posttranslational modification,
Glycosylation

1. Introduction
The protozoan parasites of the genera Leishmania and Trypanosoma
are members of the family Trypanosomatidae (Eugelenozoa,
Kinetoplastida), which comprises unicellular organisms characterized
by the presence of a single flagellum and of a DNA-rich, mitochondrialike organelle, the kinetoplast (1–3). They are causative agents of a
wide spectrum of tropical diseases responsible for substantial
human and livestock morbidity and mortality. Pathogenic species
of Leishmania cause a diverse group of diseases, collectively called
leishmaniases (4). According to the World Health Organization,
more than 12 million people in 88 countries are affected by this
disease and 350 million people are at risk of infection (http://www.who.
int/leishmaniasis/burden/en/). In addition to their importance
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as agents of diseases, Trypanosomatidae have also been considered
as attractive model organisms for studying some intracellular
processes because they have unusual mechanisms of gene expression, such as polycistronic transcription and RNA editing. In these
organisms, mRNAs are transcribed as polycistronic precursors that
are posttranscriptionally processed into individual mRNAs by transsplicing and polyadenylation (5–7). Thus, regulation of protein
expression in these organisms occurs predominantly posttranscriptionally through the structure of the intergenic untranslated
regions (UTRs). Furthermore, they have been valuable for studying
molecular and cellular phenomena, such as glycosylphosphatidylinositol (GPI) anchoring of proteins, antigenic variation, and telomere
organization (8–10). Due to their importance for public health,
and as model organisms, methods of genetic manipulation for
Trypanosomatidae are well-established (6, 11), which has led to
several attempts of heterologous gene expression for studying the
immunogenicity and biological activity of proteins from parasites
(12). It is also known that Trypanosomatidae are rich in glycoproteins,
with a pattern of glycosylation closely related to those of mammals
and higher vertebrates (13). Possibly due to their parasitic lifestyle,
the oligosaccharide structures of their glycoproteins may be similar
to those in mammals; therefore, Trypanosomatidae have emerged
as potential hosts for heterologous protein production.
Leishmania tarentolae is a nonpathogenic parasite of the whitespotted wall gecko Tarentola annularis (14), and has been established as a new eukaryotic expression system for the production of
recombinant proteins with a mammalian-type N-glycosylation
pattern (15, 16). Using this system, Breitling et al. reported that
the yield of green fluorescent protein was up to 30 mg/L of culture.
They also succeeded in obtaining biologically active human erythropoietin (EPO); a molecule which requires glycosylation
and appropriate modification for activity (17), showing that the
L. tarentolae expression system can be considered as an alternative
to mammalian cells in cultures. This chapter discusses the advantages and disadvantages of this newly developed expression system
based on L. tarentolae.

2. Genetic
Manipulation
2.1. Media and Growth
Conditions

L. tarentolae cells can be cultivated in complex media (brain–heart
infusion based or yeast–soybean based) or chemically defined
media, both supplemented with hemin, which is essential for growth
of Leishmania (18–20). Hemin is the chlorinated derivative of the
heme molecule and traditionally produced from bovine or porcine
blood. Therefore, a complete defined medium without animalderived products is not yet available. The cost of culture medium is
not inexpensive.
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L. tarentolae cells require aerobic conditions for development.
The cells can be maintained as continuous suspension culture in
ventilated tissue culture flasks. Conventional static cultures are
incubated in the dark at 26°C. Agitated cultures for protein expression are incubated in an orbital shaker at 140 rpm using Erlenmeyer
flasks. It is possible to scale up to larger bioreactors with volumes
of 1–30 L. L. tarentolae cells can be indefinitely grown in vitro
with a doubling time of around 5 h and to high cell densities
(approximately 5 × 108 cells per mL) in complex media. The cultivation
of L. tarentolae is much easier than that of mammalian cells.
2.2. Expression
Vectors

In eukaryotes, protein-coding genes are transcribed by RNA
polymerase II, whereas RNA polymerase I (Pol I) transcribes the
genes that encode the three ribosomal RNAs (rRNAs). In Trypanosomatidae, however, translation of Pol I-transcribed protein-coding
genes is possible because of trans-splicing of polycistronic pre-mRNAs
(21). Trans-splicing adds a capped 39 nt spliced leader (or mini-exon)
to the 5¢ end of the mRNA, which is necessary for RNA transport,
stability, and translation efficiency. Thus, in these organisms, the
higher transcription rate of Pol I is used to ensure high levels of
gene expression. In a L. tarentolae expression system, integration
of the expression cassette into the chromosomal small subunit
rRNA locus (ssu) enables the generation of large numbers of
transcripts for constitutive expression. The expression cassette of
pLEXSY-2 expression vectors for L. tarentolae is flanked by two
fragments of the small subunit rRNA locus (5¢ and 3¢ ssu) for
homologous recombination.
The minimal vector for gene expression in Leishmania consists
of a circular plasmid containing a signal for trans-splicing of
mRNA, followed by a target gene (22). Better expression can often
be obtained if the target gene is followed by the 3¢-UTR from a
highly expressed gene. Since gene regulation in Leishmania occurs
mainly posttranscriptionally through intergenic UTRs, the choice
of suitable UTRs is important for construction of an efficient
expression vector. The pLEXSY-2 vectors contain three optimized
UTRs: utr1 derived from the 0.4 kb intergenic region of L. tarentolae adenine phosphoribosyl transferase gene; utr2 from the 1.4 kb
intergenic region of L. tarentolae calmodulin cluster containing
three tandemly arranged calmodulin genes (camCB); and utr3
from the 1.7 kb intergenic region of the L. major dihydrofolate
reductase-thymidylate synthase gene, flanking the target and marker
gene insertion sites, which provide the trans-splicing signal for
posttranscriptional mRNA processing.
In a L. tarentolae expression system, heterologous proteins can
either be expressed cytosolically or secreted into the medium.
Alternative cloning strategies result in cytosolic or secretory expression of target genes in pLEXSY-2 vectors. For secretion, a signal
sequence derived from secreted acid phosphatase of L. mexicana

310

T. Niimi

(lmsap) is utilized in pLEXSY-2 vectors (23); however, the native
signal sequence has been used successfully for secretion of human
EPO and rat proprotein convertase 4 (15, 24). Although the
expression efficiency of recombinant EPO with lmsap was significantly higher than that with the native signal sequence, the usage
of the native signal sequence enables the production of natively
processed proteins at the N-terminus.
In conjunction with the unique organization of the transcription/
translation machinery of Trypanosomatidae, the inducible protein
expression system based on L. tarentolae can also be used (25). In
Trypanosomatidae, expression of genes can be driven by not only
endogenous RNA polymerase I or II, but also cointegrated promoters for heterologous RNA polymerase (26). Therefore, a combination of bacteriophage T7 RNA polymerase with its promoter
controlled by a repressor element responsive to tetracycline (Tet) is
used for the inducible expression system. Target genes are inserted
into the expression cassette under the control of a T7 promoter
with the bacterial Tet responsive element (TRE) and integrated
into the chromosomal ornithine decarboxylase (odc) locus of the
host L. tarentolae strain, which is constitutively expressing T7 RNA
polymerase and the Tet repressor under the control of endogenous
Pol I. When overexpression of heterologous proteins affects the
physiology of the host, the inducible expression system may be
valuable.
2.3. Gene Transfer
and Selection

3. Posttranslational
Modifications

Following construction in Escherichia coli, the expression plasmid
is linearized and integrated into the chromosome of L. tarentolae
by homologous recombination. Leishmania cells can be routinely
transfected with plasmid DNA by electroporation and the transfected
cells can be selected with antibiotics. Currently, four selectable
marker genes are available in this system: neomycin phosphotransferase (neo), hygromycin phosphotransferase (hyg), bleomycin
resistance protein (ble), and streptothricin acetyltransferase (sat) that
confer resistance to G418, hygromycin, bleomycin, and nourseothricin, respectively. Therefore, up to four genes can be expressed
simultaneously and it is applicable, for instance, to produce
multisubunit proteins (27). Moreover, further increase of expression levels can be obtained with the additional copies of integrated
genes after sequential transfection and selection (15, 28).

The structures of N-linked oligosaccharides from various pathogenic
Leishmania and Trypanosoma species have been well-investigated
because they have been implicated in parasite virulence (29).
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According to previous studies, the pattern of N-glycosylation is
highly variable in different species and at different life cycle stages
(30, 31). Most N-linked glycans in these parasites are of the highmannose type; however, many trypanosomatids retain the enzymatic
machinery for making more complex N-glycan structures. As an
example, some glycoproteins of T. brucei have complex N-linked
glycans, primarily biantennary glycans with terminal a-1, 3-linked
galactose units or branched poly-N-acetyllactosamine sequences
similar to those of higher eukaryotes (32, 33). Some proteins of
T. cruzi are modified with a-linked galactose, fucose, and even
sialic acid residues (34, 35). The N-glycosylation profile of L.
tarentolae was investigated in recombinant human EPO (15). It
was exceptionally homogenous, with higher eukaryote-like biantennary N-glycans and the Man3GlcNAc2 core structure. N-glycans
were fully galactosylated and core-a-1, 6-fucosylated, whereas sialylation was missing. Higher branched, tri- and tetra-antennary glycans
were not observed, probably due to a lack of N-acetylglucosaminyl
transferase IV activity. Overall, the N-glycosylation pathway of
L. tarentolae is more similar to those in mammals than those in yeast
and insect cells (Fig. 1). Genetic engineering of the L. tarentolae
host may provide a method for producing sialylated or multiantennary heterologous glycoproteins.
L. tarentolae has the potential to perform other posttranslational modifications typically associated with higher eukaryotes.
These include processing of signal sequences, protein folding,
and disulfide bridge formation. We successfully produced the disulfidelinked heterotrimeric glycoprotein, laminin, which contained
complex structures, such as epidermal growth factor (EGF)-like repeat
and coiled-coil domains, in a L. tarentolae expression system (27).

Fig. 1. N-glycosylation patterns of proteins expressed in various expression systems.
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Prokaryotic
Bacteria
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Medium
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No
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4. Conclusions
Various recombinant protein expression systems have been developed
in bacteria, yeast, fungi, insect cells, mammalian cells, transgenic
animals, and transgenic plants. Researchers have selected the optimal
expression system based on the purpose of the desired protein
product. The selection of the expression system depends on numerous factors, such as the expression levels, posttranslational modifications, production cost, availability of genetic systems, and other
factors (Table 1) (36, 37). Thus, it is important to understand the
advantages and disadvantages of the expression systems. At present,
the L. tarentolae expression system provides an attractive alternative
to mammalian cells for the production of recombinant mammalian
proteins. When it is difficult to express a mammalian protein or
domain of interest in mammalian cells, it would be advantageous
to use the L. tarentolae expression system. Furthermore, it can be used
for expression of proteins that are difficult to express in bacteria or
yeast. Since the L. tarentolae expression system has been recently
commercialized by Jena Bioscience (http://www.jenabioscience.com),
there are still few examples of this recombinant protein expression
(15, 24, 27, 28, 38–40). Although further investigation is required
to verify a relationship between posttranslational modifications
and biological activity of many other proteins, L. tarentolae is
a promising host for production of proteins with mammaliantype posttranslational modifications. The genomes of several
Trypanosomatidae have been sequenced (41–44) and are available
from sources, such as TriTrypDB (http://TriTrypDB.org) (45),
including the partial sequence of L. tarentolae. The availability of the
genome sequence should facilitate future improvement of this system for large-scale production of recombinant proteins for industrial and pharmaceutical uses.
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Chapter 16
Expression of Multisubunit Proteins
in Leishmania tarentolae
Marisa Sugino and Tomoaki Niimi
Abstract
Heterologous gene expression in mammalian cells is the first choice for the production of recombinant
proteins when posttranslational modifications affect the biological activity of target proteins. However, the
expression efficiency of mammalian cells is relatively low compared to other expression systems, such as
Escherichia coli or yeast. Recently, a novel protein expression system based on Leishmania tarentolae, a
protozoan parasite of gecko, was developed. This system allows not only easy handling like E. coli and
yeast, but also full eukaryotic protein folding and the mammalian-type posttranslational modifications of
target proteins. Here, we attempt to produce recombinant human laminin (LM)-332, a large heterotrimeric
glycoprotein, in the L. tarentolae expression system. A recombinant strain harboring three subunits of
LM-332 efficiently formed a heterotrimer and secreted it into the medium. The purified rLM-332 showed
similar cell adhesion activity to rLM-332 purified from mammalian cells, indicating its proper folding and
assembly. In this chapter, we describe a detailed protocol for multiple gene expression in the L. tarentolae
expression system.
Key words: Trypanosomatidae, Protozoa, Laminin, Basement membrane

1. Introduction
Over the past few decades, various recombinant protein expression
systems have been developed using bacteria, yeast, plant, insect,
and mammalian cells. Researchers have chosen systems based on
their downstream purpose. When posttranslational modifications
affect the biological activity of target proteins, heterologous gene
expression in mammalian cells is the first choice. However, the
expression efficiency of mammalian cells is relatively low compared
to other expression systems, such as E. coli or yeast. Recently, a
novel protein expression system based on Leishmania tarentolae,
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a unicellular eukaryotic protozoan parasite, has been established
(1–3). Compared to mammalian cell cultures, L. tarentolae has the
advantage of a higher growth rate with doubling time of 4–5 h in
agitated cultures. A unique feature of recombinant proteins
produced in L. tarentolae is the mammalian-type N-glycosylation
pattern. Since the L. tarentolae expression system has been used for
successful expression of various biologically active proteins, it is
an alternative to mammalian cells for production of recombinant
proteins (1, 4, 5).
Laminins (LMs) are large glycoproteins that are an integral
part of the structural architecture of basement membranes. They
consist of three subunits, a, b, and g chains, which bind to each
other via disulfide bonds to form a cross-shaped structure (6–8).
To date, 5 a, 3 b, and 3 g chains have been identified that combine
into at least 16 heterotrimeric molecules (9). LM-332, which consists
of a3, b3, and g2 chains, is unique among LM family members in
that all three subunits have truncated short arms, making LM-332
the smallest molecule. However, it is difficult to express correctly
folded heterotrimeric LMs, even LM-332, in E. coli and yeast.
Thus, mammalian cells have been used to prepare recombinant
LMs for use in biochemical studies. Here, we describe the production of recombinant human LM-332 in the L. tarentolae expression system (10).

2. Materials
2.1. Construction
of Plasmids

1. pLEXSY-2 expression vectors (Jena Bioscience, Fig. 1):
pLEXSY-neo2 encoding the aminoglucoside phosphotransferase, pLEXSY-ble2 encoding the bleomycin resistance
gene, and pLEXSY-sat2 encoding the streptothricine acetyltransferase (see Note 1).
2. High-fidelity DNA polymerase.
3. Oligonucleotide primers with appropriate restriction sites.
4. Thermal cycler for polymerase chain reaction.
5. Agarose gel equipment.
6. DNA fragment purification kit (Qiagen).
7. Restriction enzymes.
8. E. coli strain DH5a.
9. Luria-Bertani (LB) medium: 10 g/L Bacto-tryptone, 5 g/L bacto
yeast extract, and 5 g/L NaCl; autoclave at 121°C for 30 min.
10. LB agar plates containing ampicillin at a final concentration of
100 mg/mL.
11. Miniprep and Midiprep plasmid DNA extraction kits (Qiagen).
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Fig. 1. Construction of expression plasmids for human LM-332 subunits. A map of the
pLEXSY-2 vector and the strategy used for plasmid construction are summarized. FLAG and
c-myc tags were added to the N- and C-terminal ends of the a3 constructs, respectively.
The cDNA sequences encoding human LM-332 subunits without signal sequence were
inserted in-frame after the signal peptide (SP) of L. mexicana secreted acid phosphatase. LM
coiled-coil (LCC), LM globular (LG), LM N-terminal (LN), and LM 4 (L4) domains are
shown.

2.2. Leishmania
Strain, Growth Media,
and Additives

1. L. tarentolae strain: LEXSY host P10 (Jena Bioscience).
2. LEXSY-BHI liquid medium: Dissolve 37 g LEXSY BHI powder
(Jena Bioscience) in 1 L of deionized water and autoclave for
15 min at 121°C. Cool medium to room temperature (RT)
before adding of hemin and penicillin/streptomycin.
3. 500× hemin stock solution: 0.25% (v/v) hemin in 50% (v/v)
triethanolamine.
4. 200× penicillin/streptomycin stock solution: 10,000 units of
penicillin G sodium salt and 10 mg/mL streptomycin sulfate
in 0.85% saline.
5. 1,000× G418 stock solution: 50 mg/mL in water.
6. 1,000× bleomycin stock solution: 100 mg/mL in water.
7. 1,000× nourseothricin stock solution: 100 mg/mL in water.
8. LEXSY-BHI agar plates for clonal selection.
(a) Mix the following components for five plates (50 mL):
35 mL of 2× LEXSY BHI (74 g/L), 10 mL of inactivated
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fetal calf serum, 4 mL of 1 M HEPES, pH 7.4, 1 mL of
penicillin/streptomycin, 0.2 mL of hemin, and appropriate
antibiotics.
(b) Autoclave 50 mL of 2% (w/v) agar and keep at 55°C.
(c) Pour the medium into the warm agar (total 100 mL), mix
gently, and distribute 20 mL per 90-mm plastic Petri dish.
(d) Leave the cover off and dry the plate for 10 min after
solidifying.
(e) Use the freshly prepared plates immediately.
2.3. Cell Culture,
Protein Expression
and Detection

1. T25 ventilated tissue culture flask for suspension culture (see
Note 2).
2. 125-mL disposable sterile Erlenmeyer flask with vented cap.
3. Incubator at 26°C (see Note 3).
4. Orbital shaker at 26°C.
5. Electroporation device.
6. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) equipment.
7. Western blotting equipment.
8. Nitrocellulose membrane.
9. Anti-FLAG M2 (Sigma), LM b3 (Santa Cruz Biotechnology),
and LM g2 (Santa Cruz Biotechnology) antibodies.
10. Horseradish peroxidase (HRP)-conjugated secondary antibody (GE Healthcare).
11. Chemiluminescence substrate for peroxidase.
12. Chemiluminescence imaging system.
13. TBS buffer: 50 mM Tris–HCl, pH 7.4, and 150 mM NaCl.

3. Methods
3.1. Preparation of the
Expression Plasmids
for Transfection

The pLEXSY-2 vectors are used for constitutive expression of target
proteins following integration of the expression cassette into the
chromosomal 18S rRNA locus of L. tarentolae (Fig. 1).

3.1.1. Polymerase
Chain Reaction
Amplification of cDNAs

The primers are designed to ensure in-frame cloning of the cDNA
of interest into the expression cassette. The cDNAs are amplified
either by reverse transcription-PCR (RT-PCR) from total RNA
of human keratinocytes or by PCR using plasmid DNA as a template. The amplification is performed using high-fidelity DNA
polymerase to ensure minimal mutation of the sequence during
the PCR.
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3.1.2. Cloning of cDNAs
into the Expression Vectors

We usually add an epitope tag at both the 5¢ and 3¢ ends of the
cDNA, as one of the tags may not be accessible to an antibody if
the expressed protein is processed by proteases in Leishmania.
We use the pSecTag2A-FLAG vector for adding FLAG- and
c-myc-tags to the 5¢ and 3¢ ends of cDNA, respectively (10). Once
the amplified cDNAs are inserted into the pSecTag2A-FLAG
(laminin a3 subunit) or pcDNA3.1(+) vector (laminin b3 and g2
subunits), further amplification is performed. The resulting PCR
products are then ligated into the XbaI-AflII- or XbaI-KpnIdigested pLEXSY-2 vectors.

3.2. Transfection

The expression plasmids containing cDNAs encoding human
laminin b3, g2, and a3 chains are sequentially transfected into
L. tarentolae by electroporation as follows.
1. Linearize approximately 5 mg of the expression plasmid with SwaI
restriction enzyme. This treatment generates a 2.9 kb fragment
from E. coli and a larger fragment representing the linearized
expression cassette with the target gene.
2. Purify the expression cassette with an agarose gel extraction.
3. One day before transfection, inoculate L. tarentolae cells at a
1:10 dilution in 10 mL of LEXSY-BHI medium in a T-flask.
4. On the day of transfection, the cell density should be about
6 × 107 cells/mL (OD600 = 1.4).
5. Centrifuge the cells at 2,000 × g for 5 min at RT and remove
50% of the supernatant volume.
6. Resuspend the pellet in the remaining medium and incubate
on ice for 10 min.
7. Chill off linearized plasmid DNA (1–2 mg) in another tube
on ice.
8. Add 350 mL volume of prechilled cells to the tube with DNA
and transfer a 0.2-cm electroporation cuvette on ice.
9. Apply a pulse of 450 V with 450 microF.
10. Place back the cuvette on ice for 10 min.
11. Transfer the cells to 5 mL of LEXSY-BHI medium.
12. Incubate the electroporated cells at 26°C for 24 h.

3.3. Clonal Selection
by Plating on Agar
Plates

For establishment of the expression strain, we always use the clonal
selection method by plating on agar plates with appropriate antibiotics as follows (see Notes 4 and 5).
1. Withdraw 0.5–1.5 mL from the transfected 5 mL of culture.
2. Pellet the cells for 1 min at 2,000 × g at RT.
3. Remove the supernatant and resuspend the cells in 50–100 mL
of residual medium.
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4. Carefully spread the resuspended cells onto freshly prepared
LEXSY-BHI agar plates supplemented with the appropriate
selective antibiotics.
5. Seal the plates with parafilm and incubate upside down at 26°C
for 5–10 days.
6. Transfer five to ten colonies carefully using a micropipette tip
to 96-well plate with 200 mL of selective medium.
7. After a 24–48-h incubation, expand the clones to 1 mL of
selective medium in a 24-well plate and can be used for evaluation of protein expression by Western blotting.
3.4. Verification of
Correct Transformants
by Western Blotting

1. Apply the cell lysates and/or conditioned medium of the
selected clones after clonal selection to an SDS-PAGE.
2. Transfer proteins to nitrocellulose membranes.
3. Block the membrane with 5% (w/v) nonfat dry milk in
phosphate-buffered saline (PBS) containing 0.1% (v/v) Tween20 for 1 h at RT.
4. Incubate the membrane with primary antibodies against the
FLAG epitope (1:1,000 v/v), LM b3 (1:2,000 v/v), or LM g2
(1:2,000 v/v) for 1 h at RT.
5. Wash the membrane three times with PBS containing 0.1% (v/v)
Tween-20.
6. Incubate with HRP-conjugated secondary antibody (1:2,000 v/v)
for 1 h at RT.
7. Wash the membrane three times with PBS containing 0.1%
(v/v) Tween-20.
8. Develop the membrane using chemiluminescence reagents and
detect on a chemiluminescence imaging system.

3.5. Storage
of L. tarentolae Host
and Recombinants

1. Add 1.2 mL of autoclaved 80% glycerol to a 15-mL tube.
2. Withdraw 3.6 mL of culture grown in LEXSY-BHI medium
from the mid-growth phase (see Note 6).
3. Mix with glycerol and dispense 3 × 1.6-mL aliquots into sterile
cryovials.
4. Incubate for 10 min at RT.
5. Incubate for 1 h on ice.
6. Incubate for 1 day at −20°C.
7. Transfer to −80°C for long-term storage.

3.6. Protein Expression
and Purification

1. Inoculate approximately 3 mL of the static culture from the
recombinant strains harboring the three constructs in 30 mL
of LEXSY-BHI medium containing half the required concentration of G418, bleomycin, and nourseothricin.
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Fig. 2. Production of recombinant human LM-332 in L. tarentolae cells. Kinetics of cell
growth (upper panel ) and expression of recombinant LM-332 (lower panel ) are presented.
Plasmids containing cDNA encoding the b3, g2, and a3 subunits of LM-332 were sequentially transfected into L. tarentolae by electroporation. A recombinant strain harboring three
constructs was analyzed for the expression of LM-332. Culture medium was analyzed by SDSPAGE under nonreducing conditions and immunoblotted with anti-FLAG antibody. The bands
assumed to be the a3-b3-g2 heterotrimer and a3 monomer are indicated with arrowheads. Molecular weight markers are indicated to the left of the figure.

2. Incubate the cells at 26°C in a 125-mL Erlenmeyer flask with
shaking at 140 rpm in an orbital shaker.
3. Check protein expression by Western blotting (Fig. 2) (see
Note 7).
4. Harvest the culture medium around 72 h post inoculation by
centrifugation at 4,000 × g for 15 min.
5. Apply the culture medium to an anti-FLAG M2 affinity column.
6. Wash the column with ten bed volumes of Tris-buffered saline
(TBS).
7. Elute the bound proteins with five fractions of FLAG peptide
(100 mg/mL) each of half a bed volume.
8. Dialyze the eluate against TBS (see Note 8).
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4. Notes
1. A fourth expression vector, pLEXSY-hyg2, encoding hygromycin
phosphotransferase is available, which makes it possible to
express four genes simultaneously in this system.
2. L. tarentolae cells require aerobic conditions. The cells can be
maintained continuously in suspension in ventilated tissue culture
flasks with regular dilutions at 1:10–1:50.
3. L. tarentolae cells must be cultivated in the dark at 26°C
because hemin is light sensitive.
4. The frequency of correct integrants is very high in clonal selection
by plating on agar plates.
5. The days that colonies begin to appear are different for each
clone when using the clonal selection method on agar plates.
Some clones can be picked on the fourth day after plating, and
some clones need more than 10 days’ incubation before they
can be picked.
6. The reactivation of L. tarentolae strains from glycerol stocks
has often failed. Glycerol stock must be prepared from the
mid-growth phase culture carefully.
7. It is important to harvest the culture medium in the appropriate
growth phase. The LM-332 heterotrimer should be harvested
between 2 and 3 days before degradation. If the a3 monomer
is required, it may be better to harvest the culture on later days.
8. The final yield of the purified recombinant LM-332 was estimated
to be 2.5–5 mg from 30 mL of culture medium. This yield was
comparable to that of LM-332-producing mammalian cell lines.
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Part IV
Fungi

Chapter 17
Recombinant Protein Production in Yeasts
Diethard Mattanovich, Paola Branduardi, Laura Dato, Brigitte Gasser,
Michael Sauer, and Danilo Porro
Abstract
Recombinant protein production is a multibillion-dollar market. The development of a new product
begins with the choice of a production host. While one single perfect host for every protein does not exist,
several expression systems ranging from bacterial hosts to mammalian cells have been established. Among
them, yeast cell factories combine the advantages of being single cells, such as fast growth and easy genetic
manipulation, as well as eukaryotic features including a secretory pathway leading to correct protein
processing and post-translational modifications. In this respect, especially the engineering of yeast glycosylation to produce glycoproteins of human-like glycan structures is of great interest. Additionally, different
attempts of cellular engineering as well as the design of different production processes that are leading to
improved productivities are presented. With the advent of cheaper next-generation sequencing techniques,
systems biotechnology approaches focusing on genome scale analyses will advance and accelerate yeast
cell factories and thus recombinant protein production processes in the near future. In this review we summarize advantages and limitations of the main and most promising yeast hosts, including Saccharomyces
cerevisiae, Pichia pastoris, and Hansenula polymorpha as those presently used in large scale production of
heterologous proteins.
Key words: Yeast, Heterologous proteins, Expression, Industrial Biotechnology

1. Introduction:
the Host Species
Commonly Used

High level production of proteins from engineered organisms provides
an alternative to protein extraction from natural sources. Natural
sources of proteins are often limited, and furthermore the concentration of the desired product is generally low, making its extraction
very cost-intensive or even impossible. Besides, extraction might
bear the danger of toxic or infectious contamination depending on
the natural origin of the protein. With the advent of molecular
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cloning in the mid-1970s, it became possible to produce foreign
proteins in new hosts. Recombinant DNA (rDNA) technologies
(genetic, protein, and metabolic engineering) allow the production
of a wide range of peptides and proteins from naturally nonproducing cells. The first recombinant product on the world market
made by means of rDNA was insulin in 1982 (Humulin by Eli Lilly).
Since then, more biopharmaceutical proteins such as interferons,
erythropoietin, vaccines, and more recently monoclonal antibodies
as well as industrial enzymes (for example, used for the treatment
of food, feed, detergents, paper-pulp, and health care) followed.
Today, recombinant protein production is a multibillion-dollar
market. The global sales for biopharmaceutical proteins was 87
billion USD in 2008 and is expected to rise up to 169 billion USD
in 2014 (1, 2). The market for industrial enzymes was 5.1 billion
USD in 2009 and is predicted to reach 6.5 billion USD in 2013
(3). Indeed, the growing demand in the animal feed and biofuels
market, in addition to pharmaceutical enzymes, requires high
production of industrial enzymes such as proteases, lipases, and
carbohydrases.
In 2009, out of the 151 approved recombinant biopharmaceutical products, 29 monoclonal antibodies contributed to more
than 40% of the revenues, followed by vaccines, TNF blockers, hormones
such as insulin and erythropoietin. Around 20% of biopharmaceutical proteins are produced in yeast hosts, 30% in Escherichia coli,
and 50% in higher eukaryotic cells, mainly mammalian cells and
hybridomas (4). Currently, nearly all yeast-derived products on the
market are produced in Saccharomyces cerevisiae; in 2009 the first
biopharmaceutical protein produced in a non-Saccharomyces yeast
was approved by the FDA (Kallikrein inhibitor (Kalbitor by
Dynax Inc.) produced in Pichia pastoris). Regarding the production
of industrial enzymes, the share is almost total of microbial hosts
especially E. coli (mostly recombinant), Bacillus subtilis (natural
producer), yeasts (mostly recombinant secretion), and filamentous
fungi (often native producers). Especially for the recombinant
production of fungal enzymes, secretory expression in yeasts is often
the best choice. Despite the fact that a large number of protein
drugs are produced in higher eukaryotic cells, there is still a strong
interest of biopharmaceutical industry in developing improved
microbial production platforms (mainly E. coli and yeast systems).
This indicates that microbial cells represent convenient and powerful
tools for recombinant protein production. In this respect, the dominance of E. coli as host for the production of heterologous proteins
is clearly a reflection of the quantity and quality of the information
available about its genetics, molecular biology, biochemical, physiological, and fermentation technologies. Indeed, recombinant
protein fraction can reach up to 50% of total biomass (5) and
protocols for high cell density cultivation (HCDC) are established,
reaching up to 100 g biomass per liter (6). But, it has to be noted
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that bacterial hosts lack the ability of correct post-translational
protein processing and, in a lot of cases, heterologous proteins
aggregate as inclusion bodies inside the bacterial cells, often causing
the proteins to lose their enzymatic activity/3D structure. Due to
their incorrect structure any use of such proteins in humans is also
excluded, unless they can be correctly refolded in vitro. However,
the dogma that E. coli cannot secrete or glycosylate recombinant
proteins became obsolete due to extensive genetic engineering
efforts: both extracellular protein production (reviewed by Nu and
Chen (7)) as well as glycosylation (reviewed by Pandhal and Wright
(8)) has been reported also for prokaryotic hosts. However, the
yields achieved (up to maximum 100 mg/L secreted protein), or the
authenticity of the glycans are far from the eukaryotic systems.
Among the microbial eukaryotic hosts systems, yeasts combine
the advantages of unicellular organisms (i.e., ease of genetic manipulation and growth) with the capability of a protein processing
typical for eukaryotic organisms (i.e., protein folding, assembly,
and post-translational modifications), together with the absence of
endotoxins as well as oncogenic or viral DNA. Starting from the
early 1980s, the majority of recombinant proteins produced in
yeasts have been expressed using S. cerevisiae (9). As for E. coli, this
was a reflection of the familiarity of molecular biologists with
this yeast combined with the deep knowledge about its genetics,
biochemistry, physiology, and fermentation technologies. Furthermore, S. cerevisiae is recognized by the American Food and Drug
Administration (FDA) as an organism generally regarded as safe
(GRAS). However, it shows strong fermentative metabolism and
limited recombinant protein productivity. In addition, the proteins
produced by S. cerevisiae are often hyper-glycosylated and retention
of the products within the periplasmic space is frequently observed
(10–12), with a consequent partial degradation. These degradation products are generally very difficult to remove from the desired
product. Disadvantages such as these have promoted, since the
mid 1980s, a search for alternative hosts, trying to exploit the great
biodiversity existing among the yeasts, and starting the development of expression systems using the so-called non-conventional
yeasts. The most established or prominent examples of nonconventional yeasts are Hansenula polymorpha (13–15), P. pastoris
(reviewed in ref. 16, 17), Kluyveromyces lactis (18), Kluyveromyces
marxianus (19), Yarrowia lipolytica (20), Arxula adeninivorans
(21, 22), Pichia methanolica (23), Schizosaccharomyces pombe (24),
and Zygosaccharomyces bailii (25), to mention a few. Some other
yeasts, such as the osmotolerant Zygosaccharomyces rouxii or xyloseutilizing Pichia stipitis have initially been described for protein
production (26, 27); however, nowadays their main applications
are physiological characterization of salt tolerance or production of
organic compounds such as bioethanol, respectively.
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The choice of the yeast host is of paramount importance for
the success of the whole process. On this topic, different reviews
have been published in the last years (15, 28–32). Usually, yeast
hosts are divided in two main categories, (a) conventional and
non-conventional or (b) Crabtree positive and Crabtree negative.
In this respect, S. cerevisiae is the only conventional yeast and one
of the few Crabtree positive (i.e., producing ethanol under aerobic
conditions), together with Z. rouxii and Z. bailii. With respect
to fermentation, Y. lipolytica represents an exception as the only
non-fermenting yeast among the host species mentioned above.
Nevertheless, considering the recent developments of heterologous protein production systems, yeasts should be grouped in two
other categories: non-methylotrophic and methylotrophic hosts
(Table 1). This review will analyze the advantages and disadvantages of different yeasts according to this grouping.
1.1. NonMethylotrophic
Yeasts

Many of the wild type yeasts listed above, lacking both endotoxins
and lytic viruses, are known for their established applications for
the production of ethanol, beverages, flavors, enzymes, vitamins,
organic and single cell proteins (biomasses). Generally speaking, the
main advantage of the non-methylotrophic hosts is related to the
familiarity of the molecular biologists, biochemists, microbial physiologists, and fermentation technologists with these yeasts. This is particularly
true for S. cerevisiae and, to a lesser extent, for K. lactis and Y. lipolytica for which the entire genome has been fully sequenced. Further,
K. lactis, like the already mentioned S. cerevisiae, is a GRAS organism.

Table 1
Non-methylotrophic and methylotrophic yeast
species used for recombinant protein production
(for full names and references see text)
Non-methylotrophic

Methylotrophic

S. cerevisiae

H. polymorpha

K. lactis

P. pastoris

Y. lipolytica

P. methanolica

Z. rouxii

C. boidinii

Z. bailii

O. minuta

S. occidentalis
P. stipitis
A. adeninivorans
K. marxianus
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K. marxianus is a thermotolerant relative of K. lactis, which has mainly
been utilized to produce endogenous (pectinolytic) or exogenous
enzymes (see ref. 33), and exhibits strictly respiratory growth
under glucose surplus, thus leading to high biomass concentrations. For many of these yeasts, the tremendous improvements in
yeast molecular genetics have yielded a wide range of vectors,
selection markers, promoters, terminators, and secretion signals
allowing the scientists to understand and solve many problems
encountered in the expression of heterologous genes. The success
obtained using these yeasts is indicated by the high expression
levels that have been obtained in shake-flask cultures. Advanced
fermentation techniques (continuous and fed-batch processes)
and technologies (computer-controlled fermentations) are also available.
An interesting element is also added by the wide range of carbon
and energy sources that can be used during the industrial processes
by these yeasts (among them: glucose, lactose, maltose, starch,
alkanes, and fatty acids). Despite all these considerations, at present,
most processes for the production of heterologous proteins by
these yeasts are still in the developmental phase. In fact, large-scale
processes impose many restrictions and often these expression systems cannot be implemented in large-scale environments.
The amount of genetic, biochemical, physiological information
and technologies available for the genus Zygosaccharomyces is
instead very poor. However, these yeasts seem very promising.
Six species, which appear to be evolutionarily quite close to S. cerevisiae
and not so distant from K. lactis, have been classified so far (34).
An exceptional resistance to several stresses renders some of the
Zygosaccharomyces species potentially interesting for industrial
purposes. For example Z. rouxii is known to be salt tolerant
(osmophilic) and Z. bailii can tolerate high sugar concentrations
(osmotolerant), acidic environments as well as relatively high
temperatures of growth (35, 36). Despite being classified as
Crabtree positive, ethanol production under aerobic conditions is
quite low when compared to that observed from S. cerevisiae cells;
indeed, these yeasts can grow to high cell densities even without
complex fermentation strategies. Developments of these yeasts as
hosts for the production of heterologous proteins are quite promising because all of these properties could allow the development
of easier and cheaper production strategies.
Y. lipolytica and A. adeninivorans represent dimorphic fungi,
which are able to change from vegetative growth to formation of
(pseudo)hyphae. A. adeninivorans is a nitrate-assimilating, thermoand osmotolerant yeast, which exhibits temperature-dependent
polymorphism (change to mycelial structures above 42°C), while
Y. lipolytica has the capacity to grow on n-paraffins and is known
as natural secretor of enzymes.
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1.2. Methylotrophic
Yeasts

Methylotrophic yeast species share a common pathway to metabolize
one-carbon compounds, e.g., methanol as carbon and energy
source. Initially, this group of yeasts had been employed in the
production of feed protein (single cell protein) (37), but soon they
attracted the interest as production systems for recombinant
proteins (38) because of two major features: they are able to
grow to high cell densities even in unsophisticated fermentation
processes and, secondly, their high demand for methanol oxidizing
enzymes (like alcohol oxidase) endows them with very strong and
strictly regulated promoters.
Two species are mainly employed for heterologous protein
expression: P. pastoris (syn. Komagataella pastoris) (reviewed in
ref. 16, 17) and H. polymorpha (also known as Pichia angusta)
(reviewed in ref. 15, 22). Additionally, P. methanolica (23) and
Candida boidinii (39, 40) are described in literature as expression
systems. More recently another methylotrophic yeast, Ogataea
(Pichia) minuta was developed as a suitable host for the production
of glycoproteins (41 ). In the following pages, P. pastoris and
H. polymorpha will be discussed in more detail. Although these
two yeasts share a common pathway to metabolize methanol, they
differ significantly in their specific genetics (42). P. pastoris produces two different alcohol oxidases (AOX1 and AOX2), whereas
H. polymorpha expresses only one methanol oxidase (MOX). The
regulation of MOX is somewhat different, as derepression of MOX
occurs even in the absence of methanol if there is no glucose present.
Furthermore, H. polymorpha is able to grow on elevated temperature
(42°C) and to assimilate nitrate.
The first generation of expression systems relied on the AOX1
promoter (the stronger between the two) or the MOX promoter,
respectively. With respect to methanol utilization, there are three
possible phenotypes for P. pastoris compared to two for H. polymorpha, namely Mut+ (wild type methanol utilization; both AOX1
and AOX2 intact), Muts (slow methanol utilization; AOX1 interrupted, AOX2 intact) and Mut− (deleted methanol utilization,
both AOX1 and AOX2 interrupted). Since methanol is employed
as inducer of these expression systems, the methanol utilization
phenotype plays an important role with respect to the design of
the production process. The technological consequences of these
phenotypes will be discussed further ahead.
Eventually, novel promoters were isolated and employed for
gene expression, namely the formaldehyde dehydrogenase (FLD)
promoter (43, 44) and the glyceraldehyde 3-phosphate dehydrogenase (GAP ) promoter (45) of P. pastoris and the formate
dehydrogenase (FMD) promoter of H. polymorpha (46). These
promoters are either regulated, as the FLD promoter (nitrogen
and methanol regulated) or constitutive as the GAP promoter.
The type of regulation again plays a major role in the design of the
fermentation process.
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A major drawback of all methylotrophic yeasts as compared to
S. cerevisiae was for many years the lack of fundamental knowledge
on their genetics and molecular biology. Therefore only a limited
number of genetic engineering tools were available. However, the
genome sequences of P. pastoris (47, 48) and H. polymorpha (49)
recently became public and more will become soon (e.g., Z. bailii,
PB personal communication), thus accelerating the development
of the methylotrophic expression platforms.

2. Transformation
and Vector
Systems

K. lactis, and Y. lipolytica are heterothallic while P. pastoris, P. methanolica, and H. polymorpha are homothallic. Most Zygosac-charomyces
species appear homothallic, but details still have to be clarified. For
the K. lactis and Y. lipolytica heterothallic strains, the genetic
manipulations described for S. cerevisiae can be carried on with
good efficiency, while for the homothallic strains, complementation and tetrad analyses pose different problems.
The expression of a foreign protein in yeast consists of, firstly,
cloning of a foreign protein-coding DNA sequence within an
expression cassette containing a yeast promoter and transcriptional
termination sequences; secondly, transformation and stable maintenance of this DNA fusion in the host. Cloning of a heterologous
gene into the cited yeast hosts can be carried out by three different
approaches: spheroplast preparation (50), the lithium acetate
method (51) and electroporation (52). The lithium acetate method
and electroporation are the methods of choice today. Efficiency of
transformation is clearly strain dependent and detailed studies should
be carried out when a high efficiency of transformation is required.
Transformants can be selected by (a) complementation of auxotrophic markers (i.e., for example URA3, LEU2, TRP1, HIS3,
HIS4, ADE1 being the most commonly used), (b) dominant markers (genes conferring resistance to the presence of antibiotics such
as G418, phleomycin, hygromycin, Zeocin, or others in the culture
medium), or (c) the so-called autoselection systems. For an industrial process, the expression system should be genetically stable
without selection pressure. It is strongly advised against the use of
antibiotics during the production process, and auxotrophic marker
systems would require chemically defined minimal media (which
would not be unusual for a large-scale process), but at high cell
densities would also show the tendency of cross feeding between
marker-containing and auxotrophic cells that have lost the marker.
For S. cerevisiae, the LEU2 gene and the G418 resistance gene
are the two most popular markers used, whereas for P. pastoris,
HIS4 and Zeocin resistance are mainly employed. Autoselection
systems are based on the expression of a vital gene/activity in host
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strains lacking such a gene/activity, like URA3 in a Δfur1 (uracil
phosphoribosyl transferase), FBA1 (fructose biphosphate aldolase)
in a Δfba1 backgrounds. These systems ensure that plasmid selection is maintained irrespective of culture conditions. While dominant
markers can be used with any yeast strain, auxotrophic markers and
autoselection systems require the availability of the respective
deletion strains. The availability of such deletion strains depends
on the abundance of molecular biology research on these species.
Table 2 summarizes the most commonly used methods of transformation and selection in the presented yeast expression systems,
as well as the progress of genetic engineering and the availability
of tools for genetic manipulation.
The heterologous gene can be introduced into the yeast host
cells by means of an integrative plasmid as well as by autonomous
or episomal circular plasmids. In the first case, the heterologous
gene fate is the integration into the chromosomal DNA by means
of recombination events. Directed integration requires homology
of the DNA introduced with a chromosomal locus. On the other
side, heterologous recombination may occur at random positions.
In the other cases, the heterologous gene will be replicated due to
the replication of a circular plasmid. For the autonomous plasmids,
replication is governed by the autonomous replicating sequences
(ARS), while the episomal plasmids are based on endogenous
circular yeast plasmids like the 2 μm plasmid of the yeast S. cerevisiae.
Ideally, an expression vector should be stably maintained in the
host cells without the need of any selection pressure and (assuming
a direct correlation between gene dosage and expression level)
with a high copy number per cell. Cloning of centromeric sequences
(CEN) in autonomous plasmids yields stable centromeric plasmids,
but those are replicated in one or two copies per cell. ARS-based
plasmids without centromeric sequences are generally very
unstable and easily lost by growing the host cells without selective pressure. Episomal plasmids are generally maintained with a
high copy number per cell (from 1 to 10 up to 100 copies per cell).
Unfortunately, endogenous plasmids have been isolated and
characterized only for few yeast hosts: S. cerevisiae, K. lactis,
Y. lipolytica, Z. rouxii, and Z. bailii (see Table 2).
Finally, the copy number per cell of the integrative plasmids is
related to the cloning strategy. Multiple integration can be obtained
by targeting the cloned gene to the ribosomal DNA cluster, constructing concatamers of the expression cassette or simply by
chance. Nevertheless, it is very important to underline that a direct
correlation between gene dosage and level of expression is not a
general feature, but strongly depends on the heterologous protein
to be produced. Cloning and transformation of the host cells is only
the first step required for the production of a heterologous protein.
It has been shown that lower level of expression (transcription and
translation) could give higher yield in the production of the heterologous proteins.

Species

A. adeninivorans

Z. bailii

Z. rouxii

Lithium
acetate or
electroporation

Electroporation
Lithium
acetate or
electroporation
Lithium
acetate plus
electroporation

P. stipitis

Y. lipolytica

Lithium
acetate

Lithium
acetate

Transformation
method

K. lactis

Non-methyl- S. cerevisiae
otrophic

Type

Episomal
(centromer or
pSR1) or genome
integration
Episomal (ARS,
CEN, 2 μm
plasmids) or
genome
integration
Genome
integration

Episomal (ARS,
CEN, 2 μm
plasmids) or
genome
integration
Episomal or
genome
integration
Genome
integration
Genome
integration

Yes (61)

Yes (25)

n.a.

Yes (59)

Yes (57)

Yes (54)

Yes

G418, hygromycin

G418, hygromycin,
nourseothricin

Phleomycin,
hygromycin,
SUC2
G418

Hygromycin

G418, hygromycin,
amdS

G418, hygromycin,
nourseothricin

rDNA propagation Ribosomal Dominant
modus
integration selection

leu2, trp1,
lys2, ura3

leu2

ura3, leu2,
ade2

leu2, ura3,
lys5, ade1

ura3, leu2,
trp1

leu2, ade2,
ura3,
arg4, …

Auxotrophic
selection

1996 (53)

Genome
sequence

n.a.

n.a.

In progress och1 →
Man8-GlcNAc2
(60)
n.a.

n.a.

n.a.

Genolevures
(56)

Genolevures
(56)

In progress och1
Genolevures
mnn1 ® Man(9–11) (56)
GlcNAc2 (55)
n.a.
2007 (58)

Discontinued
at och1 mnn1 ®
Man5GlcNAc2

Glycoengineering

(continued)

New England
Biolabs

Commercial
Supplier

Table 2
Characteristics of the most commonly used yeast expression systems: available tools for genetic engineering (including
genome sequence), progress in engineering of N-glycosylation and commercial suppliers of the expression platforms
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Transformation
method

Electroporation

Electroporation

Electroporation

Lithium
chloride plus
electroporation

Species

P. methanolica

P. pastoris

H. polymorpha

O. minuta

Type

Methylotrophic

Table 2
(continued)

Genome
integration

Genome
integration

Genome
integration,
up to 90% nonhomologous
Genome
integration

n.a.

Yes (64)

Yes (62)

n.a.

G418

G418, hygromycin

Zeocin, G418,
FLD

n.a.

rDNA propagation Ribosomal Dominant
modus
integration selection

ura3, ade1

his4, ade2,
ura3, met,
arg4
leu2, ura3,
arg1, ade1

ade2

Auxotrophic
selection

In progress och1,
alg3 → Man3GlcNAc2 (65)
In progress
och1 → Man5GlcNAc2 (41)

Complex human
N-glycans (63)

n.a.

Glycoengineering

n.a.

2003 (49)

2009
(47, 48)

n.a.

Genome
sequence

Invitrogen

Invitrogen

Commercial
Supplier
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The vectors used are often hybrids between yeast-derived and
bacterial sequences. The bacterial fraction of these vectors bears an
origin of replication for the chosen bacteria (essentially E. coli) and
selection markers (e.g., antibiotic resistance). Of course, the hybrid
fraction is introduced for an easier manipulation of the vector
itself.
With regards to the heterologous gene and its codon bias
index, it should be noted that codon usage does not appear to be
an essential parameter for high production levels even if, in some
cases, higher productions have been obtained.
Concluding, no general rules are known to illustrate the transformation efficiency, vector stability, and copy number, although
factors such as vector composition, host strain, transformation
method, and selective pressure might influence them.

3. Promoters
One of the important key factors for the production of heterologous proteins is the transcription efficiency of the heterologous
gene(s) for which a large variety of heterologous and homologous
as well as constitutive and inducible yeast promoters are available.
Generally, homologous promoters originating from the yeast species used as host are preferred, as heterologous promoters often do
not yield good efficiency of expression. This is especially the case
for promoters requiring a certain induction strategy.
On one side, inducible promoters can be useful to maintain
yeast cultures in an expression off mode during the cell growth
phase minimizing selection for non-expressing mutant cells. Such
a selection can occur as a result of the added metabolic burden
placed on cells expressing high levels of a foreign protein or the
toxic effect of a foreign protein on the cells.
On the other side, constitutive promoters are preferred since
their use does not imply the development of complex fermentation
strategies and/or the use of specific inducers, which could be
expensive or could interfere with the isolation of the final
product.
In the methylotrophic yeasts, still most processes rely on promoters of the methanol utilization enzymes for recombinant protein production; however, promoters of genes coding for core
metabolic enzymes are also used. Table 3 shows some of the most
used promoters.

TEF, RPS7
XPR2/hp4d

GAPDH

TPI

Y. lipolytica

Z. rouxii

Z. bailii

XYL1

Xylose
induced

AOX1, FLD1

Methanol
induced

AUG1

Gene nomenclature: α-MP, alpha-mating factor; ADH2, ADH4, alcohol dehydrogenase; AMY1, α-amylase; AOX1, AUG1, AOD1 and MOX, alcohol oxidase in species shown;
ENO, enolase; FLD1, formaldehyde dehydrogenase; GAL1-10 and GAL7, Upstream Activating Sequence of the GAL1-10 and GAL7 promoters; GAM1, glucoamylase;
GAPDH, GAP, glyceraldehyde-3-phosphate dehydrogenase; LAC4, β-galactosidase; PGK, phosphoglycerate kinase; RPS7, ribosomal protein S7; TEF, translation elongation
factor-1a; TPI, triose phospate isomerase; POX2, acyl-CoA oxidase 2; POT1, 3-oxo-acyl-CoA thiolase); ICL1, isocitrate lyase; XPR2, alkaline extracellular protease (inducible
by peptones); hp4d, derivative of XPR2

P. methanolica

AOX1

GAP

AMY1,
GAM1

Starch
induced

O. minuta

POX2, POT1,
ICL1

Inducible by
fatty acids
and alkanes

AOD1, DAS

ADH4

ADH2

Ethanol
induced

C. boidinii

LAC4

Lactose
induced

MOX

GAL1–10,
GAL7

Galactose
induced

H. polymorpha

P. pastoris

GAP, TEF, PGK

GAM1

S. occidentalis

Methylotrophic

PGK

K. lactis

P. stipitis

GAPDH,
PGK, TPI,
ENO, α-MP,
TEF

S. cerevisiae

Non-methylotrophic

Constitutive

Species

Type

Promoters

Table 3
Most important promoters used for gene expression in yeasts (31)
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Heterologous proteins are in almost all cases either targeted to the
cytoplasm or secreted, preferably into the culture supernatant.
While it is not possible to design the optimum expression strategy
a priori, some guidelines can be given.
Cytoplasmic expression often leads to very high expression
levels, as the potential limitations of the secretion pathways are
not involved. Very high expression levels have been reported, e.g.,
for rubber tree hydroxynitrile lyase (22 g/L; (66)) or tetanus toxin
fragment C (12 g/L; (67)). However, several negative aspects are
associated with the expression in the cytoplasm. For example,
breaking the cells requires additional steps during the downstream
processing of the product. The cells must be disrupted usually by
high pressure homogenization (and yeast cell walls are known to
be very robust), then the lysate needs to be clarified, and the product
is only a fraction of the total soluble cellular constituents, so that
additional purification steps must be employed. In many cases protein
folding and processing – mainly disulfide bond formation – pose a
severe limitation for cytoplasmic expression. Some authors have
described the formation of recombinant proteins as insoluble
aggregates (inclusion bodies) in the cytoplasm of yeasts (68–71).
These inclusion bodies may be processed as those obtained in
E. coli (71).
Alternatively, proteins can be targeted to be secreted essentially
by adding an appropriate secretion signal sequence. The current
strategies for secretion engineering are mainly related to enhancing
protein quantity by (1) engineering the protein folding and
quality control system, and (2) engineering the intracellular
protein trafficking pathway, as well as enhancing protein quality
by (3) minimizing the post-secretory proteolytic degradation, and
(4) engineering the post-translational glycosylation pathway
(reviewed in ref. 72).
The most commonly used secretion leader sequence targeting
newly synthesized polypeptides to the secretory pathway is the
S. cerevisiae α-mating factor (α-MF) prepro leader (even with nonSaccharomyces yeasts). High secretion levels have been described
for S. cerevisiae, P. pastoris, H. polymorpha, K. lactis, and Z. bailii by
using the α-MF leader. Several authors observed optimum secretion
when the entire processing sequence of prepro α-MF was employed.
After signal peptide removal, the pro sequence is cleaved by the
Kex2 proteinase in the Golgi, and subsequently two Glu-Ala dipeptides are removed by the Ste13 dipeptidase. However, the dipeptidase cleavage may not be quantitative resulting in a non-homogenous
product, which is problematic especially for pharmaceutical applications. Additionally, other yeast signal sequences have been employed
(e.g., S. cerevisiae invertase, K. lactis pre-sequence of the α-subunit
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of the K1 killer toxin or P. pastoris acid phosphatase – the latter often
with lower yields), or the heterologous secretion leader of the gene
to express was utilized, which functioned efficiently in several cases
even with human genes (e.g., human serum albumin; (73)).
The efficiency of oxidative protein folding within the endoplasmic reticulum (ER) seems to be highly dependent on the product,
and is in most cases the rate-limiting step in recombinant protein
secretion in yeasts. Several authors describe that significant amounts
of product may be retained in the cell even when targeted to
secretion (66, 74–76). Unfolded proteins in the ER induce a
conserved pathway termed “unfolded protein response” (UPR,
recently reviewed by Kohno, (77) and Mori, (78)). Activation of
UPR due to protein overproduction has been described for many
yeast species including S. cerevisiae, Y. lipolytica, P. pastoris, and
H. polymorpha. Strategies to overcome secretory bottlenecks
including overexpression of ER resident and cytosolic chaperones
and folding enzymes have been reviewed recently (79). According
to Kauffman et al. (74) in S. cerevisiae the UPR is necessary for
the cell to decrease the level of intracellular product and to resume
normal growth. Disruption of the central regulator for UPR results
in a significantly decreased secretory capacity of the cells (80). That
suggests that at least some of the components regulated by the
UPR are involved in general secretion. In many cases, constitutive
up-regulation of the UPR leads to an improved secretion of a
heterologous protein (80, 81). However, as discussed here, other
secretion limitations may apply as well, so that UPR up-regulation
alone is not always sufficient to improve protein secretion.
It was shown for filamentous fungi that genes encoding
secreted proteins are specifically down-regulated in response to
secretion stress (RESS) (82). While this seems to be a universal
concept in filamentous fungi, it seems to be true only in part for
yeasts. Generally, yeasts secrete a significantly lower number of
endogenous proteins compared to filamentous fungi, which may
render RESS unnecessary in yeasts. The low number of secreted
proteins makes yeast an attractive host for secretory protein
production, as it facilitates subsequent purification (discussed
below) and leads to less proteolytic degradation of the product.
The secretomes of K. lactis and P. pastoris have been analyzed
experimentally and show only very few or no proteases being secreted
in the supernatant, respectively (48, 83). For other yeasts, bioinformatics tools can be used to predict extracellular proteins within
the genome sequence, in order to choose the appropriate host.
After being correctly folded and released from the ER and the
Golgi, the product may still be retained within the periplasmic
space of the host cell. This effect was mainly observed with S. cerevisiae,
but this may be due to the larger amount of data available for this
yeast species. The distribution of a product between the culture
supernatant and the periplasm seems to be product dependent.
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Modification of the cell wall by deletion of the GAS1 gene
strongly improved the release of IGF1 into the supernatant in
S. cerevisiae (84), of Rhizopus oryzae lipase in P. pastoris (85),
and of two heterologous enzymes in Z. bailii (86). Additionally,
in the case of R. oryzae lipase secretion could further be enhanced
by combining the gas1 deletion with constitutive UPR induction
(87), indicating that the secretory pathway can be blocked at
different sites simultaneously.
One of the putative post-translational modifications that a
eukaryotic protein can encounter is represented by N- and/or
O-linked glycosylation. This aspect appears to be significant, since
approximately 70% of the approved therapeutic proteins are
actually glycoproteins, and their pharmacodynamic behavior is
influenced by said modifications. In addition, glycosylation results
to be critical also for many industrial enzymes, since it can influence the optimization of their enzymatic activity. The glycosylation
patterns of yeasts (S. cerevisiae as well as other yeasts like P. pastoris
and H. polymorpha) have been reviewed before (88 ). Briefly,
the initial steps of N-glycosylation are very similar if not even
identical in yeasts and mammals. A core N-glycan (consisting of
2N-acetylglucosamines and five mannose residues) is transferred
to the nascent polypeptide in the ER, using the Asn-X-Ser/Thr
consensus sequence. After ER quality control, the nascent proteins
are then transferred to the Golgi apparatus, where N-glycan
processing differs markedly between yeasts and higher eukaryotes.
Generally, the glycan chains of yeasts are less complex compared to
those of higher eukaryotes, being limited to the addition of
mannose and mannosylphosphate sugars, and tend to be larger in
size. P. pastoris has been reported to show less hypermannosylation
than S. cerevisiae and similar observations were made for H. polymorpha (for a review, see ref. 89). One reason to this is the different endowment of the yeasts with mannosyltransferases, as has been
elucidated from their genome sequences. Attempts to prevent
hypermannosylation by inactivation of the responsible mannosyltransferases Och1 and Mnn1 led to severe growth defects in S. cerevisiae
(90, 91), but was feasible in other yeasts (see refs. in Table 2).
Therefore glycoengineering focused mainly on P. pastoris (see refs.
92 and 63). Construction of a glycoengineered yeast strain capable
of expressing glycoproteins with humanized N-glycosylation
structures involved a total of 17 genetic modifications, including
deletion of genes of the endogenous pathway, overexpression of
suited glycosyltransferases, and finally overexpression of six biosynthetic genes for supply of galactose and sialic acid, which are
the terminal sugars in human N-glycans (summarized in ref. 63).
These yeasts possess an enormous potential in protein-based
therapy as well as in other fields of biotechnological applications
(93–95). In combination with extensive folding and secretion
engineering, high level secretion of up to 1 g/L full-length antibodies
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with correct human N-glycans has been achieved (96). So far, the
modification of yeast O-glycosylation (reviewed in ref. 97) has
not been successfully performed apart from one exception (98),
but will remain a challenge for the next few years.
As a general rule, most proteins that are secreted in their native
environment will be more easily produced in an active form, if
secreted from the recombinant host. Problems can be encountered
with translocation and/or folding. If secretion and/or folding
appear to be the bottleneck of production, an increase of transcription by the use of a stronger promoter or the increase of gene
dosage will not improve the yield, but may even lead to a reduction
of productivity and can pose a severe stress on the host cells.
A general technological problem encountered with secretion
systems is the harvesting of the supernatants from high cell density
fermentations (up to 500 g/L wet biomass). The possible technical
solutions for centrifugation of dense cultures at large scale are
limited (e.g., decanters) and involve high investment costs. As an
alternative, capturing the product out of the total culture broth by
STREAMLINE chromatography (99) or crossflow microfiltration
has been suggested.
Since the first use of yeasts as hosts for the production of
heterologous proteins, several research teams have addressed
the problems of endogenous proteases production and developed
protease deficient strains. Strains carrying such mutations in the
major cellular and/or extracellular proteases are available in different
yeast collections and for most platforms on the market. However,
also in this case, no general rules can be established in relation
to the efficiency of such strains.
From a chronological point of view, increases in the secretion
levels of some heterologous proteins from milligrams to grams per
liter have been obtained over the first two decades of production.
These improvements were obtained mainly thanks to the development of better fermentation processes, which include both an
increased concentration of viable cell and/or a reduced protein degradation, and adjustment of the expression vector system. Additionally,
secretory pathway engineering based on general knowledge contributed to enhanced production. Looking forward, the main contribution in this respect will come from the yeast systems biotechnology
approach, which enables targeting of yet unidentified bottlenecks.

5. Yeast Systems
Biotechnology
The unexpectedly fast progress in genome sequencing over the last
decade has provided an invaluable source of information on the
physiology of microorganisms, including a comprehensive overview
on different cellular processes. The modeling of these processes,
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together with extensive analyses of “omics data” (i.e., genomics,
transcriptomics, proteomics, interactomics, metabolomics, …) to
address ideally all metabolic processes of a cell, led to the concept
of systems biology (100). These models offer the opportunity
to predict cellular processes and are therefore regarded as highly
valuable resources for strain optimization (101, 102).
Systems biotechnology is not a purely academic research area
as the quantitative description of microbial production cell lines is
also already of interest for biotechnological industry. Indeed, by
way of example, for the production of heterologous proteins, up to
30-fold increased production in E. coli (103), 17-fold more secreted
protein in Bacillus megaterium (104), 1.4-fold increased secretion
in Aspergillus niger (105), 1.2-fold increased secretion in Aspergillus
oryzae, (106) and 2.5-fold higher titer in CHO cells (107) have
been described. The importance of systems biotechnology for industrial applications other than protein production has been well
documented in the recent years (108–110) too. Applications of
genome-wide technologies in yeasts are scarce in the field of recombinant protein production. Approaches, developments, and perspectives have been recently reviewed by Graf et al. (111). Some
of the rare examples analyzing cellular responses due to protein
over-production are reported for P. pastoris (112–115) and K. lactis
(18). The analysis of the cellular proteome during a fermentation
of a chymosin expressing K. lactis strain indicated stress during
protein production (up-regulation of Hsp26p and Sod2p; (18)),
whereas the P. pastoris work outlines how environmental factors
such as temperature, osmolarity, and pH affect protein expression
and secretion on a transcriptomic (112, 113, 115) and proteomic
level (114, 115). Alternatively, metabolic flux analyses of proteinproducing yeasts were performed. These focused, on the one hand,
on the synthesis of high levels of intracellular human superoxide
dismutase in S. cerevisiae (116), and, on the other, on core metabolic
processes of P. pastoris during high cell density production
processes (117). Both studies revealed an increased demand of
energy as metabolic burden upon recombinant protein production,
and suggested strain engineering as major objective to overcome
this bottleneck. However, so far, for yeast cell factories hardly any
reports about actual strain engineering strategies for improved
productivity resulted out of all these studies, which may be attributed
to the still young age of this platform. One exception is 2.5-fold
increase of secretion of a Fab antibody fragment achieved following the overexpression of secretion factors identified by a
transcriptomic analysis (118). Based on these results, a similar
approach has been applied for a comparative analysis of the effect
of the expression of the same antibody fragment in five different
hosts of biotechnological importance, namely S. cerevisiae, P. pastoris,
Trichoderma reesei, E. coli, and Pseudoalteromonas haloplanktis,
growing in chemostat culture at different temperatures. Data obtained
show that in three organisms out of five, a reduction in growth
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temperature was reflected on an enhanced recombinant protein
production. Although this beneficial effect of temperature has
already been demonstrated in the past, the present article provides
more reliable data based on transcriptomic data and chemostat
cultivation at specific growth rates (119). Summarizing, we
should underline that more progress in this field has been made
for bacteria and mammalian cells than for yeasts yet. Despite this
lag, strain improvement based on systems biotechnology approaches
is catching up very fast in the yeast sector.

6. Physiological/
Metabolic Basis
for Process Design

Efficient production of a heterologous protein in yeast requires the
integrated development of the following items:
1. The genetic determinants ensuring efficient transcription,
translation, and the desired localization of the heterologous
protein;
2. A host strain optimized for the physiological determinants that
maximize the potential of the genetic determinants;
3. A fast, efficient, and reproducible fermentation process;
4. A fast and cheap downstream process.
It is quite obvious that these elements influence each other
crosswise and cannot be considered alone. The genetic and physiological determinants are biological parameters, while the fermentation process determines the environment of the producing
cells, thus feeding back on the physiology. Furthermore, the
fermentation process obviously influences the downstream process
by requiring suitable means for biomass separation of high cell
density cultures, as well as for purification of rather small amounts
of the desired proteins out of a complex matrix.
Generally, heterologous overexpression of proteins causes
stress on the cells possibly impeding the production process from
the beginning (120). Therefore, one has to set out to reduce negative
influences or any detrimental stress reaction of the cells as much as
possible, by the best choice of the interacting biological and
technical parameters. For example, the knowledge about UPR (see
above) is not only being used to engineer cells with improved
secretory capacity but also considered during process development.
New techniques allow deep understanding of the host cell physiology
in order to adapt it to the required process or vice versa.
One approach is to examine expression profiles of stressed cells
versus unstressed cells on transcriptomic, proteomic, or metabolomic
level, with the aim to better understand the cellular stress reactions.
For instance, the expression differences of the methylotrophic yeasts
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Table 4
Percentage of the purification costs
on the total costs for fermentation
bioproducts
Bioproducts

DSP (%)

Single cell protein/biomass

1–5

Organic acids

10–50

Extracellular enzymes

10–30

Antibiotics

20–50

Recombinant proteins

70–95

H. polymorpha and P. pastoris upon change of the carbon source
from glucose or glycerol (initial batch phase, repression) to methanol
(induction, fed-batch phase) as common cultivation conditions
were assessed by microarray hybridization (112, 121) and flux
analysis (122, 123). Another approach regards the development
of quick but sensitive methods to follow the expression profile of
specific genes during any desired process (124).
High expression levels have been obtained in shake-flask
cultures. However, at present, most large-scale processes for the
production of biopharmaceutical proteins in yeasts are still in the
development phase. The core of the biotechnological process based
on yeast hosts is the stirred tank bioreactor. Any promising
result obtained by flask cultures that cannot be reproduced in the
bioreactor is – from an industrial point of view – meaningless. The
ideal fermentation process should be as short and cheap as possible.
These fermentation processes generally require medium to large
size reactor vessels (several liters to some 10 m3), a high amount
of aeration and, in turn, a high amount of electricity. Yeast metabolism generates a large amount of heat and thus requires efficient
cooling. Yeasts also release high levels of CO2 into the environment and generally produce low aqueous titers, requiring high
cell densities and large volumes, and therefore elaborate recovery
procedures. The main costs of the overall process are related to
the substrate, the cost of the energy required, ecological costs
(e.g., costs of waste disposal) and, above all, costs of product purification. In this respect, Table 4 reports the average influence of
the purification costs (DSP: Down Stream Processing) on the total
production costs.
Generally speaking, batch or fed-batch are the techniques of
choice to obtain high production of recombinant biomass, and
hence high production of recombinant proteins, but continuous
processes are coming more and more into focus.
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7. Process
Development
for Recombinant
Protein Production
with Yeasts

As said before, the most common fermentation strategy for
recombinant microorganisms is fed-batch, with the aim to obtain
high biomass concentrations. The design of an optimized fed-batch
protocol depends to a great extent on the physiological parameters
of the expressing strain. The major points to consider are: (1) is the
host strain Crabtree positive or negative on the desired substrate?
And, (2) is the expression of the product constitutive or regulated
and, if regulated, by which means?
If the host strain is Crabtree positive, the biomass yield (gram
of dry biomass/gram of substrate consumed) in the batch phase
will be comparatively low (0.1–0.2 g/g), and the by-products
produced (mainly ethanol) should be metabolized to a large extent
before starting the fed-batch, which results in an extended time
required for the batch phase. The feed rate then needs to be limited
so that further aerobic fermentation is prevented. Usually this
results in growth rates below 0.1/h. The optimum feed rate must
not exceed a critical limit of specific sugar uptake rate, and is best
optimized in continuous chemostat cultures (125). The second
important concern for optimizing the feed rate is of course product
formation, as it is for Crabtree negative yeasts.
The main group of Crabtree negative yeasts employed for
recombinant product formation is represented by the methylotrophic yeasts. As described before, the first generation of expression systems developed for methylotrophic yeasts employed alcohol
oxidase promoters, which are induced by methanol and repressed by
glucose and many other carbon sources. Therefore, methanol is
mainly employed as carbon and energy source and as well as inducer.
Quite frequently, feedback loop control strategies employing a
methanol sensor to maintain a certain methanol concentration (up to
10 g/L) are described. Several groups postulated that high product
yields can only be achieved when such methanol concentration is
maintained (126, 127). However, this approach will not allow to
control the growth rate at a desired low level as in a carbon limited
culture. Therefore, methanol limited fed-batch cultures are employed
and have been described to yield higher product titers as compared to
the above described feedback loop-controlled cultures, as they allow
for longer process times with slower biomass growth (16).
Enfors and coworkers have summarized different process
strategies for methanol based protein production with P. pastoris
(128). While standard methanol limited fed-batch (MLFB) leads
to significant cell death and lysis, and consequently the release of
proteases into the culture broth, resulting in partial degradation
of the product. Among the alternative strategies, temperature
limited fed-batch (TLFB) turned out to be most productive, avoiding
cell death and proteolytic degradation of the product.
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Another special case is the use of strains with deleted alcohol
oxidases. As described above, most methylotrophic yeasts will
either have a Mut+ or a Mut− phenotype except for P. pastoris,
which carries two alcohol oxidases in the wild type: AOX1, the
major fraction of alcohol oxidase, and AOX2, which is expressed at
much lower levels. Deletion of AOX1 leads to the Muts phenotype, which allows for a slow growth on methanol, so that these
strains can be cultivated on a controlled methanol concentration at
a low growth rate. There is still controversy in the literature regarding the benefit of Muts strains for protein production. Kim et al.
(129) have described a threefold higher productivity of Coprinus
cinereus peroxidase in a Mut+ strain compared to a Muts strain.
While specific productivity of an antibody ScFv fragment was
higher in a Mut+ strain, higher final product titers were reached in
a Muts host using a feedback loop-controlled methanol fed-batch
strategy (130). Alternatively, Muts strains and Mut− strains may be
cultivated using mixed feed protocols employing a controlled
methanol concentration for induction and a limited feed of glycerol as the carbon source (131, 132).
Generally speaking, product formation can be positively growth
related (specific product formation rate increases with specific
growth rate), growth indifferent or negatively growth related (specific product formation rate decreases with increasing specific
growth rate). Positive growth relation has been observed in a number of different process types and can be regarded as a paradigm for
heterologous protein production in yeast (75, 133–135). Deviation
from this pattern is mainly observed for secreted proteins and may
be rather due to limitations in the secretion machinery at high
specific growth rates (see ref. 136). Therefore, at first sight, optimization should mean increasing the specific growth rate. However,
the most important parameter for judging an industrial process is
not the specific product formation rate of the cells but the productivity per fermenter volume and time (defining the costs for using
the fermentation plant), and the final product titer as a major
parameter for the efforts of the initial purification steps.
The volumetric productivity (or space time yield, STY) can
easily be calculated by dividing the total product achieved by
the actual volume and the time consumed, and plotted against the
fermentation time so that an optimum can be deduced, which is
usually reached at an earlier time point than the highest product
titer is achieved. Predictive modeling of fed-batch processes has
enabled to optimize processes for STY and product titer (135).
Essentially the maximization of STY requires an initial growth
phase at maximum specific growth phase followed by a phase of
continuous decrease of growth rate. Figure 1 displays modeling
of different types of fed-batch processes, illustrating the physiological and technical constraints. The major technical limitations
are biomass concentration which should not exceed 100 g/L dry
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Fig. 1. Model prediction of different fed-batch strategies for production of secreted proteins. The predictions are based on
the model described by Maurer et al. (134), assuming a maximum specific productivity qP = 1 mg/(gh). Curve STY; dashed
curve product concentration; dashed dotted curve specific growth rate (μm); dotted curve specific productivity (qP).
(a) Constant slow feed (standard process). (b) Fast exponential feed (μ = 0.1/h). Shaded area: high oxygen and cooling
demand. (c) Slow exponential feed (μ = 0.05/h). (d) Optimized feed according to Maurer et al. (134). The vertical lines mark
the accumulation of 100 g/L yeast dry mass in the model processes.

cell weight for production of secreted proteins to allow reasonable
cell separation, and heat and oxygen transfer which essentially
depend on the substrate feed rate. Therefore the modeled processes
are terminated at 100 g/L biomass, and the final stages of exponentially fed cultures are shaded as they are problematic due to
limitations of cooling capacity and oxygen transfer. Biological
limitations are mainly seen in low specific productivity at low
growth, leading to long process times with slow product accumulation in standard processes. The optimal solution begins with an
exponential feed phase, followed by linearly increasing feed, so that
high oxygen and cooling demand is avoided and rather high specific
productivities are maintained while keeping the process time short.
Most protein production processes employing yeasts are based
on fed-batch protocols. Continuous processes are not often applied.
The reasons for that are divergent: genetic instabilities may lead to
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a loss of productivity, the risk of a contamination may be higher,
and especially the biopharmaceutical industry fears an unclear
regulatory situation concerning batch definition and process lifetime. However, many recombinant expression systems are extremely
stable, e.g., when the heterologous gene is integrated into the host
genome or when plasmids with stabilizing sequences are employed
(see ref. 137). From a theoretical point of view, significantly higher
STY can be achieved in continuous culture, therefore this approach
should be considered as an attractive alternative to fed-batch. Several
authors have achieved promising results by applying continuous
cultivation to different yeast species like S. cerevisiae (137, 138) or
P. pastoris (134). However, it should be noted that product instability in the culture conditions might increase in a continuous
process, and deleterious effects of the product itself, or its formation,
on the host cells may lead to increased problems in continuous
culture compared to fed-batch. Therefore it will be necessary to
select the optimum process type for every new product.

8. Conclusions
and Outlook
The development of a new product begins with the choice of a
production host. The main criteria that should be taken into
consideration are (1) quality, (2) quantity, (3) yield of the product,
and (4) STY of the production process, which are directly connected
to the final application of the compound.
In this respect, the key to the success of genetic engineering
for enhancing product formation is to identify all the possible
limiting steps involved in product biosynthesis. The production of
heterologous proteins mainly combines genetic engineering and
microbial physiology with the objective of increasing the specific
production rate of a desired product. Such an approach is often
hampered by the lack of knowledge of the production pathway
and its dynamic profile in the producing cells. Therefore, detailed
physiological studies are required for a successful production of
heterologous proteins, with a special emphasis on studies devoted
to the identification of the different physiological determinants
that could maximize the potential of the genetic determinants. As
recently reviewed by Graf et al. (111), yeast systems biotechnology
is covering this gap. In this respect, a major focus of future work
should be the quantitative understanding of molecular principles
behind protein synthesis, modification, and secretion, derived
from basic production strains as well as mutants and rationally
engineered strains.
Direct approaches aiming at the extension of substrate range
utilization (e.g., starch, lactose, melibiose, xylose, arabinose), improvement of productivity and yield (e.g., avoiding the formation of
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by-products), improvement of process performance (e.g., modulating
the flocculation process), improvement of cellular properties
(e.g., alleviating glucose repression, or the Crabtree effect, modulating the secretion process), or improving product quality (e.g.,
preventing proteolytic degradation or modulating the glycosylation
patterns) are also possible by metabolic engineering applications.
Metabolic engineering involves a direct approach to the application
of rDNA technology for strain improvement defined as follows:
“The directed improvement of product formation or cellular properties through the modification of specific biochemical reaction(s)
or the introduction of new one(s) with the use of recombinant
DNA technology” (139).
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Chapter 18
Yeasts as a Tool for Heterologous Gene Expression
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and Ali Gargouri
Abstract
The yeasts Saccharomyces cerevisiae and Pichia pastoris are attractive hosts for production of human
proteins. The main advantages offered by these systems are the well-developed and easily accessible genetic
tools, rapid growth, the simple and inexpensive culture media, and many of the cellular and metabolic
processes found in higher eukaryotes are conserved in both yeast species. In this chapter, we describe the
production of two proteins of therapeutic interest: the human P53 tumor suppressor and the viral HBsAg
in P. pastoris and S. cerevisiae using the strong and inducible promoters AOX1 and Gal10/Cyc1, respectively. Besides the production as a goal of both expressions, we also report on an unexpected result that has
occurred in S. cerevisiae: The overexpression of human p53 induces yeast cell death with characteristic
markers of apoptosis, such as the externalization of phosphatidylserines and DNA strand cleavage.
Key words: Heterologous expression, Saccharomyces cerevisiae, Pichia pastoris, Tumor suppressor
gene P53, HBsAg

1. Introduction
The yeast Saccharomyces cerevisiae has been extensively used for the
production of foreign proteins (1–3). Several characteristics of this
system account for its popularity: safety as an organism, the welldeveloped and easily accessible genetic tools, rapid growth and
simple and inexpensive culturing conditions, easiness of DNA
manipulation for in vivo genetic modification, eukaryotic posttranslational modification and secretion pathways, etc.
A wide variety of proteins from fungal and mammalian species
have been successfully produced in S. cerevisiae, even though it is not
the most efficient yeast for secretion of a high protein level in the
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extracellular medium, but hopefully, the secretion system of yeast has
been improved, and the secretion titer of some heterologous proteins
has been increased from milligrams to grams per liter (4–7).
Later on, several other gene expression systems were developed
in other yeasts such as Pichia pastoris, Hansenula polymorpha,
Klyveromyces lactis, each one presenting different advantages and
drawbacks (8–11). Nevertheless, Pichia pastoris offered much more
useful properties as a host for foreign gene expression: (1) a strong
and methanol-inducible promoter (AOX1) to drive gene expression, (2) growth at high cell density, and (3) the efficient secretion
of the recombinant protein into the growth medium. P. pastoris
secretes low levels of endogenous proteins into the media, and consequently, the heterologous expressed protein would be highly represented in the total secreted proteins, which would facilitate the
subsequent purification steps (9–12). Although very similar in several points, Pichia or Saccharomyces differ greatly in terms of transforming vectors. Until now, only integrating vectors are available in
Pichia system, while various types of vectors exist in S. cerevisiae:
integrating, replicating ARS, replicating episomal (based on 2 μ system), centromeric, and YAC (yeast artificial chromosome).
In this paper, we describe the production in S. cerevisiae and
P. pastoris of two therapeutic proteins: the human tumor suppressor
P53 and the antigen S of the hepatitis B virus (HBsAg). The tumor
suppressor P53 protects human cells against anarchic proliferation
by inducing cell cycle arrest and apoptosis in response to genotoxic
stress (13, 14). The P53 is inactivated by missense point mutations
in about 50% of human cancers and most of these genetic variations are located in the central DNA-binding domain (15). P53
has been expressed in various eukaryotic systems and the resulting
recombinant protein was used as antigen to detect auto antibodies
in the sera of cancers’ patients (16, 17). More interestingly, its successful expression in yeast allowed Flaman et al. to elaborate a useful tool, the FASAY (Functional Analysis of Separated Alleles on
Yeast) to assess the functionality of mutant forms of P53, which are
isolated from human cancer cells (18). This assay is based on the
action of p53 as a transcription factor on a target reporter gene
which is placed under the control of the p53 response element.
Even though the expression of p53 has been carried out since 1982
(19), we demonstrated that the overexpression of the wild type
p53 induced death of S. cerevisiae cells on minimal medium (20).
Hepatitis B virus (HBV) is one of the main etiological agents
of acute and chronic liver disease. It still constitutes a major public
health problem since more than two billion people worldwide have
a history with this infection and 350 millions being chronic carriers
(21). As there are no effective treatments for hepatitis B infection,
preventive vaccines are the only way for its control (22). The surface
antigen of hepatitis B virus (HBsAg) represents the basal component of vaccines against hepatitis B virus infection and was successfully expressed in yeast (23–26).
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2. Materials
2.1. Strains
and Vectors

1. Saccharomyces cerevisiae strain W303-1B [Matα, leu2-3112
trp1-1 can1-100 ura3-1 ade2-1 his3-11,15].
2. Pichia pastoris strains X33 (Mut+, His+) and KM71 (Muts,
His+, Arg+) purchased from Invitrogen (San Diego, CA,
USA).
3. The YepDP1-8 (provided by D. Pompon) contains the Gal10/
Cyc1 promoter, inducible by the galactose, the 2 μ replicative
origin, and the URA3 marker.
4. The pPICZαC vector (Invitrogen) contains the AOX1 promoter, inducible by the methanol, and the Zeocin gene as
marker.

2.2. Media
for S. cerevisiae
and P. pastoris Strains

1. Minimal Medium: 0.67% yeast nitrogen base (Difco), 2% glucose. Tryptophan, histidine, leucine, and adenine were added
to a concentration of 40, 20, 120, and 40 mg/L, respectively.
2. Rich Medium: 1% Bacto peptone, 1% yeast extract, 2% glucose.
3. BMGH: 100 mM KHPO4 pH 6, 1.34% Yeast nitrogen base,
0.000041% biotin, 0.0041% histidine, 1% glycerol.
4. MDH: 1.34% Yeast nitrogen base, 0.000041% biotin, 2% glucose, 0.0041% histidine.
5. MMH: 1.34% Yeast nitrogen base, 0.000041% biotin, 0.5%
methanol, 0.0041% histidine.
6. YPD: 1% Yeast extract (Difco), 2% Bacto peptone (Difco), 2%
glucose.
7. YPDZ: YPD + 100 μg/mL Zeocin.

2.3. Buffers

1. TE: 10 mM Tris–HCl, 1 mM EDTA pH 8.
2. LiCl/TE: 100 mM LiCl in TE buffer.
3. Lysis buffer: 1 M sorbitol, 50 mM citric acid, 150 mM K2HPO4,
10 mM EDTA, 0.1% β-mercaptoethanol, 0.3 mg/mL
zymolyase.
4. Permeabilization solution: 0.1% Triton X-100, 0.1% sodium
citrate.
5. SCK buffer: 1 M sorbitol, 50 mM citric acid, 150 mM
K2HPO4.
6. Buffer A: 1 M sorbitol, 50 mM citric acid, 150 mM K2HPO4,
10 mM EDTA, pH 8, 0.1% β mercaptoethanol, 0.3 mg/mL
zymolyase pH 7.
7. Buffer B: 150 mM NaCl, 10 mM Tris–HCl pH 7.5, 5 mM
EDTA, pH 8, 1% Sarkosyl.
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8. Hybridization solution: 50% formamide, 1% Denhardt, 1%
SDS, 6× SSC (150 mM NaCl, 15 mM sodium citrate).
9. Breaking buffer for P. pastoris: 50 mM Tris–HCl pH 8, 5 mM
EDTA pH 8, 150 mM NaCl, 0.1% Nonidet P-40, 1 mM
dithiothreitol, 1 mM PMSF, 2 mg/mL leupeptine, 1 mg/mL
pepstatin. Store at 4°C.
10. Breaking buffer for S. cerevisiae: 50 mM NaHPO4, pH 7.4,
1 mM EDTA pH 8, 5% glycerol.
2.4. SDSPolyacrylamide Gel
Electrophoresis

1. Separating buffer: 3 M Tris–HCl, pH 8.8.
2. Stacking buffer: 1 M Tris–HCl, pH 6.8.
3. Acrylamide/Bis solution (29:1) and N,N,N,N ¢-Tetramethylethylenediamine (TEMED).
4. Ammonium persulfate: prepare 10% solution in water and store
at 4°C for 1 week.
5. Running buffer (5×): 25 mM Tris-base, 250 mM glycine, pH
8.3, 0.1% SDS.
6. Prestained molecular
(Fermentas).

2.5. Western Blotting

weight

markers,

Broad

range

1. Transfer buffer: 39 mM glycine, 48 mM Tris (do not adjust
pH), 0.037% SDS, 20% methanol.
2. Hybond P membrane (Amersham-Biosciences) and 3MM
chromatography paper.
3. PBS (Phosphate-Buffered Saline): 100 mM NaCl, 80 mM
Na2HPO4, 20 mM NaH2PO4·2 H2O, pH 7.4.
4. PBS-T: PBS supplemented with 0.1% Tween 20.
5. Blocking buffer: 5% (w/v) non fat dry milk in PBS-T.
6. Primary antibodies dilution buffer: PBS-T supplemented with
1% (w/v) fraction V bovine serum albumin (BSA).
7. Secondary antibody: Anti-mouse IgG conjugated to horseradish peroxidase (Bio-Rad).
8. Enhanced chemiluminescence Plus (ECL Plus kit) reagents
(Amersham – Biosciences).

3. Methods
3.1. Transformation
of S. cerevisiae Strain
W303 1-B by Lithium
Chloride

1. Preculture the yeast strain in 5 mL of liquid medium YPD and
incubate overnight on a rotary shaker at 200 rpm and 30°C.
Dilute aliquot of the culture in 10 mL of sterile H2O and
pipette a small amount into the haemocytometer and count.
Inoculate 100 mL of YPD with the preculture to give a starting
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cell density of 5 × 106 cells/mL. Incubate at 30°C and 200 rpm
until the OD 600 nm reaches 4 U/mL. Harvest the cells by
centrifugation at 3,000 × g for 5 min.
2. Wash the cells in 25 mL of sterile water and resuspend in 1/200
(v/v) of 0.1 M LiCl, 10 mM Tris–HCl pH 7.5, 1 mM EDTA
and incubate for 1 h at 30°C under agitation.
3. Mix in a 1.5-mL sterile tube 100 μL of the cells suspension,
40 μg carrier DNA, 1–5 μg DNA and incubate for 30 min at
30°C under agitation.
4. Add 700 μL of 40% PEG 4000, 100 mM LiCl/TE and incubate for 1 h at 30°C and then 5 min at 42°C (optional).
5. Centrifuge for 2 s and wash twice in TE without mixing.
6. Resuspend in TE, spread on selective MM, and incubate at
30°C for 3 days (see Note 1).
3.2. RNA Extraction
and Northern Blot
Analysis

Total RNA can be isolated from yeast cells harvested from 100 mL
culture of recombinant strains as follows:
1. Break the cells with 1 g alumina in 10 mL TE buffer. After two
phenol–chloroform extractions, precipitate the nucleic acids
overnight at −20°C with 2 volumes of ethanol.
2. Resuspend the pellet in 10 mL TE buffer and precipitate the
RNA by an equal volume of 8 M LiCl at 4°C overnight.
3. Fractionate 20 μg of total RNA by electrophoresis on a 1.5%
formaldehyde agarose gel and transfer to a nylon membrane
(Amersham-Biosciences). Hybridize the filters to a 32P-labeled
gene probe, using a Rediprime kit (Amersham-Biosciences).
4. Hybridize at 42°C overnight followed by two 10 min washes
at room temperature with 2× SSC, 0.1% SDS and two 15 min
washes at 42°C in 2× SSC, 0.1% SDS. Figure 1 shows a representative example of a Northern blot to visualize the mRNA in
a recombinant yeast strain transformed with the HBV S gene
(see Note 2).

3.3. Assessment
of the Recombinant
Protein Expression
by Western Blot

1. Grow recombinant yeast strains on MM containing 2% glucose
or raffinose until the OD reaches 4 U/mL and then add 2%
galactose as an inducer of the Gal10/Cyc1 promoter to drive
p53 expression.
2. Harvest an appropriate volume (1 mL) of the culture after 3,
5, 7, 9, and 24 h of methanol induction. Incubate pellets on
ice and suspend in 100 μL of lysis buffer.
3. Add acid-washed glass beads (size 0.5 mm) v/v and vortex for
eight cycles of 30 s on ice.
4. Separate the protein lysates by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transfer
onto a polyvinylidene difluoride (PVDF) membrane.
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Fig. 1. Northern blot analysis of recombinant yeast strain (W303/HBVS) cultivated on different carbon sources 2% glycerol (Gly), 2% galactose (Gal), and 2% ethanol (Eth). The
upper part represents the 28S and 18S rRNA on ethidium bromide stained gel, while the
lower part shows the autoradiograph of a Northern blot using the HBV S gene as a probe.

Fig. 2. Western blot analysis of yeast cells expressing human p53. The W303 yeast strain,
transformed with wtp53 (W303/wtp53), was grown on MM containing 2% raffinose as a
carbon source. Once the OD 600 nm reached 4 U/mL, 2% galactose was added to induce
p53 expression driven by the yeast Gal10/Cyc1 inducible promoter. Aliquots were taken at
indicated times for protein extraction and Western blot analysis using monoclonal p53antibody (DO-1 Santa Cruz).

5. Carry out the immunodetection with the monoclonal antibody
DO-1 (Santa Cruz Biotechnology) diluted at 1:1,000 (v/v),
followed by an anti-mouse immunoglobulin antiserum conjugated to horseradish peroxidase (Bio-Rad).
6. Detect by chemiluminescence using the ECL Plus kit (AmershamBiosciences). Figure 2 illustrates a representative example of
expression of human p53 in S. cerevisiae driven by the Gal10/
Cyc1 promoter after galactose induction (see Note 3).
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To study the effect of human p53 expression (wt form and mutant
forms) you can carry out a growth kinetic and measure cell viability
as follows:
1. Grow yeast precultures to the stationary phase on glucosecontaining MM and then dilute to 5 × 106 cells/mL.
2. Harvest cells by centrifugation, wash with distilled sterile water,
and use them to inoculate the appropriate cultures.
3. Maintain cultures under continuous agitation (150 rpm) at
30°C and measure the optical density at 600 nm (OD600)
every 2 h.
4. For kinetic studies on solid medium, serial dilutions of different recombinant yeast clones can be prepared (10−1 to 10−6)
from the same precultures, and then 5 μL from each dilution
can be spotted onto solid RM and MM containing either glucose or galactose and incubated at 30°C. The number of viable
cells can be determined by counting the colony-forming units
(CFU). The percentage of recovered viable cells after p53 gene
induction by galactose can be calculated as follows: number of
viable cells in the galactose-containing solid MM over the
number of viable cells in the glucose-containing solid MM
X100.

3.5. Annexin V
and Propidium Iodide
Staining

Exposed phosphatidylserine and internal propidium iodide (PI)
staining can be detected using the Annexin-V-FLUOS Staining Kit
(Roche).
1. Yeast cell walls can be digested by zymolyase as described below
for the TUNEL assay.
2. Observations are carried out using an LSMS 5 PASCAL confocal microscope (Carl Zeiss).

3.6. Terminal
Deoxynucleotidyl
Transferase Mediated
dUTP Nick End
Labeling Assay

DNA strand breaks are detected by terminal deoxynucleotidyl
transferase mediated dUTP nick end labeling (TUNEL) with the
In Situ Cell Death Detection kit-Fluorescein (Roche).
1. Yeast cells are fixed with 3.7% (v/v) formaldehyde for 30 min
at room temperature. Wash the cells three times with
phosphate-buffered saline (PBS) and incubate with zymolyase
in lysis buffer.
2. Apply 10 μL of the cell suspension to a polylysine-coated slide
and allow to dry for 30 min at 37°C. Rinse the slides with PBS,
incubate in permeabilization solution for 2 min on ice, and
rinse twice with PBS. For a positive control of the TUNEL
assay, 30 U of DNAse I can be applied to the same permeabilized cells.
3. Place the microscope slides in a humidified box for 1 h at 37°C
and wash twice for 15 min in PBS. Subsequently incubate the
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slides with 10 mL of TUNEL reaction mixture for 60 min and
finally rinse three times with PBS. Observations can be carried
out using an LSMS 5 PASCAL confocal microscope (Carl
Zeiss, Germany).
4. Quantify of the apoptotic cells by TUNEL staining by fluorescence-activated cell sorting (FACS) analysis on an EPICSs XL
flow cytometer (Beckman Coulter). Count at least 15,000 cells
per run.
3.7. Gene Expression
in the Methylotrophic
Yeast Pichia pastoris

1. Culture the host strain (X33 or KM71) in 5 mL of YPD at
30°C overnight.
2. Inoculate 100 mL of YPD with 0.2 mL of preculture and incubate in the same condition until the OD 600 nm reaches
1.3–1.5.
3. Centrifuge 5 min at 3,000 × g, 4°C and wash the cells pellet in
ice-cold 50 mL of sterile H2O.
4. Centrifuge 5 min at 1,500 × g at 4°C and dissolve the pellet in
50 mL of sterile cold ddH2O.
5. Centrifuge and dissolve the pellet in 4 mL of ice-cold solution
of 1 M sorbitol and then in 0.2 mL of the same solution. The
competent cells are kept on ice until use.
6. Mix 80 μL of competent cells with linearized vector DNA
(1–2 μg) and incubate on ice for 5 min, and then transfer to an
ice-cold 0.2 cm electroporation cuvette. Be sure to tap the cells
down to the bottom of the cuvette.
7. Incubate the cuvette with the cells and DNA on ice for
5 min.
8. Pulse the cells according to the manufacturer’s instructions for
yeast (i.e., Pichia pastoris 25 μF, 200 Ω, 1.5 kV).
9. Immediately add 1 mL of ice-cold 1 M sorbitol to the cuvette.
Transfer the cuvette contents to a sterile 15-mL tube, and
incubate at 30°C without shaking for 1–2 h.
10. Spread 10, 25, 50, 100, and 200 μL on separate labeled YPDS
plates containing 100 μg/mL Zeocin and incubate plates at
30°C until colonies form (3–5 days).

3.8. Genomic DNA
Extraction

Genomic DNA was extracted from 1 mL of stationary culture of
Pichia clones.
1. Culture was centrifuged for 5 min at 5,000 × g, then washed in
SCK buffer and incubated in buffer A for 2 h at 37°C to generate spheroplasts.
2. Centrifuge 15 min at 12,000 × g and cell pellet was lysed in
buffer B by pipetting.
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3. Extract DNA twice by phenol–chloroform (v/v) followed by
phenol–chloroform extraction.
4. Genomic DNA was recovered by 2 volumes of ethanol precipitation at −20°C overnight (see Note 4).
3.9. Quantitative PCR
for Determining Gene
Copy Number

The ICyler (Bio-Rad) was used for real time PCR (qPCR) amplification and detection.
1. Prepare reactions in triplicates, in 25 μL mixture in MicroAmp
optical 96-well reaction plates (Bio-Rad). Each reaction contains 5 μL of template DNA (100 ng), 12.5 μL of SYBR Green
PCR Master Mix (Bio-Rad), and 12.5 pmol of forward and
reverse p53 primers. Measure concentrations of plasmid and
genomic DNA by absorbance at 260 and 280 nm with a spectrophotometer. Use nucleic acid with a ratio of absorbance at
260/280 nm ranging between 1.8 and 2.0 indicating minimum protein contamination.
2. Make serial tenfold dilutions of plasmid DNA (pPICZaC/
p53) in triplicates to establish the standard curve. Include a
negative control in all experimental runs by substituting the
template with ddH2O (see Note 5).
3. Carry out real-time PCR amplification with the following
cycling conditions: 95°C for 3 min, followed by 40 cycles of
95°C for 30 s, 55°C for 30 s, and 72°C for 45 s.

3.10. Assessment
by Western Blot
of Human P53
in Recombinant
P. pastoris Strains

Recombinant Pichia strains harboring one or more copies of the
human p53 cDNA in the genome were constructed as described in
ref. 27. The transgene was introduced in two genetic backgrounds
of Pichia, Mut+ and Muts (respectively wild type and slow methanol
utilizing strains).
1. Cultivate the selected strains on BMGY until OD600 reaches a
value of 6 to generate biomass (see Note 5).
2. Harvest cells by centrifugation at 3,000 × g for 5 min at room
temperature and resuspend in a volume of BMMY until OD600
reaches 1, and then further incubate to induce the expression
of the recombinant protein.
3. Add methanol to a final concentration of 0.5% every 24 h to
maintain promoter induction.
4. Take 1 mL aliquots periodically at 24, 48, and 72 h; centrifuge
at 3,000 × g for 5 min. The supernatant containing the extracellular proteins is stored for analysis and the pellet is resuspended in 100 μL of breaking buffer.
5. The cells are lysed by adding a volume of glass beads (0.5 mm
diameter, Sigma); vortex the mixture eight to ten times for
30 s each time.
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Fig. 3. Comparative expression of human p53 in the two genetic contexts of P. pastoris
(Muts and Mut+). Total proteins were extracted from recombinant strains K4 (Muts) and B14
(Mut+) after 48 h and 72 h of methanol induction, fractioned on SDS-PAGE 10%, transferred onto a PVDF membrane and analyzed for p53 expression by Western blot with a
p53-specific monoclonal antibody.

6. Centrifuge the mixture at 13,000 × g for 15 min at 4°C.
7. Remove the supernatant and determine protein concentration
using the Bradford assay. We usually obtain 1–5 μg/mL, and
load a SDS-PAGE for Western blot using 20 μg of total protein. We have compared the level of P53 in both genetic background of Pichia (Muts and Mut+) and concluded that the
production of p53 is significantly higher in the Muts than
Mut+ context (Fig. 3).

4. Notes
1. It is important to wash the cells pellet twice with TE to get rid
of the PEG, which is toxic for yeast cells.
2. RNA could be extracted by other methods, as the method we
describe below for the extraction of Pichia’s DNA, which is
based on the protoplasts formation by zymolyase. Protoplasts
are then isolated and lysed in TE and sarkosyl. This step replaces
the cell grinding in alumina. Except that, all the following steps
are the same.
3. The solution containing the first antibody diluted in PBS-T
can be conserved at −20°C and used up to three times.
4. Even if it is not specified, all techniques presented works well
with either Pichia or Saccharomyces cells: Proteins, DNA, and
RNA extraction and their analysis by Western, Southern/PCR
and Northern/RT-PCR, qPCR analysis of copy number,
growth kinetics on solid or liquid media, etc.
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5. For Pichia strains, it is important to have adequate aeration for
growth; in general use 1:5 ratio of media to flask volume.
6. We have found that the serial dilutions of DNA should be left
at 4°C overnight, before use in the qPCR assay, to ensure complete dissolution of DNA.
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Chapter 19
The Cre/Lox System: A Practical Tool to Efficiently Eliminate
Selectable Markers in Fungal Endophytes
Simona Florea, Caroline Machado, Kalina Andreeva,
and Christopher L. Schardl
Abstract
Interspecific hybridization is a common evolutionary process for the many epichloid fungi that consequently
possess multiple gene copies accumulated from their parental strains. Serial gene manipulations in such
strains are impeded by the limited availability of selectable resistance marker genes. Therefore, we developed a
method for marker elimination suitable for a range of filamentous fungi that allows the reuse of the same
marker for successive manipulations, and can also generate gene knockout mutants free of any foreign
genes. For epichloae, the complete elimination of the marker gene from the genome would mitigate public
concerns and regulatory hurdles to the use of such fungal strains in field experiments.
Key words: Cre/lox, Transient expression, Transient transfection, Epichloë, Endophyte, Marker
excision

1. Introduction
The type I topoisomerase enzyme, Cre recombinase, catalyzes the
reciprocal recombination of a pair of directly repeated loxP sites,
and has been extensively used to excise the selectable marker
flanked by these two sites (1, 2). The excisions are precise, leaving
only the small (34 bp) loxP sequence in the genome. Numerous
studies have reported the use of Cre/lox technology to eliminate
the marker genes used for transformation in a number of different
organisms (3). We have developed an efficient method to eliminate
the marker gene from fungal genomes based on transient expression of Cre recombinase following introduction of the cre gene
into protoplasts by standard transfection procedures. This method

Argelia Lorence (ed.), Recombinant Gene Expression: Reviews and Protocols, Third Edition,
Methods in Molecular Biology, vol. 824, DOI 10.1007/978-1-61779-433-9_19, © Springer Science+Business Media, LLC 2012

371

372

S. Florea et al.

offers benefits over previous methods in that it requires no additional
selection or counterselection systems, is rapid, and can be used to
generate genetically modified fungal strains that are devoid of
foreign genes. Expression of Cre recombinase during transient
transfection with a plasmid harboring cre under the control of a
constitutive fungal promoter is sufficient for marker gene removal
with acceptable frequency for PCR screening. The procedure was
applied to several species of fungal endophytes. Following transient
transfection and recombination, the efficiency of marker excision
varied from 0.5 to 2.1%, demonstrating that this is a facile method
for eliminating selectable markers from genetically modified fungal
strains (see Note 1).

2. Materials
2.1. Equipment
and Consumables

1. Centrifuge Allegra25R (Beckman Coulter).
2. TS 5.1-500 swinging-bucket rotor (Beckman Coulter).
3. Biological Safety Cabinet (NuAire).
4. Microscope BH2 (Olympus).
5. Refrigerated orbital shaking incubator M1281-0010 (New
Brunswick Scientific).
6. Tissue pulverizer Geno/Grinder2000 (SpexCertiPrep).
7. Borosilicate glass tubes size 16 × 150 mm (Fisher Scientific).
8. Glass centrifuge tubes 50 mL, Corning, sterile (E&K Scientific).
9. Erlenmeyer flasks 300 mL, Kimax29966, sterile (Kimble).
10. Falcon tubes, No. 2059, sterile (Becton Dickenson).
11. Glass centrifuge tubes, 30 mL, Corex, sterile (Krackeler Scientific).
12. Hemocytometer (Bright-Line improved Neubauer) (American
Optical Corporation).
13. Hemocytometer cover glass CG-200 V (Propper).
14. Miracloth, sterile (Calbiochem).
15. Parafilm (UltiDent Scientific).
16. Steriflip filter tube, 50 mL, sterile (Millipore).
17. Oak Ridge tube, 50 mL, sterile (PGC Scientific).

2.2. Transformation
Solutions and Media

1. Complete regeneration medium (CRM): 1 g NH4NO3, 1 g
KH2PO4, 1 g NaCl, 0.46 g MgSO4·7H2O, 0.13 g CaCl2·2H2O,
1 g yeast extract, 12 g dehydrated potato dextrose broth, 1 g
peptone, 1 g casein hydrolysate (acid), and 304 g sucrose. Mix
all ingredients in 600 mL deionized water. After all of the components are dissolved, bring to pH 6.0 with NaOH, and then
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add deionized water to bring the volume to 1 L. Add 7 g/L
agarose to the solution, and then autoclave.
2. Osmotic solution: 1.2 M MgSO4·7H2O and 10 mM NaHPO4,
pH 6.0. Filter sterilize and store at room temperature (RT).
3. ST solution: 0.6 M sorbitol and 0.1 M Tris–HCl, pH 7.4.
Autoclave and store at RT.
4. STC solution: 1 M sorbitol, 50 mM Tris–HCl, pH 7.4,
and 50 mM CaCl2. Autoclave and store at RT. Cool on ice
before use.
5. Polyethylene glycol (PEG) solution: 60% w/v PEG 3350.
Autoclave and store at RT.
6. 3× PEG amendments solution: 1.8 M KCl, 150 mM CaCl2,
and 150 mM Tris–HCl, pH 7.4. Autoclave and store at RT.
7. PEG mix: On the day of transfection, mix two parts of PEG
solution with one part of 3× PEG amendments solution.
8. Potato dextrose agar (PDA): Prepared as indicated by the
supplier.
9. Potato dextrose broth (PDB): Prepared as indicated by the
supplier.
10. Cell wall digestion mixture: 5 mg/mL lysing enzymes, 5 mg/
mL driselase, and 3 mg/mL bovine serum albumin (BSA) in
osmotic solution (10 mL).

3. Methods
The Neotyphodium coenophialum transformed strain e7133 (4),
harboring a hygromycin B phosphotransferase (antibiotic resistance)
marker gene flanked by loxP sites (loxP::hph::loxP), was subjected
to transient transfection with a plasmid (pKAES175) carrying the
cre gene under the control of a constitutive fungal promoter (PtubBcre) (see Note 1). A simple PCR screen of the DNA extracted
from a half colony of each transiently transfected isolate allowed
identification of those that underwent marker elimination. For an
easy screen, the PCR primers were designed to give different
fragment sizes when the flanked marker gene was present or absent
(eliminated).
The spores of Neotyphodium species used in this study are uninucleate (5), whereas their protoplasts might be multinucleate.
Therefore, purification of the nuclear genotypes through single-spore
isolation is required for the identification of pure isolates (e7202
and e7204) that had lost the marker gene due to Cre activity. As a
method of confirmation that the hph marker had been lost, PDA
with hygromycin B (Calbiochem) at a concentration previously
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Fig. 1. Plasmid used for transient transfection resulting in marker excision. The plasmid carries
a cre gene under the control of PtubB, the promoter of a constitutively expressed β-tubulin
gene of the fungus, Epichloë typhina. The bla (β-lactamase) gene confers ampicillin resistance to transformed Escherichia coli. The plasmid lacks any selectable marker for fungi.

determined to stop growth of the wild-type fungus was inoculated
with the fungal isolates identified by PCR as having the marker
gene eliminated.
3.1. Plasmid DNA
Preparation

1. Culture Escherichia coli with pKAES175, (Fig. 1 ; or any
plasmid containing a cre gene modified for expression in the
fungus).
2. Extract plasmid DNA, using Qiaprep Spin Miniprep Kit
(Qiagen) or other bacterial plasmid DNA extraction method.
If necessary, concentrate by a standard protocol (e.g., NaOAc/
ethanol precipitation) to at least 0.5 μg/μL in H2O.

3.2. Protoplast
Isolation

1. Grow fungal mycelium in PDB (in a 300-mL Erlenmeyer
flask) in an orbital shaking incubator (200 rpm) at 20°C for
6–10 days.
2. Prepare the cell wall digestion mixture (Subheading 2.2, step
10) on the day of transformation. Allow the enzyme mixture
to dissolve in the osmotic solution, and then filter with Steriflip
filter tube.
3. For protoplast isolation (see Notes 2–4), harvest mycelium by
centrifuging the culture (from step 1) in 50-mL Corning centrifuge tubes at 4°C for 20 min at 3,400 × g.
4. After centrifugation, discard the supernatant and pour the filtered
cell wall digestion mixture (from step 2) over the mycelium.
Close the tube and shake it to make sure that the mycelium is
evenly dispersed in the digestion mixture.
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5. Place the tube in horizontal position on a shaker and incubate
at 30°C while shaking for 2–3 h (depending on the fungal
strain).
6. Separate the protoplasts from undigested fungal mass by filtering
through miracloth in a sterile (autoclaved) 30 mL glass centrifuge tube (Corex).
7. Overlay the protoplast suspension (from step 6) with 10 mL
of ST separation buffer added drop by drop down the side of
the tube.
8. Centrifuge at 3,400 × g for 20 min at 4°C in a swinging bucket
rotor.
9. Remove the protoplast layer (white cloud) formed at the interface
and transfer it to a sterile Oak Ridge tube containing 5 mL of
cold STC solution. From this point until transient transfection,
keep protoplast cool (on ice and in refrigerated centrifuge).
10. Centrifuge the protoplast-STC suspension at 3,400 × g for
10 min at 4°C. Carefully remove the supernatant with a widebore pipette, and discard the supernatant.
11. Resuspend the protoplast pellet in 5 mL STC solution. Do not
vortex because the protoplasts are delicate; slowly suspend the
pellet using a sterile 1-mL pipette.
12. Dilute 50 μL of protoplast suspension (from step 11) into
5 mL of STC and then add 10 μL of the diluted solution at the
edges of the coverslip on each side of a hemocytometer (the
suspension is drawn onto the grid of the hemocytometer by
capillary action). Count the spherically shaped protoplasts
on each grid and average the numbers, and then calculate
protoplast yield according to the formula for the hemocytometer. For example, in a Neubauer hemocytometer, a complete
grid (1× 1 mm, 0.1-mm depth) contains 100-nL volume. If c
protoplasts are counted over an entire grid, then the undiluted
protoplast suspension contains 106c/mL (c × 104 × 102 dilution
factor/mL).
13. Repeat step 10.
14. Resuspend the pellet in a volume of STC solution (based on
the calculation from step 11) to obtain circa 5 × 106 protoplasts
in 100 μL STC.
15. Keep the tube of protoplasts on ice until used for transformation/transient transfection.
3.3. Protoplast
Transient Transfection

1. In a sterile borosilicate glass tube, add 100 μL protoplast suspension (containing circa 5 × 106 protoplasts), mix slowly with 25 μL
PEG mix, and then add 5–7 μg of the plasmid DNA.
2. Incubate the protoplast–PEG–DNA mixture on ice for 30 min.
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3. After 30 min, add 1 mL of PEG mix to the tube and mix gently
by pipetting. Do NOT vortex (see Note 5), and then incubate
for 20 min at RT.
4. Prepare 15–20 Petri plates (Fisher Scientific) by adding 20 mL
of CRM medium (without antibiotic) per plate, and let the
medium solidify.
5. Prepare the same number (15–20) of Falcon tubes containing
7 mL CRM. Close the tubes with the cap and keep them at
45–50°C to prevent the medium from solidifying.
6. Add 1–2 μL of the PEG mix containing 900–4,000 protoplasts
(from step 3) to each Falcon tube, mix gently by inverting
several times, and then quickly pour over the plates containing
CRM. Spread it over the plate evenly.
7. Allow the medium to solidify completely, then wrap the plates
with parafilm (UltiDent Scientific), and incubate them upside
down at 22°C.
3.4. Selection
of Transiently
Transfected
Protoplasts (Fig. 2)

1. Allow the protoplasts to recover until colonies are barely visible
by eye (incubation time depending on the fungal strains
used).
2. Randomly pick as many colonies as possible (e.g., 500 colonies) and transfer them to PDA plates without antibiotic.
3. Allow the colonies to grow to circa 0.5 cm in diameter.
4. Extract DNA from half of each colony using DNeasy 96 Plant
Kit (Qiagen) or a DNA extraction technique of choice.
5. Screen the DNA by PCR for marker gene excision.
6. Conduct two to three sequential single-spore isolations from
the colonies indicated by PCR as having marker gene eliminated (this procedure is required for purification of the nuclear
genotypes).
7. Screen the single-spore isolates by PCR to identify the purified
nuclear genotypes that had undergone marker elimination
(Fig. 3).

3.5. Sensitivity Test

The isolates identified as having the marker eliminated from fungal
genome are grown on medium containing or lacking antibiotic.
The growth of the isolates with marker eliminated is arrested
on medium containing the selective concentration of antibiotic
(i.e., hygromycin B), although they grow normally on medium
where the antibiotic has been omitted (Fig. 4).
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Fig. 2. Steps in identification of fungal isolates having undergone marker excision after
transient transfection with plasmid pKAES175 (see Fig. 1).

4. Notes
1. Procedures outlined here are specific for Epichloë and
Neotyphodium species. For other fungi, various parameters differ, such as growth conditions, growth medium, incubation
time, osmotic solution, complete regeneration medium, and
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Fig. 3. (a) Maps of the targeting vector and locus after marker exchange mutagenesis with loxP::hph::loxP, and the locus
after excision of hph by the activity of Cre recombinase (hph loop-out). PCR with the hph_loop_f and hph_loop_r primers
flanking the loxP::hph::loxP insertion site amplifies differently sized fragments when the marker gene is present or absent
(eliminated). (b) PCR screen for excision of hph after transient transfection of Neotyphodium coenophialum e7133, a transformant with the loxP::hph::loxP marker. Lanes contain size markers indicated in kb (lane M), PCR products with DNA
templates from e7133, and hygromycin B-sensitive isolates e7202 and e7204 derived from transient transfection with
pKAES175. The Cre-mediated excision of hph is indicated by the 1.2-kb PCR product.

components of cell wall digestion mixture. To apply this
approach to another fungus, consult published methods for
protoplast isolation and transformation or transfection of that
species.
2. Cover the mouths of borosilicate glass tubes with aluminum
foil, wrap the glass and plastic tubes, flasks and miracloth in aluminum foil, and sterilize them by autoclaving in a dry cycle.
3. The protoplast isolation and transformation procedures should
be performed in a biological safety cabinet.
4. Keep the protoplasts on ice at all times.
5. Do not vortex the mixture containing the protoplasts at any time.
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Fig. 4. Response to hygromycin B of isolates derived from N. coenophialum e7133
(loxP::hph::loxP) after transient transfection with pKAES175. Isolate e7133 grows on PDA
containing (+) or lacking (−) hygromycin B. The e7202 and e7204 isolates fail to grow on
hygromycin B-containing medium.
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Chapter 20
Aptamer-Regulated Expression
of Essential Genes in Yeast
Beatrix Suess, Karl-Dieter Entian, Peter Kötter,
and Julia E. Weigand
Abstract
Conditional gene expression systems are important tools for the functional analysis of essential genes.
Tetracycline (tc)-binding aptamers can be exploited as artificial riboswitches for the efficient control of
gene expression by inserting them into the 5¢ untranslated region of an mRNA. The ligand-bound form
of those mRNAs inhibits gene expression by interfering with translation initiation. In contrast to previous
tc-dependent regulatory systems, where tc inhibits or activates transcription upon binding to the repressor
protein TetR, the tc-binding aptamer system inhibits translation of the respective mRNA. We describe here
a simple and powerful PCR-based strategy which allows easy tagging of any target gene in yeast using a tc
aptamer-containing insertion cassette. The expression window can be adjusted with different promoters
and protein synthesis is rapidly switched off.
Key words: Aptamer, Conditional gene expression, Essential genes, Yeast, Riboswitch

1. Introduction
Conditional gene expression systems are important tools to analyze the function of essential genes. For this purpose, inducible
promoters have been employed using either endogenous or heterologous sequences. In yeast, promoters responding to galactose or
methionine have been used, which necessitate a change in growth
conditions, leading to side effects potentially obscuring functional
analysis (1, 2). A widely used engineered expression system relies
on the bacterial tetracycline (tc) repressor TetR (3–5). Here, gene
expression is dependent on the, for yeast harmless, antibiotic tc.
Alternative to the use of inducible promoters, proteins can be temperature sensitized either by mutation or fusion to a heat-inducible
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degron cassette (6, 7). A temperature increase, however, also provides
severe second side effects due to heat-shock reactions. All of these
systems need a certain strain background which can hinder their
customized application.
Riboswitches are RNA control elements, which regulate gene
expression in response to small molecule concentrations (8). They
sense their effector by direct RNA–ligand interaction, rendering
auxiliary protein factors unnecessary. This direct response makes
riboswitches ideal models for the engineering of synthetic RNAbased gene regulation systems. In contrast to natural riboswitches,
which sense cellular metabolites, aptamers responding to nonmetabolizable ligands have been employed to build up engineered
riboswitches in different organisms acting on various levels of gene
expression (9, 10).
We successfully applied a tc-binding aptamer for the control of
translation initiation and pre-mRNA splicing in yeast (11–13).
Translational control is achieved by insertion of one to three
aptamer copies into the 5¢ untranslated region (UTR) of a yeast
gene (Fig. 1). In the absence of tc, downstream genes are expressed,
but upon tc binding the aptamer–ligand complex is able to interfere either with cap binding or scanning of the 5¢ UTR. Using tcbinding aptamer regulation, factors up to 40-fold have been
achieved. In addition, gene repression is tight enough to allow the
conditional expression of essential genes (14).
In this chapter, we describe an easy method for the conditional
expression of yeast genes. Genes are tagged by chromosomal integration of a universal insertion cassette. Repression of gene expression can be followed either by Western blot analysis or, for essential
genes, by serial dilution growth assays. Due to the use of direct
RNA–small molecule interactions, the method is independent on
the genetic background of the yeast strain.

Fig. 1. Regulation of translation initiation by the tc aptamer. Three copies of the tc aptamer are inserted into the 5¢ UTR of
an mRNA. Left : Downstream genes are expressed only in the absence of the ligand. Right : Upon tc binding, the aptamer–
ligand complex interferes with translation initiation; the expression of downstream genes is repressed.
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2. Materials
2.1. Expression
Vectors Containing
the Universal
Insertion Cassettes

The vectors pADH1-tc3-3xHA and pTDH3-tc3-3xHA contain a
universal insertion cassette for the genomic tagging of yeast genes
(Fig. 2). Three copies of the tc aptamer are followed by three
repeats of the HA tag (see Note 1), both under the control of constitutive promoters with different expression strengths (either from
alcohol dehydrogenase 1, ADH1, or triosephosphate dehydrogenase 3, TDH3, see Note 2). A kanamycin resistance cassette flanked
by loxP sites is included as selection marker for chromosomal integration. The loxP sites can be used to excise the kanamycin resistance allowing the reusage of the insertion cassette in an already
tagged strain (15). In addition, both vectors carry the gene for the
β-lactamase, conferring resistance to the antibiotic ampicillin and
an origin of replication for the amplification in Escherichia coli. The
vectors (accession numbers P30598 and P30600) are deposited at
the EUROSCARF yeast strain collection (http://web.unifrankfurt.
de/fb15/%20mikro/euroscarf/index.html), which is available
from Scientific Research and Development (Oberursel).

Fig. 2. Universal insertion cassettes for tc aptamer-mediated regulation. (a) Schematic
representation of the insertion cassette with a kanamycin-resistance gene (KAN ) flanked
by loxP sites. Three copies of the tc aptamer followed by an HA tag (3xHA) for protein
quantification are expressed by a constitutive promoter. All plasmid-encoded insertion
cassettes can be PCR amplified with a single pair of target gene-specific primers (x-Tc2
and x-Tc1). x-Tc2 shares 40 bases homology with the promoter and x-Tc1 40 bases
homology with the open reading frame of the target gene (grey boxes). The double lane
represents the target chromosomal locus. (b) Chromosomal situation after integration:
The gene of interest is expressed by a heterologous promoter (either pADH1 or pTDH3 )
and controlled by the tc aptamer in its 5¢ UTR.
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2.2. Yeast Strain,
Medium

1. Saccharomyces cerevisiae strain: CEN.PK122: MATa/MATα
MAL2-8c/MAL2-8c SUC2/SUC2 ((16), see Note 3).
2. YPD medium: 1% (w/v) yeast extract, 2% (w/v) peptone, 2%
(w/v) glucose. Autoclave for 20 min and store at room temperature (RT) until use. For plates, add 1.5% (w/v) agar prior
autoclaving. Let the medium cool to around 60°C before adding antibiotics.
3. Tc stock solution: 100 mM tc solution in water. Make fresh
solution every time. Protect tc solution and tc-containing
medium from light. Add 200 mg/mL geneticin (G418, Roth)
directly as powder to the medium.
4. K-Acetate (KAc) plates: Dissolve 1% KAc and 1.5% agar in
water. Autoclave for 20 min and store at RT until use.
5. 0.91% NaCl (normal saline): Prepare in H2O, autoclave for
20 min and store at RT until use.

2.3. Instrument and
Reagents for Tetrad
Dissection

1. A SINGER micromanipulator is recommended for tetrad dissection (http://www.singerinst.co.uk).

2.4. Reagents for
Molecular Biology

1. PCR reagents: 10× PCR buffer (100 mM Tris–HCl, pH 9.0,
500 mM KCl, 1% Triton X-100, 15 mM MgCl2); 10× dNTPs
(0.2 mM each); polymerase mix (3 U Taq polymerase with
0.5 U Pfu polymerase or other polymerases with proofreading
activity).

2. 1.5 mg/mL zymolyase: 1.5 mg zymolyase 20 T
(20,000 units/g); dissolve in 1 mL 0.5 M sorbitol. Store at
−20°C until use.

2. Ethanol precipitation: 3 M NaAc, 98% (v/v) ethanol; 70%
(v/v) ethanol.
3. TE buffer: 10 mM Tris–HCl and 1 mM EDTA, pH 8.0.
4. Spin columns for PCR product purification (e.g., Promega,
Wizard SV Gel and PCR Clean-up System).
5. 1 M LiAc: 10.2 g of LiAc dihydrate in 100 mL water; sterilize
by autoclaving.
6. 50% (w/v) PEG3350: Prepare in H2O, autoclave for 20 min
and store at RT until use.
7. 5 mg/mL carrier DNA: Salmon sperm DNA; denature the
carrier DNA for 5 min at 98°C and cool down immediately on
ice/water before use.
2.5. Reagents for
Western Blotting

1. Polyvinylidenedifluoride (PVDF) membrane (Millipore).
2. 12CA5 anti-HA monoclonal antibody (Roche).
3. Anti-mouse
(BioRad).

IgG-conjugated

horseradish

peroxidase
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5. TBST: 10 mM Tris–HCl, pH 8.0, 150 mM NaCl, and 0.05%
Tween 20.
6. 5% nonfat dry milk in TBST.

3. Methods
3.1. Amplification
of the Insertion
Cassettes for
Homologous
Recombination

The insertion cassettes can be amplified by PCR using the same set
of primer pair. x-Tc2 anneals upstream of the resistance cassette
and attaches sequences homologous to the upstream region of
the target open reading frame (ORF) to the insertion cassette (see
Note 4 and Fig. 2). x-Tc1 anneals downstream of the HA tag
(see Note 5) and attaches sequences homologous to the ORF to
the insertion cassette (Fig. 2). For a successful chromosomal integration, at least 40 nucleotides (nt) of homologous sequences are
needed [x-Tc2: 5¢-(40 nt homologous sequence)-GCATAGGCCACTAGTGGATCTG-3¢; x-Tc1: 5¢-(40 nt homologous
sequence)-AAGCTTCGTACGAGCGTAATC-3¢]. Note that an
alternative start codon is introduced by the insertion cassette.
Therefore, the homologous sequence of x-Tc1 has to start with the
second codon of the ORF.
After PCR amplification, analyze the reactions by agarose gel
electrophoresis. Concentrate the PCR products by ethanol precipitation. Add 1/10 vol. 3 M sodium acetate and 2.5 vol. 98% ethanol to the PCR reaction, vortex and centrifuge at 16,000 × g for
15 min at RT. Wash pellet with 70% ethanol and resuspend the airdried pellet in 10–15 μL of TE. Use 1–5 μg of PCR product to
transform S. cerevisiae.

3.2. Genomic
Integration of the
Insertion Cassette

Prepare competent yeast cells as follows:
1. Grow yeast overnight to an OD600 of 0.8–2.0 in 100 mL YPD
medium.
2. Harvest cells by centrifugation at 3,000 × g for 5 min at RT.
3. Wash cells in 40 mL sterile H2O and collect by centrifugation
at 3,000 × g for 5 min at RT.
4. Wash cells in 20 mL 0.1 M LiAc and collect by centrifugation
at 3,000 × g for 5 min at RT.
5. Remove the supernatant and resuspend cells in 1 mL 0.1 M
LiAc.
6. Transfer the sample to a microfuge tube and incubate for
10 min at RT.
7. Centrifuge cells at 3,000 × g for 1 min.
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8. Remove the supernatant and resuspend the cells in 400 μL
0.1 M LiAc.
Transformation:
1. Mix 1–5 μL of DNA (1–5 μg of the amplified insertion cassette) with 50 μL competent yeast cells.
2. Add 10 μL denatured carrier DNA and 300 μL PEG3350.
Mix carefully by pipetting and incubate for 30 min at 30°C.
3. Heat shock for 15 min at 42°C.
4. Add 800 μL sterile H2O, and mix carefully by pipetting.
5. Collect cells by centrifugation at 3,000 × g for 1 min.
6. Resuspend the cells in 1 mL YPD medium and incubate for
2–4 h at 30°C.
7. Harvest cells by centrifugation at 3,000 × g for 1 min.
8. Resuspend the pellet in 100 μL YPD medium.
9. Plate on YPD plus 200 mg/L G418 plates. Incubate plates for
1–2 days at 30°C (see Note 6).
PCR analysis of G418-resistant transformants/segregants:
Correct integration of the tc aptamer cassette in front of the target
gene can be verified by colony PCR of G418 resistant transformants or segregants. The method works very well for the amplification of PCR products smaller than 1 kb.
1. Transfer a small amount of cell material from a colony with a
sterile tooth pick in 50 μL 1× PCR buffer and heat for
10–15 min at 96°C.
2. Quickly cool the cell suspension on ice/water.
3. Start a separate 50 μL PCR reaction for each integration site.
For the upstream integration site, use the primer combination
x-A1/K2, and for the downstream integration site use TDH3A7/x-A2 or ADH1-A5/x-A2 depending on the promoter (see
Note 7).
4. Analyze 10 μL of the PCR reaction by agarose gel electrophoresis. Strains showing the predicted PCR fragments should be
further analyzed by sequencing to verify the correct sequence
of the tc aptamers and the HA tags.
5. Depending on the promoter used, purify the TDH3-A7/
ORFx-A2 or ADH1-A5/ORFx-A2 PCR product, respectively,
using spin columns. Sequence purified PCR products either
with primer TDH3-A7 or ADH1-A5.
3.3. Tetrad Analysis

1. Grow heterozygous diploid cells carrying a wild-type and a tc
aptamer-modified allele of the target gene overnight at 30°C in
5 mL YPD medium.
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Fig. 3. Segregation pattern of tc aptamer-regulated ESF2 gene. Eighteen S rRNA Factor 2
(ESF2 ) encodes for an essential nucleolar protein involved in pre-18S rRNA processing.
The diploid strain CEN.PK122 was transformed with the tc3-3xHA aptamer insertion cassettes. After meiosis, the viability of the tc-regulated ESF2 gene was followed by tetrad
dissection in the absence of tc. For the TDH3 promoter (pTDH3)-driven construct, four
viable segregants with the same growth behavior were observed. In contrast, the ADH1
promoter (pADH1)-driven construct results in four viable segregants, but the pADH1-tc33xHA segregants showed reduced growth when compared to wild-type segregants (2:2
segregation). It shows that the pADH1-driven construct cannot fully complement the ESF2
endogenous promoter.

2. Harvest 1 mL culture by centrifugation at 3,000 × g for
5 min.
3. After removing the supernatant, resuspend the yeast cells in
100 μL sterile H2O and spot the suspension on KAc plates.
4. Incubate at 30°C for 2 days and track the appearance of tetrads
by microscopy (see Note 8).
5. At this stage, spores can be dissected by a SINGER micromanipulator after removing the ascus wall enzymatically. Resuspend
a loopful of sporulated cells in 100 μL zymolyase solution and
incubate at RT for 5 min.
6. Add carefully 800 μL sterile H2O to stop the reaction.
7. Spread a loopful of cells across the full width of a YPD agar
plate and dissect tetrads using a micromanipulator.
8. For spore germination and colony growth, incubate for
2–4 days at 30°C (Fig. 3).
9. Subject spores to phenotypic analysis by replica plating on
YPD + G418 plates to identify the wild-type and tc aptamercontrolled segregants (see Note 9).
3.4. Serial Dilution
Growth Assay

1. Grow cells overnight in YPD medium to an OD600 of 1–2.
2. Dilute cells in normal saline to an OD600 of 1 followed by tenfold serial dilutions.
3. Spot 5 μL from the diluted cultures on YPD plates in the absence
(control) and presence of different tc concentrations. Recommended tc concentrations are 50, 100, 250, and 500 μM.
4. Verify growth differences after incubation of the plates for
2–4 days at 30°C in the dark (Fig. 4). In certain cases, lower tc
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Fig. 4. Serial dilution growth assays performed from wild-type and pTDH3-tc3-3xHA insertion mutants. Dilutions were
spotted on YPD agar plates containing increasing concentrations of tc. Colonies were grown for 3 days at 30°C.

Fig. 5. Repression kinetic of tc aptamer-controlled Esf1 expression. Eighteen S rRNA Factor 1 (ESF1) encodes for an essential nucleolar protein involved in pre-18S rRNA processing. 150 μg protein extracts from pTDH3-tc3-3xHA-ESF1 cells (time
points after treatment with 250 μM tc are indicated) were loaded on a 10% SDS polyacrylamide gel. After protein separation and transfer on PVDF membrane, 3xHA-Esf1 levels were detected by Western blot analysis.

concentrations are necessary to observe growth differences
between wild-type and mutant proteins both under the translational control of the tc aptamer (17).
3.5. Protein Detection
by Western Blot

1. Grow HA-tagged strains in 50 mL YPD medium overnight at
30°C to an OD600 of 1–2.
2. Next day, inoculate 100 mL fresh YPD medium with the overnight culture to an OD600 of 0.1 and incubate for 2.5 h at 30°C.
3. After splitting the culture into two halves, treat one aliquot
with 250 μM tc and incubate for further 8–12 h at 30°C.
4. Harvest the cells (e.g., 5 mL every 2 h) and prepare protein
extracts using glass beads.
5. Determine total protein concentration with the micro-biuret
method (18) or comparable methods.
6. Separate equal amounts of protein (50–150 μg) on a SDS
polyacrylamide gel and transfer proteins onto PVDF membrane by semidry blotting.
7. After blocking the membrane with 5% nonfat dry milk for
30 min, add 1:5,000 diluted 12CA5 anti-HA monoclonal
antibody for at least 2 h at RT or overnight at 4°C.
8. Remove the first antibody and incubate the membrane for additional 30 min in 5% nonfat dry milk before adding the anti-mouse
IgG horseradish peroxidase antibody (1:30,000). Incubate for
30 min at RT. Detect the HA-tagged proteins (Fig. 5) using the
ECL chemoluminescence protocol (GE Healthcare).
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4. Notes
1. Three repeats of the HA tag are sufficient for the detection of
recombinant expressed proteins. The vectors are also available
with six repeats of the HA tag which allows detection of smaller
amounts of protein.
2. The tc aptamer leads to decreased translation efficiency even in
the absence of its ligand. Therefore, it is necessary to drive
transcription from strong promoters to compensate for the
aptamer-mediated decrease. The transcription strength of
the TDH3 promoter is two- to five-fold higher compared to
the ADH1 promoter ( 19, 20 ) . It is recommended to
use the pTDH3-tc3-3xHA cassette first. If tetrad dissection
shows four uniformly growing colonies, the pADH1 cassette
should be used additionally to adjust the translation rate more
to the wild-type situation. Figure 3 shows an example in which
the ADH1 promoter is not sufficient to complement the substitution of the endogenous promoter resulting in slower
growing colonies compared to the wild type.
3. The approach is strain independent; thus, every S. cerevisiae
strain can be used. Information about further useful S. cerevisiae
strains can be found on the EUROSCARF Web page under
http://web.uni-frankfurt.de/fb15/mikro/euroscarf/data/
ref_str.html.
4. x-Tc2 should be designed in a way to delete at least part of the
endogenous promoter sequence. If no information about the
endogenous promoter is available, it is advisable to delete
200 bp as most yeast 5¢ UTRs are below 100 nt (21).
5. Some proteins are negatively influenced by an N-terminal tag. In
this case, the HA tag should not be attached. For amplification
of the insertion cassette without the HA tag, the primer dHA
should be used: 5¢-(40 nt homologous sequence)-CATATGTTCTCGAGGCCTAGG-3¢. The homologous sequence should
start with the second codon of the ORF as described above.
6. A typical transformation plate shows colonies heterogeneous
in size 2 days after incubation at 30°C. A few large colonies
and much more small colonies are observable. Generally, transformants that form large colonies have integrated the tc
aptamer cassette into their genome, whereas the small colonies
are the result of transient transformation without integration
of the tc aptamer cassette into the genome. High background
in the form of small colonies often leads to depletion of nutrients from the medium and prevents growth of the real transformants. To prevent this, it is recommended to replica the
transformation plate after 1–2 days on a fresh YPD+G418 plate
and incubate further for 1 day at 30°C.
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7. Sequences of the common primers used for verification of the
correct integration site:
K2: 5¢-GTTTCATTTGATGCTCGATGAG-3¢
THD3-A7: 5¢-CTTCTGCTCTCTCTGATTTGG-3¢
ADH1-A5: 5¢-CTACTCTCTAATGAGCAACGG-3¢
8. This method works very well with the CEN.PK strain background. An adaptation of the methods is necessary when other
yeast strain backgrounds, like BY or FY, are used (22).
9. If no micromanipulation system is available, tetrad analysis is
also offered commercially (http://www.srd-biotec.de).
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Chapter 21
Cloning and Expression of Hemicellulases
from Aspergillus nidulans in Pichia pastoris
Prasanna Vasu, Stefan Bauer, and Brett J. Savary
Abstract
The methylotrophic yeast Pichia pastoris is increasingly used for heterologous expression of high quality
proteins in laboratory-scale (milligram) quantities. Commercially available polysaccharide-active enzyme
preparations have limited applications in plant cell wall research due to their heterogeneous mix of hydrolytic
activities. P. pastoris provides an ideal in vitro expression system for producing monocomponent enzymes,
since it lacks endogenous plant cell wall-active enzymes and can perform eukaryotic post-translational
modifications (i.e., glycosylation). We have routinely prepared cDNA constructs from Aspergillus nidulans
encoding a broad array of hydrolases active on various linkages contained in plant cell wall polysaccharides.
The cDNAs were inserted into the pPICZα C shuttle vector (Invitrogen) in-frame with the Saccharomyces
cerevisiae α-secretion factor and expressed under the transcriptional control of the highly inducible alcohol
oxidase 1 (AOX1) promoter. The enzyme products were efficiently secreted into buffered complex methanol
medium (BMMY) as C-terminal his-tagged proteins for simple one-step affinity purification. The insertion
of the c-Myc epitope enabled easy immunodetection. Here we present the detailed protocols for primer
design, cloning, expression, and activity assays for a representative set of xylan-acting hemicellulases
produced in P. pastoris.
Key words: Pichia pastoris, Aspergillus nidulans, Protein expression, Plant cell wall hemicellulase,
Enzyme assay, Xylanase, Xylosidase

1. Introduction
Pichia pastoris has become a well-established system for heterologous expression of quality proteins in high levels. P. pastoris is a
single-celled eukaryotic methylotrophic yeast, capable of metabolizing methanol as the carbon source. Transformation in P. pastoris
uses a similar set of well-defined molecular and genetic manipulation
techniques established for Saccharomyces cerevisiae. However,
unlike S. cerevisiae, P. pastoris can grow to very high cell densities

Argelia Lorence (ed.), Recombinant Gene Expression: Reviews and Protocols, Third Edition,
Methods in Molecular Biology, vol. 824, DOI 10.1007/978-1-61779-433-9_21, © Springer Science+Business Media, LLC 2012
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in minimal medium owing to its respiratory growth rather than the
fermentative growth (1). Additionally, Pichia can perform suitable
post-translational modifications (i.e., glycosylation) and is thus
generally regarded as simple, fast, and readily manipulated eukaryotic protein expression system (1, 2). The expression of protein is
tightly regulated by the methanol-inducible alcohol oxidase 1
(AOX1) promoter, which improves protein yields. Furthermore,
this expression system has high genetic stability (i.e., decreased
gene deletion) and is capable of efficiently secreting correctly folded
heterologous proteins to the culture medium (3). Extracellular
secretion of heterologous protein is the preferred option for Pichia
expression, rather than intracellular cytoplasmic accumulation (4),
as it simplifies the downstream processing for protein recovery.
The availability of a commercial kit (Invitrogen) also promotes the
versatility of Pichia as an in vitro expression system.
Commercially available enzyme preparations can have limited
applications in plant cell wall polysaccharide research due to their
heterogeneous mix of hydrolytic activities (5). Since P. pastoris
lacks endogenous plant cell wall active enzymes and is able to
secrete expressed protein in high levels with significantly low level
of endogenous proteins, they are suitable for recombinant expression of cell wall active enzymes (4, 5). Being a saprophytic filamentous ascomycete fungus, Aspergillus nidulans secretes a variety of
cell wall-active enzymes to survive on dead and decaying plant
materials. Thus A. nidulans is expected to contain genes encoding
diverse hydrolases active on various plant cell wall polymers. The
complete genome sequence of A. nidulans is now available (6, 7),
and a comprehensive set of A. nidulans gene sequences (ORFs)
were identified based on homology to known cell wall active
enzymes (8). We successfully cloned respective complementary
DNAs (cDNAs) from A. nidulans into P. pastoris and expressed
them in frame with the S. cerevisiae α-secretion factor (mating factor)
under the transcriptional control of highly inducible AOX1 promoter of the pPICZα C shuttle vector (8). The enzymes were
secreted directly into buffered complex methanol medium and
then purified efficiently by use of a C-terminal polyhistidine-tag
with metal-chelate affinity chromatography media. The recombinant enzymes also contained a c-Myc epitope for easy immunodetection by dot-blot. The one-step purification using metal-chelation
chromatography provided milligram quantities of high purity cell
wall active enzymes (9). These enzymes were devoid of any contaminating side activities on the respective cell wall polymers, and
are thus “monocomponent” (8–10). We present in this chapter
the detailed protocols for genomic DNA and mRNA isolation from
A. nidulans, primer design, cloning and expression in P. pastoris,
and subsequent purification and activity assays for a representative
set of xylan-acting enzymes.
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2. Materials
1. A. nidulans FGSC A4 (Glasgow WT, from the Fungal Genomic
Stock Center, University of Missouri, Kansas City, MO).
2. YPD: 1% Yeast extract, 2% peptone, and 2% glucose (dextrose).
3. Sorbitol buffer: 1 M sorbitol and 0.1 M Na2 EDTA pH 8.0.
4. Zymolyase 100T (MP Biomedicals).
5. Yeast resuspension buffer: 50 mM Tris–HCl pH 7.4, 20 mM
Na2 EDTA pH 8.0.
6. 10% SDS: dissolve 100 g of electrophoresis-grade sodium
dodecyl sulfate in 900 mL water by heating to 68°C, adjust pH
to 7.2 with HCl and make up volume to 1 L.
7. 5 M potassium acetate: Mix 60 mL of 5 M potassium acetate
(49.07 g potassium acetate in a total volume of 100 mL water),
11.5 mL of glacial acetic acid and 28.5 mL of water.
8. 1 M Tris–Cl: Dissolve 12.11 g Tris base [Tris(hydroxymethyl)
aminomethane] in 80 mL of water, adjust pH to 7.4 or pH 8.0
with HCl (6 M) and make the volume to 100 mL.
9. 0.5 M Na2 EDTA (pH 8.0): Add 18.61 g of Na2 EDTA·2 H2O
in 80 mL of water, stir vigorously, and adjust the pH to 8.0
with NaOH pellets. Adjust volume to 100 mL.
10. TE buffer (pH 8.0 and pH 7.4): 10 m M Tris–HCl, pH 8.0 or
pH 7.4, 1 mM Na2 EDTA.
11. RNase (e.g., Invitrogen).
12. 3 M sodium acetate: Dissolve 408.3 g sodium acetate trihydrate in 800 mL of water. Adjust pH to 7.0 with dilute acetic
acid and adjust the volume to 1 L. Sterilize by autoclaving.
13. Minimal medium: 1 L containing 6.0 g NaNO3, 1.52 g
KH2PO4, 0.52 g KCl, and 0.52 g MgSO4.
14. Hutner’s trace elements: 100 mL contained 5.0 g Na2 EDTA⋅2
H2O, 2.2 g ZnSO4⋅7H2O, 1.14 g H3BO3, 0.5 g MnCl2⋅4H2O,
0.5 g FeSO4⋅7H2O, 0.16 g CoCl2⋅6H2O, 0.16 g CuSO4⋅5H2O,
and 0.11 g (NH4)6MO7O24⋅4H2O. Adjust pH to 6.5–6.8
with KOH.
15. Complete medium: Contained minimal medium supplemented
with 0.5% yeast extract, 1% peptone, 2% glucose, and Hutner’s
trace elements (1 mL/L), pH 4.5.
16. Conical and baffled flasks (e.g., Pyrex).
17. Rotary shaking incubator (e.g., Innova 4000, New Brunswick
Scientific).
18. Miracloth (Calbiochem).
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19. Citrus pectin, larch wood xylan, gum arabic (e.g., Sigma-Aldrich).
20. RNase-free centrifugal tubes.
21. Centrifuges (e.g., Sorvall high speed, and Eppendorf
microcentrifuge).
22. Liquid nitrogen.
23. Mortar and pestle.
24. TRIzol® reagent (e.g., Invitrogen).
25. Ethanol: 100% and 75% prepared
(diethylpyrocarbonate)-treated water.

with

DEPC

26. RNAase-free water.
27. Temperature-controllable water bath.
28. Turbo DNA-free™ Kit containing Turbo DNase, 10× Turbo
DNase buffer and DNase Inactivation Reagent (Applied
Biosystems).
29. UV-Vis Spectrophotometer.
30. SuperScript® First-Strand Synthesis Kit for RT-PCR containing
SuperScript™ II reverse transcriptase, 5× First strand buffer,
DTT (dithiothreitol), RNaseOUT™, Oligonucleotide (dT)
12–18 primers, dNTP mix, 25 mM MgCl2, DEPC-treated
water, RNase H (Invitrogen).
31. PCR Purification Kit (Qiagen).
32. Primer design
“Oligo7”).

software

“Oligo6”

(current

version

is

33. Taq polymerase (e.g., Invitrogen).
34. 10× PCR buffer: 750 mM Tris–HCl pH 8.5, 200 mM
(NH4)2SO4, and 0.1% Tween-20.
35. PCR ready-to-use mixture: 100 μL 10× PCR buffer, 80 μL
25 mM MgCl2, 20 μL dNTP mix (10 mM each), and 800 μL
of water.
36. Thermocycler.
37. DNA molecular mass ladder of known concentration (e.g.,
MassRuler™ DNA Ladder Mix, ready-to-use, 80–10,000 bp,
Fermentas).
38. Electrophoresis assembly for DNA electrophoresis. (e.g.,
BioRad SUB® Cell GT and PowerPac™ Basic).
39. 50× TAE running buffer: 24.2% Tris–HCl pH 7.5, 5.71%
(w/v) acetic acid and 3.72% EDTA⋅2 H2O, adjust the pH to
8.0. Dilute 50 times (e.g., Research Organics).
40. Expression vector pPICZα C (Invitrogen).
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41. 10× Buffer Y + (Fermentas): 330 mM Tris–acetate pH 7.9,
660 mM potassium acetate, 100 mM magnesium acetate, and
1 mg/mL bovine serum albumin (BSA).
42. Restriction enzymes (XbaI, PmlI, and PmeI).
43. Alkaline phosphatase (Shrimp AP, Fermentas).
44. Ligation Kit (Fermentas): 10× ligation buffer, 50% PEG 4000,
and T4 ligase.
45. Chemically competent
(Invitrogen).

TOP10

Escherichia

coli

strain

46. SOC medium (Invitrogen): 2% Tryptone, 0.5% yeast extract,
10 mM NaCl, 2.5 mM KCl, 10 mM MnCl2, 10 mM MgSO4,
20 mM glucose.
47. Low salt LB plates: 1% Tryptone, 0.5% yeast extract, 0.5%
NaCl, and 1.5% agar.
48. Zeocin™ (Invitrogen).
49. TE buffer: 10 mM Tris–HCl pH 8.0, 1 mM EDTA.
50. Centrifugal vacuum concentrator (e.g., Speed-Vac from
Savant).
51. Big Dye® Terminator Kit (Applied Biosystems).
52. Alkaline lysis buffer (0.2 N NaOH, 1% SDS).
53. Phenol:chloroform:isoamyl alcohol (25:24:1, as a ready-to-use
mixture saturated with 100 mM Tris–HCl pH 8.0; contains
~0.1% 8-hydroxyquinoline, e.g.,, from Sigma-Aldrich).
54. Centri-Sep™ spin columns (Princeton Separations).
55. 10× Buffer B + (Fermentas): 100 mM Tris–HCl pH 7.5,
100 mM MgCl2 and 1 mg/mL BSA.
56. P. pastoris X-33 (Invitrogen).
57. YPDS plates: 1% Yeast extract, 2% peptone, 2% dextrose, 1 M
sorbitol, 2% agar and 100 μg/mL of Zeocin.
58. Electroporation cuvettes: Gene Pulser/Micro Pulser, 0.2 cm
gap (BioRad).
59. Electroporation device E. coli Pulser™ Transformation
Apparatus (BioRad).
60. Falcon conical tubes with screw-cap lid, 50 mL, sterile.
61. Nitrocellulose membrane (e.g., Schleicher & Schuell).
62. Instant non-fat dry milk powder (e.g., Carnation from
Nestlé).
63. TBS buffer: 1.21 g Tris–HCl (10 mM) pH 7.4, 8.77 g NaCl
(150 mM) in 1 L.
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64. Anti-c-Myc antibody produced in rabbit (Sigma-Aldrich),
ImmuniPure® Antibody, host: Goat Anti-, Antigen: Rabbit lgG
(H + L), label: horseradish peroxidase (Thermo Scientific).
65. SuperSignal West Pico Chemiluminescence Kit (Thermo
Scientific).
66. Imaging system (e.g., LAS-4000, Fujifilm).
67. Yeast nitrogen base with ammonium sulfate (YNB, Difco).
68. BMGY: 10 g Yeast extract, 20 g peptone, 13.4 g yeast nitrogen
base, 10 mL of glycerol and 100 mM phosphate buffer pH 6.0
in 1 L.
69. BMMY: BMGY where glycerol was replaced with 5 mL of
100% methanol.
70. MMY: Is BMMY, where phosphate buffer was omitted.
71. BMM: Is BMMY without yeast extract and peptone.
72. MM: Is BMM where phosphate buffer was omitted.
73. Centrifuge bottles, 250 mL.
74. Stirred cell ultrafiltration unit with 10 kDa membrane (e.g.,
Amicon).
75. Nickel-chelation affinity chromatography media (e.g., His
Bind Resin, Novagen).
76. Centricon centrifugal ultrafiltration devices, 10 kDa NMWCO,
2 mL (Millipore).
77. NuPAGE electrophoresis system consisting of Bis-Tris gels,
LDS sample loading buffer, reducing agent, antioxidants,
MOPS buffer (Invitrogen).
78. SimplyBlue™ Safestain (Invitrogen).
79. Lowry reagent A: 2.0 g NaOH and 10.0 g Na2CO3 in 500 mL
of water.
80. Lowry reagent B: 1.0 g CuSO4⋅5H2O and 2.0 g sodium citrate
in 100 mL of water.
81. F-C reagent (Folin Ciocalteu phenol reagent, Sigma-Aldrich).
82. BSA (bovine serum albumin): Pre-diluted protein assay standards (Pierce).
83. Various pNP-α-glycosides or pNP-β-glycosides substrates
(Sigma-Aldrich).
84. Bicinchonic acid (BCA) Reagent A: 10.856 g Na2CO3, 4.84 g
NaHCO3 and 0.3884 g BCA sodium salt in 200 mL of
water.
85. BCA Reagent B: 0.2496 g CuSO4⋅5H2O and 0.2524 g L-serine
in 200 mL of water.
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3. Methods
The standard molecular cloning methods (11) are used as required
throughout this chapter in combination with the Pichia protocols
(12) and protocols in the Invitrogen manuals (13, 14).
3.1. Preparation
of Genomic and cDNA
from A. nidulans
3.1.1. Preparation
of Genomic DNA
from A. nidulans

1. Grow A. nidulans in 10 mL YPD medium at 37°C with shaking at 150 rpm overnight.
2. Centrifuge 5 mL of the culture media at 2,000 × g for 5 min
and remove supernatant.
3. Resuspend cells in a microfuge tube with 0.5 mL sorbitol buffer and add 20 μL of Zymolyase 100T (2.5 mg/mL in sorbitol
buffer). Incubate for 1 h at 37°C.
4. Centrifuge at 16,800 × g for 1 min and remove supernatant.
5. Resuspend cells in 0.5 mL yeast resuspension buffer, and add
50 μL of 10% SDS.
6. Invert the closed tube several times rapidly and incubate at
65°C for 30 min.
7. Add 0.2 mL of 5 M potassium acetate and store the tube on ice
for 1 h.
8. Centrifuge at 16,800 × g for 5 min at 4°C to pellet the cell
debris and transfer supernatant to a fresh microfuge tube using
a wide-bore pipet (e.g., cut the tip of a plastic pipet tip).
9. Add an equal volume of isopropanol, mix well, and keep at
room temperature (RT) for 5 min to precipitate DNA. Do not
allow the reaction to go more than 5 min!
10. Centrifuge at 16,800 × g for 10 s to recover the precipitated
DNA. Remove the supernatant by aspiration and air-dry the
pellet for 10 min.
11. Dissolve pellet in 0.3 mL TE buffer pH 8.0 containing
20 μg/mL RNase, and incubate at 37°C for 30 min.
12. Add 30 μL of 3 M sodium acetate pH 7.0, mix the solution,
and add 0.2 mL isopropanol. Mix again and centrifuge at
16,800 × g for 20 s.
13. Remove supernatant by aspiration and air-dry pellet for 10 min.
Dissolve in 150 μL TE buffer pH 7.4.

3.1.2. Preparation of cDNA
from A. nidulans mRNA

1. Inoculate A. nidulans mycelia from a culture plate into 1 L of
complete medium pH 4.5 in 2.8 L Fernbach flasks.
2. Incubate at 37°C for 3 days with shaking at 200 rpm.
3. Recover mycelium by filtering with sterile Miracloth.
4. Transfer mycelium to minimal medium pH 4.5 containing
Hutner’s trace elements (1 mL/L) and 0.5% (w/v) pectin,
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0.5% (w/v) larch wood xylan or 2% (w/v) gum arabic as the
carbon source (see Note 1).
5. Incubate at 37°C for 24 h with shaking at 200 rpm.
6. Pellet cells in aliquots by centrifugation in RNase-free centrifuge tubes at 12,000 × g for 5 min at 4°C (see Note 2). Do not
wash the pellet.
7. Freeze the pellet in centrifuge tube using liquid nitrogen and
grind pellet with mortar and pestle, which was cooled in liquid
nitrogen before use.
8. Add TRIzol® reagent (ten times the volume of the tissue mass)
and incubate for 5 min at RT.
9. Add 0.2 mL of chloroform for each 1 mL of TRIzol reagent
used, mix capped tubes vigorously by hand for 15 s and incubate for 3 min at RT.
10. Centrifuge at 12,000 × g for 10 min at 4°C and transfer aqueous (upper) phase to a fresh tube.
11. Add 0.5 mL of isopropanol for each 1 mL of TRIzol reagent
used, mix, and incubate for 10 min at RT followed by centrifugation at 12,000 × g for 10 min at 4°C.
12. Remove supernatant and wash RNA pellet with 1 mL of 75%
ethanol for each 1 mL TRIzol reagent used, centrifuge at
7,000 × g for 10 min at 4°C.
13. Discard supernatant, briefly dry pellet for 10 min and dissolve
in RNase-free water.
14. Remove DNA using the Turbo DNA-free™ Kit by mixing
87 μL of RNA solution, 10 μL of 10× Turbo DNase buffer,
3 μL of Turbo DNase, and incubate at 37°C for 60 min.
15. Add 20 μL of DNase Inactivation Reagent and incubate at RT
for 5 min, with intermittent mixing (two to three times) during
this period.
16. Centrifuge at 10,000 × g for 1.5 min and transfer supernatant
containing RNA into new tube, then immediately proceed to
the next step (RT-PCR) or store at −80°C.
17. Determine RNA concentration by measuring A260/280 ratio
of the solution using a spectrophotometer. The ratio should
usually be around 2.0.
18. To perform first-strand cDNA synthesis, set up first-strand
cDNA synthesis reaction mixture in a 0.2 mL nuclease-free
microfuge tube. Mix 1–5 μg of RNA with 1 μL of Oligo(dT)
12–18 primer (500 μg/mL) and 1 μL of dNTP mix (10 mM
each of dATP, dGTP, dCTP, and dTTP), and add DEPCtreated water to 12 μL. Mix well by shaking. For convenience,
all the following heating steps (steps 19–23) can be performed
in the thermocycler.
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19. Incubate at 65°C for 5 min and place immediately on ice.
20. Add the following to each tube on ice: 4 μL of 5× First-Strand
Buffer, 2 μL of 0.1 M DTT, 1 μL of RNaseOUT™ (40 U/μL).
Mix the contents of the tube gently by shaking and incubate at
42°C for 2 min.
21. Add 1 μL (200 U) of SuperScript™ II Reverse Transcriptase,
mix gently by pipetting up and down, and incubate at 42°C for
50 min.
22. Inactivate the reaction by heating at 70°C for 15 min.
23. To remove RNA complementary to the cDNA, add 1 μL (2 U)
of E. coli RNase H and incubate at 37°C for 20 min.
24. Use PCR purification Kit (Qiagen) according to the manufacturer’s instruction to purify the genomic DNA or cDNA
products.
3.2. Primer Design

Based on the sequence homology (available from the NCBI taxonomy browser) to known fungal cell wall hydrolase genes (7), we
identified a large set of sequences from the A. nidulans genome
database (8). Those which are significantly best hits to known cell
wall hydrolases were selected and used to design primers for cloning these enzymes into P. pastoris (5, 8). We chose pPICZα C (see
Note 3) (13) to clone all the cell wall hydrolases. You can similarly
identify your gene homolog of interest from A. nidulans.
For primer design, we use the primer design software Oligo6,
which allows the analysis of existing restriction sites within the
target sequence as well as possible intra- or intermolecular primer–
primer interactions and other criteria (see Note 4). Since most
genomic DNA (from Subheading 3.1.1) and cDNA (from
Subheading 3.1.2) sequences lacked PmlI and XbaI sites, these
restriction enzyme sites can be used to clone most genes of interest
into the multiple cloning site (MCS) of pPICZα C.
The complete coding sequence of each target gene is cloned,
including any signal sequence. For this the 5¢ (forward or upper)
primer sequence is annealed at the ATG start codon. Additional
nucleotides matching the template sequence of the genes are
appended at the 3¢ end of the primer to reach the desired target
melting temperature range of 56–60°C. In order to be in line with
the reading frame, the restriction site for PmlI (CACGTG) requires
two nucleotides be added before the ATG codon. The nucleotides
A and T are used since their contribution to the melting temperature was lowest. For enzyme recognition, five additional nucleotides (GAAAG) adjacent to the restriction site are attached. As a
result, the common design for a primer using PmlI restriction site
is GAAAGCACGTGATATGXn, where Xn is 12–21 nucleotides
from the target template’s 5¢ end.
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A similar strategy is followed for the 3¢ (reverse or lower)
primer containing the XbaI site (TCTAGA). The stop codon in
the target sequence is deleted, including one additional nucleotide
from the preceding codon triplet, in order to be in line with the
reading frame and to be contiguous with the c-Myc and 6× histidine tag coding sequence. The primer sequence therefore ends 1
nucleotide before the stop codon of the target sequence. Again,
the primer sequence matching the target sequence consists of
15–24 nucleotides so that the resulting melting temperature will
be in the range of 56–60°C, matching the upper primer. The XbaI
primer has the general structure TACAGTCTAGAYn, where Yn is
15–24 nucleotides from the target template’s 3¢ end, excluding the
four last nucleotides.
3.3. Polymerase Chain
Reaction

Genomic DNA or cDNAs are amplified by polymerase chain reaction (PCR) using gene specific primers generating PmlI and XbaI
restriction sites at 5¢ and 3¢ ends, respectively. PCR is performed
using the designed primers. Store all PCR solutions at −20°C and
keep on ice when thawed. The PCR reaction mixture contains
18.2 μL Ready-to-use mixture, 0.8 μL forward primer (10 μM),
0.8 μL reverse primer (10 μM), 0.1 μL genomic DNA or cDNA,
and 0.12 μL Taq polymerase. To obtain maximum efficiency, it is
important to work with an optimal PCR program. A typical
Touchdown PCR program used is detailed below (see Note 5):
1. 96°C for 2 min.
2. 94°C for 20 s.
3. 65°C for 15 s (−1°C/cycle).
4. 72°C for 1 min (extend 1 min for each additional kb
product).
5. 9× to step 2 (i.e., repeat step 2–5, nine times).
6. 94°C for 20 s.
7. 55°C for 20 s.
8. 72°C for 1 min (extend 1 min for each additional kb
product).
9. 30× to step 6 (i.e., repeat step 6–9, 30 times).
10. 72°C for 30 min.
11. 4°C ∞.
Check and confirm the size of the PCR product by running a
1% agarose gel electrophoresis (see Note 6). Once the presence of
a selected sequence has been confirmed in a genomic or cDNA
preparation, set up 12 additional PCR reactions targeting this
sequence, then combine after completion of the cycles.

3.4. Cloning into E. coli

1. Use PCR Purification Kit to purify the PCR products. PCR
results can be checked on a 1% agarose gel.
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2. Set up restriction digest reaction mixture (20 μL reaction) by
mixing 10–16 μL of purified PCR product or pPICZα C vector with 2 μL of buffer Y + and 1 μL each of XbaI and PmlI.
Add water to make up to 20 μL.
3. Mix well by pipetting gently up and down several times (important!); briefly centrifuge to collect the liquid at the bottom and
incubate overnight at 37°C.
4. For dephosphorylation of pPICZα C plasmid, add 2.5 μL of
10× reaction buffer and 2 μL shrimp alkaline phosphatase
(2 U) only to the digest containing the pPICZα C vector
(20 μL), incubate at 37°C for 1 h and heat inactivate at 65°C
for 20 min. This helps in reducing self-ligation due to incomplete restriction reaction.
5. Use PCR Purification Kit to purify all reactions, check aliquots
on 1% agarose gel and estimate the concentration by comparing to the DNA molecular weight ladder.
6. To set up ligation reaction, mix 2 μL of 10× ligation buffer,
2 μL of 50% PEG 4000, 3 μL of T4 DNA ligase with 13 μL of
water containing purified PCR product (from step 3 of this
section) and pPICZα C vector (from step 4 of this section).
The molar ratio of PCR product (50–400 ng) to vector should
be around 1 : 3. Incubate at RT for 1 h and heat inactivate at
65°C for 10 min.
7. For transformation, pipet 5 μL of the ligation mixture into a
vial containing 100 μL of TOP10 chemically competent E. coli
cells, and place on ice for 30 min. Incubate at 42°C (heat
shock) for exactly 30 s and immediately place the cells back on
ice. Add 200 μL of SOC medium and incubate the vial at 37°C
for 3 h with moderate shaking.
8. Spread 10, 50 and 200 μL of this media on to different low salt
LB plates (pre-heated to 37°C) containing Zeocin (25 μg/mL)
and incubate at 37°C overnight or until colonies are visible.
9. For each transformation, transfer 24–48 colonies to a new LB
plate (daughter plate) containing Zeocin and perform colony
PCR (see Note 7) using 5¢AOX1 and lower PCR primer,
respectively.
10. Estimate the size of the PCR product on a 1% agarose gel
(Fig. 1a).
3.5. Plasmid Extraction
and Sequencing

1. Pick candidates (inoculate aseptically using a sterile toothpick
or 10 μL micropipet tip) showing expected size of the insert
(and thus having the correct orientation) from the daughter
plate and grow in 5 mL of low salt LB media containing Zeocin
(25 μg/mL) at 37°C overnight with vigorous shaking.
2. Pellet the cells by centrifugation (16,800 × g for 10 min) and
extract plasmid DNA by alkaline lysis. Resuspend pellet in
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Fig. 1. Example of a colony PCR and confirmation for a typical construct. (a) Verification of
correct transformants by colony PCR. One out of twenty-four colonies is negative.
(b) Plasmid pPICZα C (P) digested with the restriction enzymes; Pml I and Xba I. (c) Based
on the screening of 24–48 colonies for each construct, the best three colonies selected
were grown overnight in low salt LB media containing Zeocin (25 μg/mL). Mini-prep DNA
extractions (alkaline extraction/phenol/chloroform) were made and pellets dissolved in
25 μL of RNase water (20 μg/mL). DNA extracted (1 μL) from three different colonies
(lanes 19, 32, 37) was loaded. Molecular weight ladders (M) are used to determine the
correct size of the recombinant pPICZα C plasmid containing inserts. The increase in the
size of the construct is observed.

100 μL 25 mM Tris–HCl pH 8.0 containing 10 mM EDTA
and 150 mM glucose. Add 200 μL of freshly prepared lysis
buffer (0.2 N NaOH, 1% SDS) and gently mix by inverting the
tube several times (do not vortex!) and place on ice for 5 min.
3. Add 150 μL of ice-cold potassium acetate (pH 4.8), gently mix
by inverting the tube several times, and let the tube stand on
ice for 5 min. Centrifuge at 16,800 × g for 10 min and collect
the supernatant.
4. Add an equal volume of phenol:chloroform:isoamyl alcohol
(25:24:1) and mix by vortexing; then centrifuge (16,800 × g
for 10 min) to achieve phase separation. Collect aqueous upper
phase and add an equal volume of chloroform. Vortex and centrifuge (16,800 × g for 10 min) and collect the upper phase.
5. Add 0.1 volumes of 3 M sodium acetate pH 5.2 and 2 volumes
of 100% ethanol and incubate at −20°C for 30 min. Centrifuge
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at 16,800 × g for 10 min, discard supernatant, and wash the pellet
with 200 μL of 70% ethanol by inverting the tube several times.
6. Pellet the cells by centrifugation (16,800 × g for 10 min) and
air-dry the pellet for 10 min at RT and resuspend pellet in
50 μL of TE buffer containing 20 μg/mL RNAse. Check and
verify the size and concentration of DNA on a 1% agarose gel
using 2 μL solution (Fig. 1b–c). Store the DNA solution at
−20°C if not used immediately.
7. Set up 20 μL of sequencing reaction in PCR tube using the Big
Dye® Terminator Kit. Mix 8 μL Terminator Ready Reaction
Mix, 2 μL primer (1.6 μM), 200–500 ng plasmid and water up
to 20 μL.
8. Perform the PCR reaction. A typical PCR reaction temperature profile is 25 cycles of 96°C for 30 s, 50°C for 15 s, 60°C
for 4 min, followed by cooling to 4°C until ready to purify.
9. Use Centri-Sep™ spin columns according to manufacturer’s
instruction to purify sequencing products and dry sample using
a Speed-Vac. Samples are then submitted for sequencing using
the dye-terminator sequencing method (Big Dye® Terminator
Kit, see Note 8).
3.6. Isolation
of Target Plasmid
and Linearization

1. Grow E. coli clone showing an error-free insert in 50 mL of
low salt LB containing 25 μg/mL zeocin at 37°C overnight
with vigorous shaking. Extract plasmid according to the above
extraction protocol (see steps 2–7 in Subheading 3.5). Increase
volumes used to resuspend and lysis by a factor of 3.
2. Mix 20 μL of isolated plasmid (template), 5 μL of 10× buffer
B+, 22 μL of water and 3 μL of PmeI to linearize plasmid by
incubating overnight at 37°C.
3. Use PCR Purification Kit to purify and elute with water, check
aliquots on 1% agarose gel, and estimate the size by comparing
to the DNA mass ladder.

3.7. Preparation
of Competent Cells
and Transformation
by Electroporation

1. Grow wild type P. pastoris X-33 (a Mut+ His+ prototropic
strain) in 10 mL YPD medium in a 50 mL flask at 30°C with
shaking at 280 rpm overnight.
2. Transfer 0.5 mL of this culture into 500 mL YPD medium in
a 2.5 L flask and grow at 30°C and 280 rpm overnight until
OD600 1.3–1.5.
3. Centrifuge at 1,500 × g for 5 min at 4°C to pellet the cells, and
then resuspend cells in 500 mL ice-cold water.
4. Centrifuge at 1,500 × g for 5 min at 4°C to pellet the cells, and
then resuspend cells in 250 mL ice-cold water.
5. Centrifuge at 1,500 × g for 5 min at 4°C to pellet the cells, and
then resuspend cells in 20 mL ice-cold 1 M sorbitol.
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6. Centrifuge at 1,500 × g for 5 min at 4°C to pellet the cells, and
then resuspend cells in 1 mL ice-cold 1 M sorbitol resulting in
around 2 mL final volume. Keep competent cells on ice and
use same day for electroporation to ensure high efficiency
transformation. Using frozen competent cells, which are stored
at −80°C, is not recommended.
7. Mix 80 μL of competent cells with 5–10 μg linearized plasmid
(from step 3 in Subheading 3.6), transfer into an ice-cold electroporation cuvette (0.2 cm gap), then place the cuvette on ice
for 5 min.
8. Pulse the cells with 1.5 kV charging voltage (use a capacitance
of 25 μF and a resistance of 200 Ω, or use protocol according
to manufacturer’s instructions for S. cerevisiae) and immediately add 1 mL of ice-cold 1 M sorbitol.
9. Transfer content of cuvette into a sterile 15 mL tube and
incubate at 30°C without shaking for 2 h.
10. Spread 10, 50, and 200 μL each of this solution on YPDS
plates containing 100 μg/mL zeocin and incubate plates at
30°C until colonies are visible (usually 3–5 days).
11. Isolate 16 colonies on YPDS plates with 100 μg/mL zeocin
(streak for single colony).
3.8. Screening
for Protein Expression
by Immunodetection
(Dot-Blot)

1. Inoculate each zeocin-resistant clone (from step 11 in
Subheading 3.7) aseptically using a sterile toothpick or 10 μL
micropipet tip to 5 mL of BMGY (growth medium) in 50 mL
sterile conical tubes with lids, and grow overnight at 30°C in a
shaking incubator at 280 rpm.
2. Pellet cells (1,500 × g, 5 min) and resuspend in 5 mL of induction media (MM, MMY, BMM, or BMMY) in 50 mL conical
tubes and grow at 28°C at 280 rpm overnight.
3. Centrifuge cells at 3,000 × g for 5 min and take 1 mL of supernatant and store on ice.
4. Spot 2 μL of each supernatant on nitrocellulose membrane
and let air-dry. Block membrane with 5% fat-free milk in TBS
buffer containing 0.1% Tween-20 at RT for 2 h.
5. Add first antibody (anti-c-Myc, 20 μL in 10 mL of 5% fat-free
milk in TBS buffer containing 0.1% Tween-20) and incubate
for 3 h at RT or at 4°C overnight.
6. Wash membrane 7 times (5 min each) with TBS buffer containing 0.1% Tween-20.
7. Add secondary antibody (anti-rabbit IgG peroxidase conjugated, 5 μL in 15 mL of 5% fat-free milk in TBS buffer containing 0.1% Tween-20) and incubate for 3 h at RT or at 4°C
overnight.
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Fig. 2. Reprsentative immuno dot-blot detection of Pichia-expressed protein using the
c-Myc epitope. (a) Protein expression levels for 16 clones from the same transformation
are assessed after 24 h of induction to select the best expressing clone (i.e., clones 7, 8,
14, or 15). (b) Protein expression level of a selected clone grown with different induction
media (MM, BMM, MMY, BMMY) over 5 days induction time (see Note 9). Differences in
protein expression levels are clearly observed by intensities for different media.

8. Wash membrane 7 times (5 min each) with TBS buffer containing 0.1% Tween-20.
9. Transfer membrane into a ziplock bag and add 1–2 mL of
SuperSignal West Pico Chemiluminescence mixture.
10. Wait for 5 min and visualize chemiluminescence using imaging
system, LAS-4000, Fujifilm (Fig. 2) (see Note 9).
3.9. Protein Expression
in Induction Media
(Small-Scale Trial)

The transformants showing the highest protein expression are
selected for small-scale expression and purification of recombinant
proteins.
1. Inoculate a single colony aseptically using a sterile 10 μL
micropipet tip to 1 mL of YPD medium in 5 mL sterile tubes,
and grow at 30°C at 280 rpm overnight.
2. Transfer aseptically this 1 mL of YPD culture medium directly
into 200 mL BMGY (growth) medium in 500 mL baffled
flasks, and grow at 30°C at 280 rpm overnight.
3. Pellet the cells by centrifugation at 5,000 × g for 5 min at 4°C in
250 mL sterile centrifuge bottles, and resuspend cell pellet in
200 mL induction medium (BMM, MM, MMY, or BMMY
based on dot-blot analysis) in 500 mL flasks to induce expression.
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Fig. 3. Enzyme activity profiles for three Aspergillus nidulans xylanolytic hemicellulases
expressed in Pichia cultures during induction in BMMY media. Representative enzymes are:
β-xylanase A (AN3613.2), β-xylosidase (AN2359.2), and α-arabinofuranosidase (AN1571.2).

Fig. 4. Representative SDS-PAGE gels for expressed (secreted) and purified xylanolytic
enzymes. (a) SDS-PAGE of culture supernatant (20 μL) expressing recombinant
β-xylanase (AN1818.2) during induction (lanes indicate 12, 24, 48, 72, and 96 h of induction) in BMMY media. (b) SDS-PAGE profile of a typical enzyme purification using metal
(Ni) chelation chromatography: 1, Supernatant concentrate. 2, Unbound column flowthrough. 3, Buffer wash. 4, Eluted pure protein. M molecular weight markers (molecular
masses are indicated in kDa).

4. Add 1 mL of 100% methanol (0.5% final concentration) to each
flask and shake well and grow at 28°C at 280 rpm for 3–6 day.
5. Add 1 mL of 100% methanol to each flask every 24 h and pipet
1 mL aliquot every 12 h (0, 12, 24, 36 … and so on), preferably prior to methanol addition.
6. Analyze growth (OD600) and protein expression levels [by the
respective enzyme activities (Fig. 3) and SDS-PAGE (Fig. 4a)]
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to determine the optimal time to harvest. Store the aliquot at
4°C until ready to analyze.
7. Once the culture reaches the maximum induction level (usually
3–6 days of induction), pellet the cells (centrifuge at 5,000 × g
for 5 min at 4°C) in 250 mL centrifuge bottles.
8. Collect the supernatant and add sodium azide to a final concentration of 0.02%. Store at 4°C until use. Discard the pellet/
cells according to safety protocol (see Note 10).
3.10. Purification of
Recombinant Enzymes
3.10.1. Concentration
of Protein by Ultrafiltration
or Ammonium Sulfate
Precipitation

3.10.2. Purification
of Recombinant Enzymes
Using Metal (Nickel)
Chelation Column

1. Concentrate the supernatant (induction medium containing
expressed enzymes, stored at 4°C) at least tenfold using an
ultrafiltration device, such as an Amicon stirred cell, equipped
with a 10-kDa NMWCO membrane, according to the manufacturer’s instruction (see Note 11).
2. Alternatively precipitate protein with (NH4)2SO4. For this add
(NH4)2SO4 to supernatant to 80% saturation (at 4°C) with
constant stirring. After overnight incubation at 4°C, centrifuge
the suspension (10,000 × g for 30 min at 4°C), collect the
protein pellet, and dissolve in 10–20 mL of sodium acetate
buffer (0.02 M, pH 5.0) (see Note 12).
1. Wash the His-Bind Resin (Novagen) (see Note 13) column
(0.7 × 5 cm) extensively with water.
2. Charge with nickel by flushing the column with 10 mL of
400 mM NiSO4.
3. Wash and equilibrate the column with 10 mL of the starting
buffer (Buffer A: 20 mM Tris–HCl pH 7.9 and 500 mM NaCl)
containing 10 mM imidazole (see Note 14).
4. Adjust the pH of the concentrated supernatant to pH 7.9 with
NaOH (see Note 14) and load on to the Ni2+-charged HisBind column at 4°C.
5. Wash the column with 10 mL of Buffer B (Buffer A containing
50 mM imidazole).
6. Elute the bound His-tagged protein with 10 mL of Buffer C
(Buffer A containing 250 mM imidazole).
7. Repeatedly wash the eluted fraction with 0.02 M acetate buffer
pH 5.0 in order to remove imidazole and concentrate using
Amicon stirred-cell ultrafiltration units. Further concentration
to small volumes can be achieved by 10-kDa NMWCO
Centricon centrifugal ultrafiltration devices.
8. Sample aliquot is assayed for protein content and enzyme
activities and stored in the freezer. Purity of the protein is
assessed by SDS-PAGE (Fig. 4b).
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3.11. Analyses
of Growth and Protein
Expression (SDSPAGE, Protein Content,
and Enzyme Activities)

Growth is monitored by measuring absorbance of the culture
media at 600 nm.

3.11.1. Determine Culture
Growth by Absorbance
(Optical Density) at 600 nm

2. Blank spectrophotometer with induction medium then read
absorbance of suspended cell solution at 600 nm.

3.11.2. SDS-PAGE
Analysis (15)

1. Pipet 100 μL culture medium to clean glass test tube and add
900 μL fresh induction medium. Mix by pipetting up and
down.

Protein expression is monitored by SDS-PAGE. We use the
NuPAGE Bis-Tris gel electrophoresis system by Invitrogen, but
the traditional Laemli buffer system is suitable.
1. To 13 μL of media supernatant of different time points, or
suitably diluted purified samples, add 5 μL of 4× LDS sample
loading buffer and 2 μL of 10× sample reducing agent and
incubate at 70°C for 10 min.
2. Load 10–20 μL of these samples to 10 or 12% Bis-Tris gels
(1 mm thickness), and perform electrophoresis at 200 V (constant) for 55 min using MOPS buffer system, according to the
manufacturer’s instruction (15).
3. Stain the gels by SimplyBlue Safestain™ to visualize the proteins (see Note 15).
4. Transfer the gel to ziplock bag for scanning (Fig. 4) and store
at 4°C.

3.11.3. Protein Estimation
by Lowry’s Method (16)

1. Pipet 10 μL of pre-mixed standards (10–100 μg BSA) or samples into different glass test tubes and make up the final volume to 200 μL using deionized water.
2. Add 1 mL of Lowry reagent (mix Lowry reagent A and B;
49:1, v/v) into these tubes, shake well, and incubate for 10 min
at RT.
3. Add 0.1 mL of F-C reagent (diluted 1:1 with deionized water)
into the tubes and shake to mix. Allow the test tubes to stand
at RT for 45 min.
4. Blank spectrophotometer with water-reagent blank and read
absorbance at 650 nm.

3.11.4. Micro-assays
for Glycosidase Activities
(a-/b-Arabinofuranosidases,
a-/b-Xylosidases)

1. Pipet 14 μL of pNP substrate (pNP-α arabinofuranoside, pNPβ-arabinofuranosidase, pNP-α-xylosidase, or pNP-β-xylosidase) prepared as 3 mg/mL solution into a microcentrifuge
tube.
2. Add 5 μL of 0.2 M sodium acetate buffer pH 5.0 and 1 μL of
enzyme solution (culture supernatant).
3. Incubate the tubes at 37°C for exactly 15 min.
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4. Stop the reaction immediately by adding 980 μL of 0.2 M
Na2CO3.
5. Blank spectrophotometer with water-reagent blank and read
absorbance at 420 nm.
3.11.5. Micro-assays
for Glycanase Activities
(b-Xylanases)

1. Pipet 10 μL of different 10 mg/mL substrate solutions (larch
wood xylan).
2. Add 5 μL buffer 0.2 M sodium acetate buffer pH 5.0, then
5 μL of suitably diluted enzyme solution (culture supernatant)
into these tubes.
3. Incubate the tubes at 37°C for exactly 20 min.
4. Stop the reaction immediately by adding 980 μL BCA working
reagent (reagent A, reagent B, and water, 2:2:1 (v/v/v)).
5. Incubate the tubes at 80°C for 30 min. Cool to RT for about
20 min.
6. Blank spectrophotometer with water-reagent blank and read
absorbance at 560 nm.

4. Notes
1. Different carbon sources are used to induce transcription of
specific mRNAs in A. nidulans. We tried several other carbohydrate sources (e.g., carboxymethyl cellulose, oat spelt xylan,
tamarind xyloglucan), but we observed better transcription of
mRNA in the above-mentioned media.
2. Use sterile, disposable, certified RNase-free centrifuge tubes
and pipet tips, automatic pipettors dedicated for RNA preparation, and wear disposable gloves in order to avoid contamination with RNase from labware and human skin. Avoid
polycarbonate tubes for RNA precipitation as they are not
resistant to isopropanol. Add solvents at RT to minimize
co-precipitation of salts. The centrifugation steps should be
performed at 4°C to prevent warming of the sample.
3. The expression vector (pPICZα C) is a shuttle vector of 3.6 kb,
which propagates both in E. coli and P. pastoris. Important features of the plasmids include (1) the promoter of AOX1 gene,
as the homologous sequence with the yeast genome for recombination, (2) the transcriptional termination sequence of AOX1
gene for efficient processing and polyadenylation of mRNAs,
(3) the secretion signal sequence from the S. cerevisiae α-factor
prepro-peptide sequence, which leads to secretion of the
recombinant protein into external medium, (4) the MCS with
10 unique restriction sites for the insertion of the foreign gene
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between the two AOX regions, (5) the C-terminal (c-) Myc
epitope and polyhistidine tag downstream of MCS for detection and purification of the recombinant protein, (6) the pUC
ori for maintenance and replication in bacterial hosts, (7) the
unique restriction sites BglII, 5¢ to the AOX1 promoter
sequence, and BamHI, 3¢ to AOX1TT sequence, facilitate the
generation of in vitro multimers. Additionally, restriction
enzymes that cut one time in 5¢ AOX1 region (PmeI, or SacI
or BstI) can be used to linearize the plasmid, and finally (8) the
single, small, dominant selectable marker gene, (Sh ble gene)
that confers resistance to Zeocin, which functions as selectable
marker in both bacteria and yeast. The expression is driven and
controlled by the EM7 promoter (for E. coli), TEF1 promoter
(for yeast), and CYC1TT transcription termination regions in
the plasmid. The gene of interest is inserted in the yeast genome
by a single cross-over type insertion via shared sequences (5¢
AOX1 region). Pichia Expression Kit (Invitrogen) contains
20 μg (40 μL) of pPICZα C plasmid. For long-term storage,
transform TOP10 E. coli strain with pPICZα C (according to
Subheading 3.4).
4. In general, the melting temperature (Tm) of the primers should
be between 55 and 65°C. The simple formula for estimating
Tm is Tm (°C) = 2 × (A + T) + 4 × (G + C). For best results, both
primers used in PCR should have a melting temperature within
5°C of each other. The primers should not form hairpin loops,
have no tendency to dimerize, and ideally lack a secondary
binding site within the template. Further considerations involve
the introduction of a GC clamp at the 3¢, where the sequence
ends in either G or C, but should not have more than 3 G or
C in the last five nucleotides. Poly G, poly C, poly A, poly T as
well as polypyrimidine (T & C) and polypurine (A & G) should
also be avoided since this could cause either non-specific
annealing or lower the efficiency of amplification. Ideally, the
primer should consist of a random mix of nucleotides with a
GC content of 45–55%.
5. When Tm is not known with certainty, a Touchdown PCR is
used to optimize yields of amplified DNA, because choosing
annealing temperatures too low or too high can lead to primerdimer formation, non-specific products, or reduced yield due
to poor primer annealing. Touchdown PCR uses a cycling program with varying annealing temperatures. The annealing
temperature in the initial cycle is chosen to be 5–10°C above
the Tm of the primers. This favors only accumulation of duplexes
where primer–template complementation is highest. In subsequent cycles, the annealing temperature is decreased in steps of
1°C/cycle until the temperature is around 2–5°C below the
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Tm of the primers. In this way touchdown PCR enhances the
specificity of the initial primer–template duplex formation and
hence the specificity of the final PCR product.
6. To cast 1% agarose gels, dissolve 1 g agarose (electrophoresis
grade) in 100 mL of 1× TAE running buffer, and boil the solution until all agarose has dissolved completely. Though the
solution appears clear, boil for another 30 s and let it cool for
approximately 60–70°C. Add 5 μL of ethidium bromide
(10 mg/mL) and mix thoroughly. Pour to the gel tray according to the manufacturer’s guide. DNA electrophoresis is run at
a voltage of 140 V for 45–60 min or 150 V for 30–45 min.
7. Colony PCR is used to check the presence of cloned insert in
the transformants. By using a primer binding inside the vector
sequence (5¢AOX1), only inserts having the right orientation
will show the expected size on the agarose gel. A convenient
way of performing colony PCR is to use sterile 10 μL pipet tips
to touch the parent colony and transfer the cells onto new
numbered YNB plates containing 25 μg/mL zeocin, followed
by pipetting into a 20 μL PCR set-up mixture. For 24 reactions, we usually prepare a 500 μL PCR mixture containing the
respective primer pair, Ready-to-use mixture, and Taq polymerase in the proportions mentioned above. The PCR mixture
is aliquoted into wells of a 96-well plate placed on ice.
8. We have used a dye-terminator sequencing method (Big Dye
Terminator Kit, ABI PRISM™ Big Dye™ dideoxy nucleotide
termination sequencing, Applied Biosystems) as it was the
protocol recommended by the core facility. Good sequencing
for around 600–700 base pairs was obtained downstream of
each primer. Sequence information of the first ~30 bp is inaccurate, so place primers 40–50 bp upstream from sequence of
interest. For inserts around 1.0–1.2 kb only 5¢AOX1 and
3¢AOX1 primers are used as sequencing primers. Larger inserts
require additional primers designed to anneal around 400 bp
apart from these primers to cover entire sequence.
9. Immunodetection by dot-blot is used to monitor the protein
expression level of each clone. Based on the protein expression
levels of 16 different clones of the same transformation (same
construct) determined after 24 h of induction, the best expressing clone is selected. It is grown in BMGY media overnight
and the recovered cell pellet is suspended in different induction media (MM, BMM, MMY, and BMMY) for a 1–5-day
induction period. The best induction medium is then determined for each clone (Fig. 2b). Note that BMMY may not
always be the best medium for highest protein expression.
Select the best media for expressing the protein of interest
based on dot-blot results.
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10. Inactivate/sterilize the cells by autoclaving or by chemical
bleaching, as recommended by your institution’s biosafety
protocol.
11. Amicon stirred cell ultrafiltration units with 10- or 3-kDa
NMWCO membranes (such as YM) also work fine for concentration. Do not use regenerated cellulose membrane for concentrating xylanases and cellulases, as they may degrade the
membrane.
12. Aliquots (pellets and final supernatant) are set aside for determining the protein content and assay for enzyme activities. For
long-term storage, enzyme solutions are made to 25% or 50%
glycerol, and stored in 50 mL Falcon conical tubes at −20°C.
13. We have tried different metal chelation columns Ni charged
His-Bind column (Novagen), Ni-NTA column (Qiagen), Ni
charged IDA column (POROS-M®, Boehringer Mannheim),
and His-link protein purification resin (Promega). All worked
well for most of the His-tagged proteins. A typical purification
protocol is presented (Fig. 4b). Resin can be regenerated following the manufacturer’s instructions.
14. The pH of the buffer should be between pH 7.5 and pH 7.9
to keep the histidine (pKa is 6.0) in ionized form to bind
chelated nickel ions. In buffered media (BMMY or BMM) a
precipitate of phosphate salts may be formed after pH adjustment. Remove by centrifugation or filtration. All buffers tested
for affinity binding supported good binding. These include
Tris buffer (20 mM Tris–HCl pH 7.9, 500 mM NaCl containing 10 mM imidazole), phosphate buffer (50 mM potassium
phosphate pH 7.9, 500 mM NaCl containing 10 mM imidazole), and HEPES buffer (100 mM HEPES–HCl, pH 7.5,
500 mM NaCl containing 10 mM imidazole). Binding can be
performed by either flow column chromatography or by batch
column chromatography, where the resin is pre-mixed with
protein solution prior to column elution. If the protein is not
binding to the column, reduce the imidazole concentration in
wash buffer. Elution can be performed either by single-step
elution with 100 mM, 250 mM, and 500 mM imidazole or
with continuous gradient elution (from 10 to 750 mM imidazole) in starting buffer.
15. The microwave technique involves washing the gel with
100 mL water in a loosely closed container using a microwave
(for ca. 1 min) and shaking at RT for 1 min, three times each.
After the third washing, gels are stained with 30 mL of
SimplyBlue Safestain by microwaving for 1 min and shaking
for 10 min at RT, after which they are de-stained with 100 mL
water for several hours. While microwaving gel in solution,
switch power off and on as needed to avoid boiling and
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damaging the gels. Gels can be stored at 4°C for short-term
storage until they can be processed for peptide mass fingerprinting analysis by MALDI-TOF MS with trypsin digestion,
as described in Chapter 2 of this book.
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Chapter 22
A Thiamine-Regulatable Epitope-Tagged Protein
Expression System in Fission Yeast
Tiina Tamm
Abstract
Schizosaccharomyces pombe, the fission yeast, has been a popular and useful model system for investigating
the mechanisms of biological processes for a long time. To facilitate purification, localization, and functional
analysis of gene products, a wide range of expression vectors have been developed. Several of these vectors
utilize the inducible/repressible promoter systems and enable the episomal expression of proteins as fusion
proteins with epitope tags attached to their N terminus or C terminus.
This chapter provides a detailed protocol for expression of the epitope-tagged proteins from thiamineregulatable nmt promoter in fission yeast. The yeast culture conditions and procedures for yeast transformation,
expression induction, preparation of whole-cell extracts, and analysis of epitope-tagged protein expression
by Western blotting are described.
Key words: Regulatable promoter, nmt1 promoter, Epitope tagging, E2 epitope tag, Expression vector,
Yeast transformation, Schizosaccharomyces pombe

1. Introduction
Transcriptional regulation is one of the main mechanisms by which
cells control the gene expression. The ability to regulate transcription has also been widely utilized to study the function of genes.
In addition, the modulation of gene expression enables the analysis
of the gene function in specific time periods or ensures the expression
of toxic genes. In the industry, the exploitation of the regulatable
promoters enables the separation of the growth and production
stages in manufacturing process of heterologous proteins.
Several inducible/repressible promoter systems have been
developed for expressing proteins in fission yeast (see Table 1). As is
shown in Table 1, they fall into two groups: those with induction
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Table 1
Regulatable promoter systems for fission yeast
Time for
inductiona

Available episomal
vectorsb, references

Tetracycline and anhydrotetracycline inducible

6–12 hc

pSLF101 (LEU2) (3);
pDUAL-tet (ura4+) (2)

ctr4+-CYC1 (4)

Bathocuproinedisulfonate
inducible; copper repressible

3h

pctr4+-X (LEU2, ura4+ or
his7+) (4)

fbp1+ (5)

Glucose repressible

7.5 h

pCHY21 (URA3) (5)

hsp16+ (6)

Heat shock, cadmium, ethanol,
and oxidative stress inducible

3 hd

pHIL (LEU2), pHIU
(URA3) (6)

inv1+ (7)

Glucose repressible

1h

Promoter, references

Regulation

Modified
CaMV35S (1, 2)

+

pINV1 (LEU2) (7)
e

nmt1 (full-strength)
Thiamine repressible
nmt41 (intermediate)
nmt81 (weak) (8, 9)

16 h

pREP, pREPX (LEU2 or
ura4+) (3, 9);
pDUAL (ura4+) (10)

nmt185 (11)

Thiamine repressible; repressed
at 36°C, induced at 25°C

3 hf

pREP3/185 (ura4+) (11)

urg1+ (12)

Uracil inducible

0.5 hg

NA

NA not available
a
Time needed for the maximum induction of reporter protein
b
The available selection markers are shown in parentheses
c
Induction time depends on the inducer type and used media
d
Measured during heat-shock induction
e
Determined by Northern blot analysis for nmt1+
f
Measured during temperature shift from 36 to 25°C in thiamine-free media
g
mRNA levels were determined using microarrays

times from 0.5 to 3 h and those with induction times longer than
6 h. Regulation of promoters varies also quite considerably: some
of the promoters are inducible and others are repressible. These
differences need to be considered in selecting promoter system and
designing protein expression experiments.
The most important selection criterion of promoter system is
the time needed for induction. The promoter systems with shorter
induction times include promoters from heat-shock protein 16
(hsp16+), invertase (inv1+), and uracil-regulatable gene 1 (urg1+)
genes and hybrid promoter between copper-signalling elements
from copper transporter (ctr4+) promoter and the minimal promoter region of Saccharomyces cerevisiae cytochrome C (CYC1)
(4, 6, 7, 12). The modified plant viral cauliflower mosaic virus
(CaMV) 35 S promoter, fructose-1,6-bisphosphatase (fbp1+), and
no message in thiamine (nmt1+) gene promoters have longer induction times (1, 5, 8).
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The promoter systems listed in Table 1 have been developed
for use in the cultures in the exponential growth phase. Their use
under other growth conditions may result in uncontrolled
induction of the transcription. For example, the derepression of
the promoter can occur during nitrogen starvation (e.g. urg1+ promoter)
and meiosis (e.g. fbp1+, urg1+ promoters) or when cells enter
stationary phase (e.g. fbp1+, hsp16+ promoters) (5, 6, 13, 14). In some
cases, the expression levels do not remain stable over a long period
of time. Such an example is inv1+ promoter system (7). Genes regulated
by the inv1+ promoter are fully induced within 1 h after the shift to
sucrose-based medium and inv1+ promoter is itself inactivated by
rising glucose concentrations usually after 4 h of induction (sucrose
is converted into glucose). Conversely, limiting glucose concentration
in the medium leads to an uncontrolled induction of the promoter.
This is usually the case when cells are grown on the agar plates and
glucose is depleted locally around the colonies.
Some induction conditions, like elevated temperature, high
copper levels, presence of Cu1+ chelator bathocuproinedisulfonate
(BCS), and various stress conditions, trigger also a general cellular
stress response and changes in a genome-wide gene expression
(15, 16). This problem can be avoided by using urg1+ promoter
system (12). The genome-wide transcription analysis has indicated
that the addition of uracil has little effect on global gene expression. However, the transcription from urg1+ promoter is rapidly
(within less than 30 min) activated and inactivated in response to
the addition or removal of uracil, respectively. Unfortunately, there
are no episomal vectors available for this system yet.
The nmt1+ promoter was the first described regulatable
promoter and it has remained the most widely used promoter till
the present day (8). This strong promoter is repressible by addition
of thiamine (vitamin B1) into a medium. Maximum repression
is achieved at thiamine concentration of 15 mM. The promoter is
induced by removing thiamine and the induction takes several
generations, approximately 16–20 h. The slowness of induction is
due to the slow decay of the intracellular pool of thiamine (17).
Partial induction of the nmt1+ promoter is achieved by using the
intermediate amounts of thiamine (e.g. 0.05 mM) (18).
A few modified versions of the nmt1 promoter have been
constructed. Mutations in the TATA box region have resulted in a
decrease of promoter strength (9). Variants nmt41 and nmt81 yield
moderate or low-level expression of proteins, respectively (3, 9).
A truncated version of the nmt1 promoter – nmt185 which is still
repressed by thiamine – exhibits a temperature-dependent induction
in the absence of thiamine (11).
Although thiamine causes over 100-fold repression of wild-type
nmt1+ promoter, it is unable to completely switch off transcription.
Therefore, many genes expressed under the control of nmt promoters
can complement chromosomal mutants even in the presence of
thiamine.
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The inducible/repressible promoter systems are frequently
used in combination with epitope tags. Epitope tagging is a method
of choice if antibodies are not available for a given protein. Using
recombinant DNA techniques, an epitope sequence for a specific
monoclonal antibody is fused to a target gene. The expressed
fusion protein can then be characterized, purified, and localized
using a commercially available antibody. Several expression vectors
with different regulatable promoters have been constructed for
N-terminal or C-terminal protein tagging with various epitopes
(see Table 2). More information about fission yeast plasmids can
be found in ref. 24 and in the Forsburg Laboratory Web site
(http://www-rcf.usc.edu/~forsburg/).
Two limitations must be taken into consideration when using
regulatable epitope-tagged protein expression system. Firstly, the
replacement of endogenous promoter with inducible/repressible
one may change the regulation of transcription and/or expression
levels of the gene of interest. Secondly, the N-terminal or
C-terminal epitope tag may have effect on the functionality of the
expressed protein. Therefore, it is recommended to test the functionality of the epitope-tagged protein by complementation experiment.

2. Materials
2.1. Fission Yeast
Transformation

1. Fission yeast strains (see Note 1): For the experiments described,
wild-type (TYSP72; genotype: h+ leu1.32 ura4.d18, source:
laboratory stock) and temperature-sensitive sad1.1 (IH274;
genotype: h- sad1.1 leu1.32 ura4.d18, source: 25) strains
were used.
2. Fission yeast expression plasmids (see Note 2): pREP41-E2Nsad1,
pREP41-sad1E2C. These plasmids contain nmt41 promoter
(medium level of expression) and terminator, sad1+ coding
region in-frame with three copies of E2a epitope tag (pREP41E2Nsad1 encodes N-terminally E2a-tagged Sad1, pREP41sad1E2C encodes C-terminally E2a-tagged Sad1), LEU2 yeast
selection marker and fission yeast ars1+ sequence. The construction of these plasmids is described in ref. 19.
3. Yeast extract with supplements (YES5) (see Note 3): 0.5%
(w/v) BactoTM yeast extract, 3% (w/v) glucose, 225 mg/L of
adenine, histidine, leucine, uracile, and lysine hydrochloride.
4. 0.1 M lithium acetate, pH 4.9. Adjust pH with acetic acid and
sterilize by autoclaving.
5. 50% (w/v) polyethyleneglycol (PEG) 4000 in 0.1 M lithium
acetate, pH 4.9.
6. Sterile H2O.
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Table 2
Vectors for epitope-tagged protein expression in fission yeast
Promotera

Episomal vector

References

E2Tag of bovine papillo- N-term 3×E2a
mavirus E2

nmt41

pREP

(19)

C-term 3×E2a

nmt41
nmt81

pREP

(19)

N-term FLAG 6×His

nmt1+

pREPX

(20)

N-term 2×FLAG 6×His

nmt1+
nmt41
nmt81

pDUAL

(10)

C-term FLAG 6×His

nmt1+

pREPX

(20)

C-term 2×FLAG 6×His

nmt1+
nmt41
nmt81

pDUAL

(10)

N-term 3×HA

nmt1+
nmt41
nmt81

pREPX

(21)

nmt41

Epitope

FLAG

Hemagglutinin (HA)
epitope of the
influenza virus

Position

pREP

(22)

C-term 3×HA

+

nmt1
nmt41
nmt81

pREPX

(21)

C-term 8×His HA

nmt1+

pREPX

(23)

pINV1

(7)

ctr4-CYC1

pctr4+

(4)

N-term 6×His 2×Myc

nmt81

pREP

(22)

C-term 12×Myc

nmt1+

pREPX

(23)

pINV1

(7)

C-term 2×HA 6×His

c-myc (Myc) epitope
of the human c-myc
proto-oncogene

inv1

inv1

Pk epitope of the
SV5 P protein

a

+

+

+

ctr4-CYC1

pctr4

N-term 3×Pk

nmt41
nmt81

pREP

(22)

C-term 3×Pk

nmt1+

pREPX

(23)

nmt41
nmt81

pREP

(22)

The strength for nmt promoters: nmt1+ – wild type; nmt41 – intermediate; nmt81 – weak

(4)
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7. Salt stock solution (50×): 0.26 M MgCl2·6H2O, 4.99 mM
CaCl2·2H2O, 0.67 M KCl, 14.1 mM Na2SO4. Autoclave and
store at room temperature (RT).
8. Vitamin stock solution (1,000×): 4.2 mM pantothenic acid,
81.2 mM nicotinic acid, 55.5 mM inositol, 40.8 mM biotin.
Store at 4°C.
9. Mineral stock solution (10,000×): 80.9 mM boric acid,
23.7 mM MnSO4, 13.9 mM ZnSO4·7H2O, 7.4 mM FeCl2·6H2O,
2.47 mM molybdic acid, 6.02 mM KI, 1.6 mM CuSO4 ·5H2O,
47.6 mM citric acid. Store frozen or at 4°C.
10. Edinburgh minimal medium (EMM) (see Note 3): 14.7 mM
potassium hydrogen phthalate, 15.5 mM Na2HPO4, 93.5 mM
NH4Cl, 2% (w/v) glucose, 20 mL/L salt stock, 1 mL/L vitamin
stock, 0.1 mL/L mineral stock; add 225 mg/L supplements as
required, except for the selection marker.
11. 4 mM thiamine hydrochloride solution in H2O; filter sterilize
and store in dark at 4°C.
2.2. Protein Expression
from ThiamineRepressible nmt
Promoter

1. EMM leu −: EMM without leucine (see Subheading 2.1 ,
item 10 ).

2.3. Whole-Cell Extract
Preparation by TCA
Precipitation

1. STOP buffer: 10 mM EDTA, pH 8.0, 1 mM NaN3, 154 mM
NaCl, 50 mM NaF.

2. 4 mM thiamine hydrochloride (see Subheading 2.1, item 11).
3. Sterile H2O.

2. 20% (v/v) trichloro acetic acid (TCA) (see Note 4).
3. 5% (v/v) TCA.
4. Glass beads (see Note 5).
5. Sodium dodecyl sulphate (SDS) sample buffer: 60 mM Tris–HCl,
pH 6.8, 2% (w/v) SDS (see Note 6), 10% (v/v) glycerol, 0.005%
(w/v) bromophenol blue. Add 5% (v/v) b-mercaptoethanol
just prior to use.
6. 1 M Tris–HCl, pH 8.0.

2.4. Sodium Dodecyl
SulphatePolyacrylamide Gel
Electrophoresis

1. 30% acrylamide/bis stock solution: 29% (w/v) acrylamide, 1%
(w/v) bisacrylamide (see Note 7).
2. 4× separating buffer: 1.5 M Tris–HCl, pH 8.8, and 0.4% (w/v)
SDS.
3. 4× stacking buffer: 1 M Tris–HCl, pH 6.8, and 0.4% (w/v)
SDS.
4. 10% (w/v) ammonium persulphate (APS) solution.
5. N,N,N¢,N¢-Tetramethylethylenediamine (TEMED).
6. Running buffer: 25 mM Tris base, 192 mM glycine, and 0.1%
(w/v) SDS.
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1. Transfer buffer: 25 mM Tris base, 192 mM glycine, 0.037%
(w/v) SDS, 20% (v/v) methanol. Do not adjust pH.
2. Nitrocellulose membrane.
3. 3MM chromatography paper.
4. Ponceau-S red staining solution: 0.2% (w/v) Ponceau S and
3% (v/v) TCA.

2.6. Western Blotting

1. Phosphate-buffered saline (PBS) 10× stock: 1.4 M NaCl,
27 mM KCl, 100 mM Na2HPO4, and 18 mM KH2PO4.
Sterilize by autoclaving and store at RT. Prepare working
solution (1×) by dilution of one part of 10× stock with nine
parts of H2O.
2. Blocking solution: 5% (w/v) non-fat milk in PBS.
3. 5E11 E2Tag monoclonal antibody (e.g. Abcam).
4. Anti-a-tubulin monoclonal antibody TAT1 (see Note 8).
5. Goat anti-mouse alkaline phosphatase-conjugated antibody
(Sigma).
6. Alkaline phosphatase (AP) buffer: 100 mM Tris–HCl, pH 9.5,
100 mM NaCl, and 5 mM MgCl2.
7. 50 mg/mL 4-Nitroblue tetrazolium chloride (NBT) stock in
70% dimethylformamide (DMF). Prepare 66-mL aliquots and
store at −20°C.
8. 50 mg/mL 5-Bromo-4-chloro-3-indolyl-phosphate (BCIP)
4-toluidine salt stock in 100% DMF. Prepare 33-mL aliquots
and store at −20°C.

3. Methods
The protocol for epitope-tagged protein expression from the thiamineregulatable nmt promoter can be outlined as comprising three
steps: (1) transformation of the expression plasmid into yeast cells
to create an “expression strain”; (2) induction of the expression
from the thiamine-regulatable nmt promoter; (3) analysis of the
epitope-tagged protein expression (e.g. complementation assay,
Western blotting).
Two fission yeast transformation procedures are described
below. The longer procedure uses the liquid cell culture and is
more efficient, yielding 104 colonies/mg of DNA. Such a protocol
is used for plasmid transformation, DNA integration by homologous
recombination, and transformation of the libraries. The shorter
transformation protocol starts with colonies growing on the plate
and it works well only for plasmid transformation, yielding around
103 colonies/mg of DNA.
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Fig. 1. Complementation assay. Cells of sad1.1 (strain IH274) containing empty vector
(pREP41-E2C), overexpressing N-terminally E2a-tagged Sad1 (pREP41-E2Nsad1) or
C-terminally E2a-tagged Sad1 (pREP41-sad1E2C) were grown on EMM leu− plates in the
absence (−thiamine) or presence (+thiamine) of 15 mM thiamine. Pictures were taken
after 3 and 5 days of growth at 36 and 25°C, respectively.

The expression of E2a-tagged Sad1 is presented as an example.
To demonstrate that the E2a tagging of Sad1 is not affecting the
protein functionality, the expression plasmids (pREP41-E2Nsad1
encodes N-terminally E2a-taged Sad1; pREP41-sad1E2C encodes
C-terminally E2a-tagged Sad1) were introduced into the temperature-sensitive (ts) sad1.1 mutant (strain IH274; 25). Both plasmids
succeeded in rescuing the ts phenotype of sad1.1 (see Fig. 1).
The complementation occurred also in the presence of thiamine,
indicating that repressed nmt41 promoter allowed a low-level
expression of E2a-tagged Sad1.
The results of induction/shut-off experiment are shown in
Fig. 2. Wild-type cells (strain TYSP72) carrying the expression
plasmid pREP41-sad1E2C were grown in the EMM leu− medium
containing 15 mM of thiamine. For induction experiment, the thiamine was removed from the medium. The samples were collected
before and after induction, and analyzed by Western blotting. For
shut-off experiment, the 15 mM of thiamine was added to the culture
after 20 h of expression while collected samples were processed for
Western blot analysis at the indicated time points. The promoter
shut-off experiment showed that the degradation of E2a-tagged
Sad1 is slow and the tagged protein is stable for at least 8 h.
3.1. Fission Yeast
Transformation
3.1.1. Yeast Transformation
Using Cell Culture

This yeast transformation protocol represents a modified version of
the one described in ref. 26.
1. Set up a 10 mL YES5 pre-culture from single colony growing
on YES5 plates and grow overnight without shaking at permissive
temperature (see Note 9).
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Fig. 2. Western blot analysis of the expression of E2a-tagged Sad1. Wild-type cells (strain
TYSP72) carrying the plasmid for C-terminally E2a-tagged Sad1 expression (pREP41sad1E2C) were grown at 25°C in the EMM leu− medium containing 15 mM of thiamine.
The expression was induced by washing out the thiamine and samples were taken 0, 16,
and 20 h after induction (lanes marked 0, 16, and 20, respectively). For the shut-off experiment, 15 mM of thiamine was added after 20 h of expression and samples were taken at
indicated time points (lanes marked 2, 4, 6, 8, and 20, respectively). Total protein extracts
were separated by 10% SDS-PAGE and transferred to nitrocellulose membrane. Immunoblotting
was performed with the mouse E2Tag 5E11 antibody (top) or anti-a-tubulin antibody TAT1
as a loading control (bottom).

2. Inoculate an appropriate volume of cells from pre-culture into
50 mL of medium so that the cell density following the
overnight growth is 0.5–1 × 107 cells/mL (see Note 10). Use
the same growth temperature and medium as for the preculture. Grow cells overnight with shaking.
3. Harvest the cells by centrifugation at 1,200 × g for 3 min.
4. Wash the cells in 30 mL of sterile H2O and in 10 mL of 0.1 M
lithium acetate, pH 4.9.
5. Re-suspend the cell pellet in 0.1 M lithium acetate to give a
final concentration of 1 × 109 cells/mL. Incubate at permissive
temperature for 1 h.
6. Use 100 mL of competent cells for each transformation. Add
1–2 mg of plasmid pREP41-sad1E2C DNA in a volume of
10 mL or less. Add 2.33 vol. of 50% PEG 4000. Mix gently and
incubate for 1 h at permissive temperature.
7. Heat shock the sample at 42°C for 10 min.
8. Pellet the cells by centrifugation at 380 × g for 2 min. Optionally
wash the cells once in 1 mL of sterile H2O.
9. Re-suspend the cell pellet in 150 mL of sterile H2O and plate
onto selective EMM leu− plates supplemented with 15 mM of
thiamine.
10. Wrap the plates with parafilm to prevent their drying out and
incubate for 3–4 days at permissive temperature.
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3.1.2. Yeast Transformation
Using Colonies from Plate

1. Pick three to four medium-sized colonies from fresh YES5
plates (less than 1 week old) and re-suspend in 150 mL of
sterile H2O.
2. Pellet the cells by centrifugation at 850 × g for 5 min.
3. Wash the cells with 100 mL of 0.1 M lithium acetate, pH 4.9.
4. Pellet the cells by centrifugation.
5. Re-suspend the cell pellet in 100 mL of 0.1 M lithium acetate,
pH 4.9.
6. Add 1 mg of plasmid pREP41-sad1E2C DNA and 290 mL of
50% PEG 4000. Mix well and incubate at permissive temperature at least for 30 min.
7. Heat shock the transformation mixture at 42°C for 12 min.
8. Pellet the cells by centrifugation at 380 × g for 2 min.
9. Re-suspend the cell pellet in 150 mL of sterile H2O and plate
onto selective EMM leu− plates supplemented with 15 mM of
thiamine.
10. Wrap the plates with parafilm to prevent their drying out and
incubate for 3–4 days at permissive temperature.

3.2. Protein Expression
from ThiamineRepressible nmt
Promoter

1. Prepare a pre-culture of TYSP72 cells carrying the plasmid
pREP41-sad1E2C by transferring a single colony from EMM
selective plate to 10 mL of EMM without leucine and supplemented with 15 mM of thiamine. Grow for 1–2 days without
shaking at 25°C until cells are in an early stationary phase.
2. Inoculate an appropriate volume of cells from pre-culture into
50 mL of EMM leu− supplemented with 15 mM of thiamine so
that the cell density following the overnight growth in a shaking
incubator is approximately 5 × 106 cells/mL (see Note 10). Use
the same growth temperature as for the pre-culture.
3. For expression induction, wash cells in 40 mL of sterile H2O
for five times (see Note 11). Inoculate an appropriate volume
of cells so that the cell density following the 16-h growth at
25°C is approximately 2.5 × 106 cells/mL. Use EMM leu−
media without thiamine.
4. Collect the time points at 16, 20, and 25 h after induction.
5. For shut-off experiment, add 15 mM of thiamine and collect
the time points at 0, 2, 4, 6, 8, and 20 h after repression.

3.3. Whole-Cell
Extract Preparation
by TCA Precipitation
(see Note 12)

The procedure is based on the one described in ref. 27.
1. Pellet the cells (5 × 107 cells/sample) by centrifugation at
2,800 × g for 3 min. Wash the cell pellet in 1 mL of STOP buffer
and transfer the cell suspension to a 1.5-mL screw-cap tube.
2. Pellet the cells by centrifugation at 18,000 × g for 10 s, remove
the supernatant, and snap freeze the pellet in liquid nitrogen.
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It is possible to store the cell pellet in −80°C or proceed with
the whole-cell extract preparation immediately.
3. Add 200 mL of 20% TCA to the cell pellet. Do not re-suspend.
4. Add 500 mL of pre-washed glass beads to each tube.
5. Break cells in a RiboLyser (Hybaid) for 40 s or by vortexing
for 2 min using the multi-tube holder.
6. Add 500 mL of 50% TCA.
7. Punch the hole in the bottom of screw-cap tube, place the tube
on the top of a new 1.5-mL Eppendorf tube, and spin at 490 × g
for 2 min to separate the lysate from glass beads.
8. Pellet the proteins by centrifugation at 18,000 × g for 5 min
at 4°C.
9. Re-suspend the pellet in 70 mL of SDS sample buffer, and add
30 mL of 1 M Tris–HCl, pH 8.0, to balance the acidic pH.
10. Denature the proteins by heating the samples at 95°C for 5 min.
11. Use 3–10 mL of the sample per lane for expression analysis.
12. Snap freeze the remaining sample in liquid nitrogen and store
at −80°C.
3.4. Sodium Dodecyl
SulphatePolyacrylamide Gel
Electrophoresis

The given recipe is calculated for a 0.75–1.0-mm-thick minigel
using 10 × 10-cm glass plates but can be easily modified for other
gel formats.
1. Prepare a 10% separating gel solution by mixing 3.6 mL of
30% acrylamide/bis stock, 2.7 mL of 4× separating buffer, and
4.5 mL of H2O (see Note 13).
2. Add 120 mL of 10% APS and 12 mL of TEMED, mix, and pour
the separating part of the gel. Leave the space for stacking part
and overlay with 1 mL of distilled H2O to achieve even gel
formation. Allow the gel to polymerize for 30 min and pour
off the overlaid H2O.
3. Prepare the stacking gel solution by mixing 1 mL of 30%
acrylamide/bis stock, 1.75 mL of 4× stacking buffer, and
4.2 mL of H2O.
4. Add 70 mL of 10% APS and 7 mL of TEMED, mix, pour the
stacking part of the gel, and insert the comb. Allow the gel to
polymerize for 30 min.
5. Assemble the gel in the electrophoresis apparatus, and fill the
upper and lower chambers of the unit with running buffer.
Using the syringe or Pasteur pipette, wash the wells with
running buffer before loading.
6. Load 3–10 mL of protein sample (see Subheading 3.3, step 11)
into each well. Include the protein molecular weight marker if
desired (see Note 14). Connect the gel unit with the power
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supply and run at 80 V until the bromophenol blue dye passes
the stacking part of the gel and continue at 150 V until the dye
front reaches at the bottom of the gel.
3.5. Protein Transfer
to Nitrocellulose
Membrane

1. Prepare six sheets of 3MM Whatman filter paper and one nitrocellulose membrane of sizes similar to that of the gel and wet
in a transfer buffer.
2. After electrophoresis, remove the gel from the glass plates and
trim away the stacking part of the gel. Equilibrate the separating
part of the gel in the transfer buffer for 10 min.
3. Place three pieces of filter paper on the anode plate of the semidry blotting apparatus; avoid bubbles (see Note 15).
4. Place the wetted membrane on the top of the filter papers.
Remove air bubbles if needed.
5. Lay down the gel on the top of the membrane. Eliminate all air
bubbles.
6. Place three sheets of the filter paper on the top of the gel; avoid
bubbles.
7. Close the blotting apparatus by placing the cathode electrode
plate on the top of the stack. Transfer the proteins to the membrane at constant voltage (9 V) for 40 min.
8. At the end of the transfer, discard the filter paper and the gel.
Wash the membrane with distilled H2O.
9. The proteins transferred to the membrane can be visualized
by staining with Ponceau-S red. Immerse the membrane in
staining solution for 2–4 min (see Note 16). Wash the membrane
with distilled H2O until bands become visible. When using the
unstained protein molecular weight marker, mark the positions
of the marker bands. The staining can be washed off with
distilled H2O.

3.6. Western Blotting

1. Incubate the membrane in 30–50 mL of blocking solution for
at least 1 h at RT on a rocking platform.
2. Wash the membrane once with PBS. Add the E2Tag monoclonal primary antibody 5E11 (1:1,000 dilution in PBS with
1% (w/v) non-fat milk) or anti-a-tubulin monoclonal antibody
TAT1 (1:500 dilution in PBS with 1% (w/v) non-fat milk)
(see Note 17). Incubate at RT for 2 h or at 4°C overnight on
a rocking platform.
3. Wash the membrane four times for 10 min with approx. 50 mL
of PBS.
4. Add goat anti-mouse alkaline phosphatase-conjugated secondary
antibody (1:10,000 dilution in PBS). Incubate for at least 1 h
at RT on a rocking platform.

22

A Thiamine-Regulatable Epitope-Tagged Protein Expression System…

429

5. Wash the membrane four times for 10 min with approx. 50 mL
of PBS and once for 2 min with 10 mL of AP buffer.
6. Prepare the alkaline phosphatase developing solution by mixing
10 mL of AP buffer, 66 mL of NBT stock, and 33 mL of BCIP
stock. Add the developing solution to the membrane and incubate in dark for 10–30 min (see Note 18).
7. Stop the reaction by washing the membrane several times with
distilled H2O. An example of results is shown in Fig. 2.

4. Notes
1. Commonly used fission yeast strains are available at the Yeast
Genetic Resource Center of the National BioResource Project
(Yeast) (http://yeast.lab.nig.ac.jp/nig/index_en.html) or the
Yeast Genetics Stock Culture Center of the American Type Culture
Collection, ATCC (http://www.lgcstandards-atcc.org/).
2. Fission yeast plasmids used in transformation experiments are
shuttle vectors and consist of a bacterial origin of replication
and selectable marker, a yeast selectable marker, and an autonomously replicating sequence (ars1 and 2 m ori are mainly
used). The most frequently used yeast selectable markers are
ura4+ gene from fission yeast and the LEU2 gene from budding
yeast S. cerevisiae complementing ura4 and leu1 recessive
auxotrophic mutations, respectively. The ars1 sequence is also
required for high frequency of transformation. There are no
low-copy centromeric plasmids available because the fission
yeast centromere region is too large to be included into a
bacterial shuttle vector. Other features in the plasmids may
include various promoters and fusion or tagging sequences.
More information about plasmids that have been developed
for molecular studies in fission yeast is available in ref. 24.
3. For solid medium, add 2% (w/v) of agar. A litre of medium is
sufficient for approximately 30 plates.
4. To prepare 100% (w/v) TCA solution, add 227 mL of distilled
H2O to previously unopened bottle containing 500 g of crystalline TCA. Mix until dissolved and keep in dark.
5. Use acid-washed glass beads. Some companies (e.g. Sigma) sell
already washed beads.
6. Wear mask when weighing SDS powder.
7. Wear gloves when handling acrylamide. Unpolymerized acrylamide is neurotoxic.
8. TAT1 antibody was generously provided by Prof. Keith
Gull (University of Oxford, UK). The preparation of TAT1
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monoclonal antibody recognizing specifically a-tubulin is
described in ref. 28.
9. The permissive temperatures for wild-type and temperaturesensitive sad1.1 strains are 32°C and 25°C, respectively.
10. The following formula can be used to calculate the correct volume
of pre-culture used for inoculation:
Volume of cells inoculated =

Required density of culture
Density of preculture

×

Volume of culture
n
2

n shows the expected number of generations. If the pre-culture
is in stationary phase (cells are non-dividing and density is
more than 1 × 107 cells/mL), extend time by one generation
time for cells to re-enter the cell cycle following inoculation.
The typical mean generation time for wild-type cells is 3 h at
25°C and 2 h 10 min at 32°C when grown in YES5, and 4 h at
25°C and 2 h 30 min at 32°C when grown in EMM. Mutant
strains may grow at different rates.
11. For efficient removal of thiamine, wait for 5 min between each
washing step.
12. All subsequent steps should be carried out with ice-cold
solution at 0–4°C.
13. The different acrylamide/bisacrylamide concentration of the
separating gel can be used by varying the amount of 30%
acrylamide/bis stock in separating gel solution.
14. Prestained protein molecular weight marker allows monitoring
the protein migration during the SDS-polyacrylamide gel electrophoresis (PAGE) and the protein transfer onto membrane.
15. Air bubbles between the gel, filter, and filter papers can be
removed by rolling a glass rod across the surface.
16. The Ponceau-S red stain can be reused several times.
17. These antibody dilutions can be reused several times. Collect
the primary antibody solution and keep at −20°C.
18. The colour reaction is normally completed within 30 min, but
can take up to 1 h or even overnight. Check regularly to avoid the
overdeveloping and increasing of the background staining.
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Chapter 23
Heterologous Gene Expression by Chromosomal
Integration in Fission Yeast
Akihisa Matsuyama and Minoru Yoshida
Abstract
Thanks to the convenience and flexibility of the multicopy plasmid-based approach for heterologous gene
expression, this technique has long been used for biological studies, especially in prokaryotes and lower
eukaryotes. For better understanding of biological mechanisms, however, there are increasing demands on
the experimental technologies enabling fine-tuned expression of introduced heterologous genes or serving
conditions that are closer to the physiological conditions. For this purpose, the use of direct tagging of a
chromosomal gene has been gradually increasing, although the use conditions of this approach are relatively
limited compared to plasmid-based methods. Expression of a cloned gene using chromosomal integration
has a property intermediate between multicopy plasmid-based method and direct tagging of an endogenous
gene. Here, we describe the principle and methods of introduction of a cloned gene into the targeting loci
of the chromosome in fission yeast.
Key words: Plasmid, Integration, Homologous recombination, Schizosaccharomyces pombe

1. Introduction
Expression of a cloned gene using plasmids is a traditional method.
Plasmids are very powerful and flexible, since they have many
options by adding, deleting, replacing, or combining functional
pieces. Therefore, they are still one of first choices in a variety of
biological researches, even when direct tagging of an endogenous
gene has been gradually increasing. However, despite their ease
of use, they are sometimes inappropriate for some kinds of experiments. The expression levels of cloned genes vary from cells to cells
mainly due to the numerical instability of plasmids in the cell.
Therefore, a cloned gene is overexpressed in a subset of cells, even
when a weak promoter is used. This feature is one of demerits,
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especially for genes that are sensitive to the expression levels. For
example, some gene products are known to mislocalize when
overexpressed. These proteins might localize to several compartments in the cell, making it very difficult to figure out which is
the true localization. From this standpoint, expression of a cloned
gene from a chromosomal locus has substantial merit since the copy
number is restricted to only one in every cell, allowing uniform
expression.
For chromosomal integration of a cloned gene in the fission
yeast Schizosaccharomyces pombe, several vectors have been developed. The first generation vectors for such purpose were derived
from commonly used plasmid vectors, pREP-series vectors, by
deleting ars1, an autonomously replicating sequence (1). Because
the resulting integration vectors cannot replicate by themselves
in a cell, only transformants in which the introduced vector is
integrated into the chromosomes can grow in the selective media.
To enhance the integration efficiency, plasmids are linearized by
digestion with restriction endonucleases before introduction into
cells. However, since the integration into the chromosome occurs
accidentally and cannot be regulated, it is at risk of integration
within a gene or into an adjacent site which may impair or affect
the function of an endogenous gene close to the landing site. Especially,
since a significant proportion of yeast genome is occupied by functional genes unlike human, this feature is not always negligible.
To overcome the disadvantages of the early versions of integration
vectors, a new set of vectors have been developed (2, 3). In the
current version, the integration site can be controlled by adding
parts of marker genes to the vectors. Here, we describe the structural
features of these vectors and their use in heterologous expression
of cloned genes.

2. Materials
1. Plasmid DNA preparation.
2. E. coli-competent cells: We usually use the DH5a strain, but other
strains that are generally used are also possible. Many strains
are commercially available.
3. LB (+Amp) solid medium: 1% Trypton (Becton, Dickinson
and Company), 0.5% yeast extract, 1% NaCl, 0.2% glucose,
1.5% agar. Adjust pH to 7.2 with a 2 N NaOH solution. Premix
powder is also commercially available (e.g., Becton, Dickinson
and Company). When the temperature drops to around 65°C
after autoclaving, add ampicillin at 50 mg/mL, mix immediately, and pour the liquid into Petri dishes. After gelation, store
the plates at 4°C.
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4. 2× YT (+Amp) liquid medium: 1% yeast extract, 1.6% peptone
(Becton, Dickinson and Company), 0.5% NaCl. Adjust pH to
7.0 with a 2 N NaOH solution. Premix powder is also commercially available (e.g., Becton, Dickinson and Company). Sterilize
by autoclaving. Ampicillin should be added at 50 mg/mL after
autoclaving. Store at 4°C after addition of ampicillin.
5. Cell resuspension solution: 50 mM Tris–HCl, pH 7.5, 10 mM
EDTA, and 100 mg/mL RNase A.
6. Cell lysis solution: 0.2 N NaOH and 1% SDS.
7. Neutralization solution: 7.5 M ammonium acetate (see Note 1).
8. 2-Propanol.
9. 70% (v/v) ethanol.
10. TE buffer: 10 mM Tris–HCl, pH 8.0, and 1 mM EDTA.
11. Agarose gel for DNA electrophoresis: Agarose is suspended in
TAE buffer (40 mM Tris–acetate, pH 8.3, and 1 mM EDTA)
and dissolved by heating in a microwave oven. When the temperature drops to around 65°C, pour it into trays and allow for
gelation (see Note 2). Agarose is used generally at a concentration of 0.8–1.2% (w/v).
12. Ethidium bromide solution is supplied from many manufacturers
(e.g., AMRESCO). A commonly used final concentration of
ethidium bromide is 0.5 mg/mL. This chemical is a carcinogen,
thereby requiring careful handling.
13. 10× H buffer: 500 mM Tris–HCl, pH 7.5, 100 mM MgCl2,
10 mM dithiothreitol (DTT), 1 M NaCl. Buffers for restriction
enzyme digestion are usually supplied together with enzymes
from manufacturers.
14. 0.1% (v/v) Triton X-100 solution.
15. 0.1% (w/v) bovine serum albumin (BSA) solution: This is required
only for certain restriction enzyme digestion, and is usually
supplied together with enzymes from manufacturers.
16. Host strain: For integration using pDUAL-series vectors,
strains having the leu1-32 mutation must be used. For use of other
vectors, strains having an intact targeted marker gene should
be selected. For example, pDUAL2 can be used for only host
strains having the intact leu1+ gene. In another instance,
pHIS3K can be used for strains having the intact his3+ gene.
Thus, a marker gene should be selected depending on the genotype
of the host strain into which the gene is to be introduced.
17. YE liquid medium: 0.5% yeast extract, 2% glucose, 50 mg/mL
adenine. To make 1 L of this medium, these materials
are added to water, dissolved well, and then autoclaved at
120°C for 15 min. The concentration of glucose is often
increased to 3%.
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18. 0.1 M lithium acetate solution, pH 5.0: Adjust pH with HCl.
Sterilize by autoclaving or filtration, and store at room temperature (RT).
19. 50% PEG solution: Prepare with water just before use and
sterilize by filtration. The concentration can be reduced to at
least 40%. It is sometimes hard to dissolve completely. Heating
is effective for dissolving. Sterilization by autoclaving is also
possible.
20. Dimethylsulfoxide (DMSO).
21. SD solid medium: 0.67% Yeast nitrogen base w/o amino acids
(Becton, Dickinson and Company), 2% glucose, and 2% agar.
When the temperature drops to around 65°C after autoclaving, pour the liquid medium into Petri dishes to allow
gelation. Supplements, such as amino acids, should be added
at the final concentration of 50 mg/mL if needed.
22. YE solid medium containing antibiotics: Prepare as is the case
for YE liquid medium, except adding agar at the final concentration of 2% (w/v). When the temperature drops to around
65°C after autoclaving, add a drug solution at the final concentration of 100 mg/mL and pour the liquid into dishes to allow
gelation.
23. Polymerase for amplification: MightyAmp DNA Polymerase
(TaKaRa) is our recommendation. Other polymerases are also
suitable; however, it is needed to select ones with extremely
high potential for amplification. High fidelity is not required.
Buffers and dNTPs are usually supplied together with polymerases from manufacturers.
24. Universal primers for PCR: For checking integration at the
leu1 locus, use leu1-R: 5¢-GGTCATAAAGTTGAACGGAT
GTCG-3¢ and ADHterm-F: 5¢-CTCTTATTGACCACACCT
CTACC-3¢. For the lys1, his3, and arg1 loci, use 5¢-GTGATG
TGTCTGGGAAAGGCAGAG-3¢, 5¢-AGCATCCAAAGCTAA
ACGAGA GG-3¢, and 5¢-TCTTACTGGAGACAATGGTG
GC-3¢, respectively, instead of leu1-R. ADHterm-F can be used
regardless of the loci.
25. YET solid medium: Prepare as is the case for YE liquid medium,
except adding agar and thiamine (vitamin B1) at the final concentration of 2% (w/v) and 15 mM, respectively. Unless using
the nmt1 promoter to express heterologous genes, thiamine is
not required.
26. MM solid medium: To make 1 L of this medium, the materials
described below are added to water, mixed well, and then
autoclaved (120°C, 15 min): 3 g C8H5KO4, 2.2 g Na2HPO4,
5 g NH4Cl, 20 g glucose, 20 mL 50× salt stock (260 mM
MgCl2, 5 mM CaCl2, 670 mM KCl, and 14.1 mM Na2SO4),
1 mL of 1,000× vitamin stock (4.2 mM pantothenic acid,
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81.2 mM nicotinic acid, 55.5 mM myo-inositol, and 40.8 mM
biotin; filter sterilized and stored at 4°C), and 1 mL 10,000×
mineral stock (80.9 mM H3BO3, 23.7 mM MnSO4, 13.9 mM
ZnSO4, 7.4 mM FeCl3, 2.47 mM (NH4)6Mo7O24, 6.02 mM
KI, 1.6 mM CuSO4, and 47.6 mM citric acid; store at 4°C
after sterilization by filtration). Supplements, such as amino
acids, should be added at the final concentration of 50 mg/mL
if needed.
27. 0.7 N sodium hydroxide (NaOH) solution.
28. 1× SDS-PAGE sample buffer: 50 mM Tris–HCl, pH 6.8, 100 mM
DTT, 2% SDS, 0.1% bromophenol blue, and 10% glycerol.

3. Methods
There are two main types of integration vectors: pDUAL type
(Fig. 1) and pDUAL2 type (Fig. 2). Whereas pDUAL-series vectors
are designed for only strains having the leu1-32 mutation, pDUAL2type vectors can be used in the wild-type background (2). Although
all the vectors described herein (Tables 1 and 2) are designed for
chromosomal integration, some of them can be maintained in the
fission yeast cells as extrachromosomal multicopy plasmids since
they have the ars1-ura4+ fragment which enables autonomous
replication of the plasmids. To use them as multicopy plasmids,
ura4+ is used as a positive selection marker (4). However, regardless
of whether they possess the ars1-ura4+ fragment, these plasmids

Fig. 1. Schematic representation of the construction of the pDUAL-series plasmids.
Arrowheads indicate restriction sites (NotI, ApaI, and SacII) required for the elimination of
the ars1-ura4+ fragment, which allows targeted integration. ORFs are inserted into the
multiple cloning site (MCS). The schematic diagrams are not at scale.
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Fig. 2. The construction of the pDUAL2-series and related plasmids. (a) The construction
of pDUAL2. Arrowheads indicate restriction sites (Not I, Apa I, and Sac II), which are
required for the elimination of the ars1 element to generate the leu1-targeting fragment.
MCS includes unique restriction sites that allow insertion of an ORF. (b) The construction
of vectors targeted to lys1, arg1, and his3. Arrowheads indicate a restriction site for Not I
to split the marker fragment. The ars1-ura4+ fragment is inserted at this site in some vectors. For these vectors, restriction sites for ApaI and SacII exist in addition to the Not I
site. The schematic diagrams are not at scale.

can be easily converted to fragments for chromosomal integration
by digestion of them with a certain restriction endonuclease before
transformation of the yeast cells. In both situations, the resultant
fragments, lacking the autonomously replicating sequence ars1 (5),
are designed for targeting into the particular chromosomal loci by
homologous recombination (Figs. 3 and 4).
To select only transformants (the so-called positive selection),
pDUAL-series vectors have a fragment of the leu1 gene (6), comprising the promoter region and the open reading frame lacking
only its 3¢-terminal region (Fig. 1). This fragment itself is not
functional due to lack of the 3¢-terminal region. However, singlecrossover homologous recombination at the chromosomal leu1
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Table 1
pDUAL vector series. These are part of vectors developed. For other available
vectors, see http://www.riken.jp/SPD/Plasmids.html
Plasmid name

Promoter

Tag

Tag position

Multicopy
marker

Integration
marker

pDUAL

–

–

–

ura4+

leu1+

pDUAL-Pef1a

ef1a-c

–

–

ura4+

leu1+

pDUAL-Ptub1

tub1

–

–

ura4+

leu1+

pDUAL-HFF1

nmt1

His6-FLAG2

5¢

ura4+

leu1+

pDUAL-HFF21

tub1

His6-FLAG2

5¢

ura4+

leu1+

pDUAL-HFF31

cam1

His6-FLAG2

5¢

ura4+

leu1+

pDUAL-HFF41

nmt1a

His6-FLAG2

5¢

ura4+

leu1+

pDUAL-HFF51

tif51

His6-FLAG2

5¢

ura4+

leu1+

pDUAL-HFF61

ef1a-c

His6-FLAG2

5¢

ura4+

leu1+

pDUAL-HFF81

nmt1b

His6-FLAG2

5¢

ura4+

leu1+

pDUAL-HFG1

nmt1

His6-FLAGGFP(S65C)

5¢

ura4+

leu1+

pDUAL-HFG21

tub1

His6-FLAGGFP(S65C)

5¢

ura4+

leu1+

pDUAL-HFG31

cam1

His6-FLAGGFP(S65C)

5¢

ura4+

leu1+

pDUAL-HFG41

nmt1a

His6-FLAGGFP(S65C)

5¢

ura4+

leu1+

pDUAL-HFG51

tif51

His6-FLAGGFP(S65C)

5¢

ura4+

leu1+

pDUAL-HFG61

ef1a-c

His6-FLAGGFP(S65C)

5¢

ura4+

leu1+

pDUAL-HFG81

nmt1b

His6-FLAGGFP(S65C)

5¢

ura4+

leu1+

pDUAL-FFH1

nmt1

FLAG2-His6

3¢

ura4+

leu1+

pDUAL-FFH21

tub1

FLAG2-His6

3¢

ura4+

leu1+

pDUAL-FFH31

cam1

FLAG2-His6

3¢

ura4+

leu1+

pDUAL-FFH41

nmt1a

FLAG2-His6

3¢

ura4+

leu1+

pDUAL-FFH51

tif51

FLAG2-His6

3¢

ura4+

leu1+

pDUAL-FFH61

ef1a-c

FLAG2-His6

3¢

ura4+

leu1+

pDUAL-FFH81

nmt1b

FLAG2-His6

3¢

ura4+

leu1+

pDUAL-GFH1

nmt1

GFP(S65C)FLAG-His6

3¢

ura4+

leu1+
(continued)
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Table 1
(continued)

a

Plasmid name

Promoter

Tag

Tag position

Multicopy
marker

Integration
marker

pDUAL-GFH21

tub1

GFP(S65C)FLAG-His6

3¢

ura4+

leu1+

pDUAL-GFH31

cam1

GFP(S65C)FLAG-His6

3¢

ura4+

leu1+

pDUAL-GFH41

nmt1a

GFP(S65C)FLAG-His6

3¢

ura4+

leu1+

pDUAL-GFH51

tif51

GFP(S65C)FLAG-His6

3¢

ura4+

leu1+

pDUAL-GFH61

ef1a-c

GFP(S65C)FLAG-His6

3¢

ura4+

leu1+

pDUAL-GFH81

nmt1b

GFP(S65C)FLAG-His6

3¢

ura4+

leu1+

pDUAL-YFH1

nmt1

YFP-FLAG-His6 3¢

ura4+

leu1+

Medium-strength nmt1 promoter
Low-strength nmt1 promoter

b

locus containing the leu1-32 mutation (a single base substitution
of G137 with A, resulting in an amino acid substitution from Gly46
to Glu of the Leu1 protein) (2) generates a functional leu1+ gene
(Fig. 3). Therefore, the correct integrants are expected to become
prototrophic for leucine. To induce single-crossover homologous
recombination, a 2-for-1 split on the targeting leu1 fragment,
which results in the linearization of the plasmid, should be needed.
For linearization of pDUAL-series vectors containing the ars1-ura4+
cassette, the restriction enzyme recognition sites for NotI, ApaI,
and SacII exist at both ends of the ars1-ura4+ cassette. Digestion
with one of three restriction enzymes releases the ars1-ura4+ fragment from these plasmids, resulting in the generation of the same
targeting fragment that is produced by digestion of pDUAL.
To use pDUAL-series vectors, the host strain should have the
leu1-32 mutation. Although the leu1-32 mutation is very popular
in researches using fission yeast, strains do not always have this
mutation. Therefore, to utilize the wild-type strain as the host,
other series of vectors that enable both targeted chromosomal
integration and selection of proper transformants have been developed. pDUAL2-series vectors have been initially designed for this
purpose (Fig. 2a), and then additional three vectors named pLYS1-,
pARG1-, and pHIS3 series have been developed using the similar
strategy (Fig. 2b). Four chromosomal loci containing genes leu1+,
lys1+, arg1+, and his3+, each encoding a component of amino acid

His6-FLAG2
His6-FLAG2
His6-FLAG2
His6-FLAG2
His6-FLAG-GFP(S65C)
His6-FLAG-GFP(S65C)
His6-FLAG-GFP(S65C)

FLAG2-His6
FLAG2-His6
FLAG2-His6
FLAG2-His6
GFP(S65C)-FLAG-His6
GFP(S65C)-FLAG-His6
GFP(S65C)-FLAG-His6

nmt1

tub1

nmt1a

ef1a-c

nmt1b

nmt1

nmt1a

nmt1b

nmt1

tub1

nmt1a

ef1a-c

nmt1b

nmt1

nmt1a

nmt1b

–

pDUAL2-HFF1

pDUAL2-HFF21

pDUAL2-HFF41

pDUAL2-HFF61

pDUAL2-HFF81

pDUAL2-HFG1

pDUAL2-HFG41

pDUAL2-HFG81

pDUAL2-FFH1

pDUAL2-FFH21

pDUAL2-FFH41

pDUAL2-FFH61

pDUAL2-FFH81

pDUAL2-GFH1

pDUAL2-GFH41

pDUAL2-GFH81

pLYS1U

–

FLAG2-His6

His6-FLAG2

–

–

pDUAL2

Tag

Promoter

Plasmid name

–

3¢

3¢

3¢

3¢

3¢

3¢

3¢

3¢

5¢

5¢

5¢

5¢

5¢

5¢

5¢

5¢

–

Tag position

ura4+

ura4+
ura4+

lys1+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

ura4+

(continued)

Integration marker

leu1+

leu1+

leu1+

ura4+
ura4+

leu1+

ura4+

leu1+

ura4+

leu1+

ura4+

leu1+

leu1+

ura4+

ura4+

leu1+

ura4+

leu1+

leu1+

ura4+
ura4+

leu1+

ura4+

leu1+

leu1+

ura4+

ura4+

leu1+

ura4+

leu1+

leu1+

ura4+

ura4+

Targeted locus

Multicopy marker

Table 2
pDUAL2-series and other pDUAL2-type vectors. These are part of vectors developed. Other vectors are listed in http://www.
riken.jp/SPD/Plasmids.html
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Promoter

nmt1

tub1

–

–

–

–

nmt1

–

tub1

–

–

–

–

–

–

–

–

–

Plasmid name

pLYS1U-Pnmt1

pLYS1U-Ptub1

pLYS1K

pLYS1H

pLYS1B

pHIS3U

pHIS3U-Pnmt1

pHIS3K

pHIS3K-Ptub1

pHIS3H

pHIS3B

pARG1U

pARG1K

pARG1H

pARG1B

pLYS1UF

pLYS1KF

pLYS1HF

Table 2
(continued)

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

Tag

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

Tag position

ura4+
kanr
kanr
hygr
blar
ura4+
kanr
hygr
blar

his3+
his3+
his3+
his3+
his3+
arg1+
arg1+
arg1+
arg1+

hygr

kanr

(continued)

ura4+

his3+

lys1+

blar

lys1+

ura4+

hygr

lys1+

lys1+

kanr

lys1+

ura4+

ura4+

lys1+

ura4+

ura4+

lys1+

lys1+

Integration marker

Targeted locus

ura4+

Multicopy marker
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–

–

–

–

–

–

–

–

–

pLYS1BF

pHIS3UF

pHIS3KF

pHIS3HF

pHIS3BF

pARG1UF

pARG1KF

pARG1HF

pARG1BF

–

–

–

–

–

–

–

–

–

Tag

–

–

–

–

–

–

–

–

–

Tag position

kanr G418-resistant gene, hygr hygromycin-resistant gene, blar blasticidin-resistant gene
a
Medium-strength nmt1 promoter
b
Low-strength nmt1 promoter

Promoter

Plasmid name

Targeted locus
lys1+
his3+
his3+
his3+
his3+
arg1+
arg1+
arg1+
arg1+

Multicopy marker
ura4+
ura4+
ura4+
ura4+
ura4+
ura4+
ura4+
ura4+
ura4+

blar

hygr

kanr

ura4+

blar

hygr

kanr

ura4+

blar

Integration marker
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Fig. 3. Strategy for chromosomal integration of the pDUAL-derived fragment. Restriction
enzymes (R.E.) cleave both ends of the ars1-ura4+ fragment, which releases this fragment
and makes the plasmid DNA linear. The resultant linear fragment is targeted for the
endogenous leu1 locus. After homologous recombination with the chromosomal leu1-32
allele, the functional leu1 gene is generated in addition to the incomplete leu1 fragment.
Therefore, correct integrants are expected to show leucine prototrophy. The regions that
match to the primers sequences for colony PCR are indicated by inverted arrowheads. An
asterisk indicates the position of the leu1-32 mutation. The schematic diagrams are not
at scale.

synthesis, are targeted by these vectors. In contrast to the leu1
fragment in the pDUAL-series vectors, each targeting marker fragment in these vectors is incomplete at both 5¢- and 3¢-ends (Fig. 4).
Therefore, when these fragments experience homologous recombination in cells, each endogenous target gene is expected to be
split in two, both of which lose their function (Fig. 4). For linearization of these vectors that do not have the ars1-ura4+ cassette,
the restriction enzyme recognition site for NotI exists at the middle
of the targeting marker fragments. The integrants would become
auxotrophic for leucine, histidine, lysine, or arginine which
allows selection of proper integrants. However, since this strategy
itself is negative selection that cannot choose only transformants,
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Fig. 4. Strategy for chromosomal integration using the pDUAL2-type plasmids. Plasmids can
be linearized at the middle of the integration marker fragments by restriction enzyme
(R.E.) digestion. For plasmids containing the ars1 sequence, this fragment is inserted at
the middle of the integration marker and can be cut off by restriction enzyme digestion.
When introduced in a yeast cell, the linearized fragment is expected to be integrated at the
chromosomal marker gene locus by single-crossover homologous recombination. If each
linearized fragment is successfully integrated, the endogenous marker gene is split into
two fragments, both of which lose their function. Therefore, transformants are expected to
become auxotrophic for a certain amino acid, whereas they show drug resistance or
nucleotide prototrophy according to the markers used. Correct integration can be checked
by PCR using primers indicated by inverted arrowheads. The diagrams are not at scale.
The principle of chromosomal integration using other vectors, such as pLYS1U, is essentially the same.

another strategy to select only transformants (positive selection)
should be required at first. For this purpose, kanMX6 (G418) (7),
hphMX4 (hygromycin B) (8), bsd (blasticidin S) (9) cassettes, or
the fission yeast ura4+ gene are installed in another site of the vector
(Fig. 3). Therefore, only transformants can be selected initially on
medium containing an appropriate drug or lacking uracil before
checking for their amino acid requirement. For linearization of the
plasmids, the restriction enzyme recognition sites are designed to
split the targeting fragments as is the case of pDUAL-series vectors.
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3.1. Plasmid DNA
Preparation

There are many protocols for alkali method to isolate plasmid DNA
from E. coli. For the protocol specialized for handling a large number
of samples using a 96-well plate, see ref. 10.
1. Culture E. coli transformants in 0.8–1.5 mL of 2× YT (+ Amp)
liquid medium with a test tube at 37°C overnight. Shake or
rotate the tube vigorously.
2. Transfer cell culture to a 1.5-mL microtube and centrifuge at
8,400 × g for 1 min. Discard medium by aspiration.
3. Suspend cells with 100 mL of resuspension solution and vortex
vigorously until cells are well-suspended.
4. Add 100 mL of cell lysis solution and mix mildly until the solution
becomes clear.
5. Add 100 mL of neutralization solution and mix vigorously (see
Note 4).
6. Centrifuge at 18,800 × g for 10 min.
7. Transfer the supernatants to a new 1.5-mL microtube.
8. Add 300 mL of 2-propanol. Mix well.
9. Centrifuge at 18,800 × g for 5 min, and then discard the supernatant by aspiration.
10. Rinse the tube with 120 mL of 70% ethanol. Centrifuge at
18,800 × g for 2 min and aspirate the supernatant.
11. Dry up the tube.
12. Dissolve DNA with 50 mL of TE buffer or deionized water.
13. Digest the plasmid DNA with an appropriate restriction enzyme.
Use 1 mL of the DNA solution for a 10-mL-scale reaction.
14. Check the DNA by agarose gel electrophoresis. Load 2–10 mL
of the reaction mixture after addition of 1 mL of loading
buffer.

3.2. Linearization
of Plasmid DNAs
by Restriction
Enzyme Digestion

1. Assemble the following recipe: 4 mL plasmid DNA (usually,
approximately 0.1 mg/mL), 1.2 mL 10× H buffer, 1.2 mL 0.1%
Triton X-100 solution, 1.2 mL 0.1% BSA, 3.9 mL deionized
water, 0.5 mL restriction endonuclease (usually, NotI). Incubate
the tube at the appropriate temperature (usually, at 37°C) for
at least 30 min.
2. Add 1 mL 10× loading buffer to stop the reaction. This is
optional (see Note 5).
3. Check the DNA by agarose gel electrophoresis. This is also
optional. Usually, it is not needed.

3.3. Transformation
of S. pombe Cells

1. Culture the host strain overnight in appropriate liquid medium,
such as YE, at 30°C. The optimal growth temperature depends
on the host strain.
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2. Either exponentially growing or just-saturated cells cultured are
harvested by centrifugation (2,100 × g, 10 s, at room temperature)
and resuspended in 50 mL of 0.1 M lithium acetate solution,
pH 5.0.
3. Sample DNA (see Note 6), together with salmon sperm DNA
and 150 mL of 50% (v/v) polyethylene glycol (PEG 4000), is
added immediately to the cell suspension, and the mix was
incubated at RT for at least 30 min.
4. After addition of 20 mL of DMSO, cells are heated at 42°C for
15 min.
5. Spin down the cells (2,100 × g, 10 s, at RT), discard the supernatant, and resuspend the cells in 50 mL of sterilized water.
6. Plate the cells on appropriate selective medium (e.g., SD supplemented with lysine and lacking uracil when using pLYS1U)
(see Note 7).
7. Check the amino acid or nucleotide requirement of the transformants by streaking them on appropriate medium (such as
SD lacking arginine) (see Note 8).
3.4. Colony PCR
for Confirmation
of Chromosomal
Integration

In any cases of chromosomal integration described here, correct
integration of the targeting fragment into the desired locus can be
analyzed by polymerase chain reaction (PCR) in addition to check
by auxotrophy of the transformant. However, since the targeting
efficiency is extremely high, this check is almost always omissible.
1. Culture several candidate transformants on an appropriate
solid medium (generally, YE can be used).
2. For eight samples, assemble the following recipe: 80 mL
2× buffer, 16 mL dNTPs (2.5 mM each of dGTP, dATP, dTTP,
and dCTP), 8 mL 10 mM primers (see Note 9), 55 mL deionized
water, and 1 mL MightyAmp DNA polymerase (2.5 U/mL).
3. Dispense 20 mL of the premix solution to each well of an 8-well
tube.
4. Suspend cells in each well of an 8-well tube by taking a scraping
from cells on solid medium using toothpicks. Then, cap the
tube (spin down the samples quickly if needed).
5. The conditions for the first PCR are as follows: 95°C for 3 min,
35 cycles of 95°C for 15 s, 52°C for 15 s, and 72°C for XX s,
and 72°C for 3 min, where XX is determined according to the
length of an expected product (~45 s/kbp).
6. Check 2 mL of the resultant solution by agarose gel electrophoresis (see Note 10).
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3.5. Preparation
of Protein Samples
for Checking the
Expression of an
Introduced Gene

If an appropriate tag (such as HA and FLAG) is fused to the cloned
gene, expression of its product could be detected by Western
blotting following SDS-PAGE (see Note 11). Since protocols for
SDS-PAGE and Western blotting are described in many literatures,
we provide a quick protocol to prepare whole-cell lysate samples
for SDS-PAGE.
1. Streak the integrants on YET or SD medium, and incubate them
overnight at an appropriate temperature (generally, 30°C).
2. Restreak a part of the precultured colonies on MM medium,
and incubate them for an appropriate time (see Note 12).
3. Harvest cells into a microtube prefilled with 70 mL of MM
liquid medium using toothpicks.
4. Add 70 mL of a 0.7 N NaOH solution, mix well, and incubate
for 3 min at RT.
5. Centrifuge at 2,100 × g for 1 min, and then discard the supernatant by aspiration.
6. Suspend the pellets in 50 mL of 1× SDS-PAGE sample buffer.
7. Incubate the samples at 100°C for 5 min.
8. Load 8–10 mL of the sample on a polyacrylamide gel.

4. Notes
1. Since ammonium acetate is highly hygroscopic, add 90 mL of
deionized water per 100 g of ammonium acetate directly to the
reagent bottle.
2. For storage of agarose gel, remove combs and trays, submerge
the gel in 1× TAE buffer, and store at 4°C. Turn the gel upside
down to prevent sedimentation of crystallized salt in the well,
which affects negatively on electrophoresis.
3. It is also possible to use 5 M sodium acetate, pH 4.8, in place
of ammonium acetate in this step. However, the debris resulted
from the addition of ammonium acetate would become highly
compact so that the transfer of the supernatant becomes easier.
4. The 10× loading buffer sometimes contains SDS at a low
concentration. However, it does not interfere with transformation
of yeast cells. Rather, it can reduce the risk of contamination of
bacteria or fungi into the DNA solution. We, therefore, recommend adding this reagent.
5. We usually use 4 mL of the solution of digested (linearized) DNA
prepared as described in Subheading 3.2 for each transformation. However, this amount can be changed according to the
purpose of each experiment.
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6. For colony selection on antibiotic-containing plates, cells should
be plated initially on nonselective medium (YE) to allow
expression of the drug-resistance gene. One or two days later,
when a lawn of cells becomes visible, cells are replica plated
using sterile velvet or filter paper onto the drug-containing
medium. In case of selection by amino acid requirement, cells
can be plated directly onto selective medium.
7. This process is not required for integration using pDUALseries plasmids.
8. Primers that can be used are not limited to those described in
Subheading 2, item 4. A pair of primers, one of which anneals
to the sequence within the plasmid and the other of which
anneals to the region just outside the inserting site and has no
identical sequence in the plasmid, can be used. However, the
primers described in Subheading 2, item 4, can be used as universal primers for confirmation regardless of sequences to be
cloned, since the region used for PCR check is completely
independent of the multiple cloning site (MCS).
9. A positive band can be obtained only when the introduced
fragment is integrated into the proper locus. When no band is
seen in the colony PCR, it is often hard to know whether the
correct integrants are absent or it is simply the failure in PCR,
since the amplification efficiency is not so high. However, since
the integration efficiency of the plasmids described herein is
very high, we recommend performing PCR using genomic
DNA purified from candidates as template. For purification of
genomic DNA from fission yeast, see ref. 10.
10. When using a series of vectors for chromosomal integration, it
is to be noted that not all the transformants are proper integrants. According to the previous report (11), this phenomenon occurs due to gene conversion. Although it was reported
that gene conversion occurs in nearly 30% of the transformants,
we estimate that this frequency is less than 10% in the pDUAL
systems. However, we recommend checking expression of the
tagged proteins before use in the experiment. It is enough to
check two transformants in most cases.
11. We usually streak cells on solid medium as three lines in a
2 × 2-cm area. The number of cells obtained from this area
after a 20–22-h incubation is about 1 × 108, which corresponds
to the number of exponentially growing cells (late log phase)
collected from a 10 mL liquid culture.
12. In fission yeast, the powerful thiamine-repressible nmt1 promoter
has been the most widely used and modified. Two versions
of the nmt1 promoter have been additively employed (denoted
as nmt1* and nmt1**, which show medium and low transcriptional activities, respectively, both maintaining repressibility
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by thiamine) (12). To use the nmt1 promoter and its derivatives,
transcriptional induction of a downstream cloned gene occurs
about 14 h after cells are transferred to medium lacking thiamine.
An appropriate culture time should be determined considering
this property. Other promoters can be selected depending on
the introduced gene and the purpose of the experiment.
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Chapter 24
Genetic Engineering of Industrial Strains
of Saccharomyces cerevisiae
Sylvie Le Borgne
Abstract
Genetic engineering has been successfully applied to Saccharomyces cerevisiae laboratory strains for different
purposes: extension of substrate range, improvement of productivity and yield, elimination of by-products,
improvement of process performance and cellular properties, and extension of product range. The potential of genetically engineered yeasts for the massive production of biofuels as bioethanol and other nonfuel
products from renewable resources as lignocellulosic biomass hydrolysates has been recognized. For such
applications, robust industrial strains of S. cerevisiae have to be used. Here, some relevant genetic and
genomic characteristics of industrial strains are discussed in relation to the problematic of the genetic engineering of such strains. General molecular tools applicable to the manipulation of S. cerevisiae industrial
strains are presented and examples of genetically engineered industrial strains developed for the production
of bioethanol from lignocellulosic biomass are given.
Key words: Saccharomyces cerevisiae, Industrial strain, Adaptation, Ethanol production, Pentose
fermentation, Chromosomal integration, Lignocellulosic biomass

1. Introduction
The yeast Saccharomyces cerevisiae has long been used in the food
industry in baking, brewing, and winemaking as well as in industrial fermentations for the production of bioethanol from sugar
and starch feedstocks (1, 2). Branduardi et al. (3) have reviewed
the potential of metabolically engineered yeasts for industrial applications, including the production of biofuels and nonfuel petroleum-derived products from renewable resources as an alternative
to the use of oil (Fig. 1). Nonfuel products include glycerol, pyruvate, and organic acids that are substances directly utilized in the
pharmaceutical or chemical industry or used as building blocks

Argelia Lorence (ed.), Recombinant Gene Expression: Reviews and Protocols, Third Edition,
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Fig. 1. Traditional, modern, and emerging industrial applications of the yeast S. cerevisiae.
Adapted from ref. 1.

for further chemical or enzymatic syntheses (4, 5). An example of
biofuel is the production of bioethanol from sugars derived from
biomass hydrolysates (6).
S. cerevisiae is highly tolerant to low pH values and high sugar
and ethanol concentrations lowering the risk of contamination in
industrial fermentations; it is also able to grow anaerobically and is
quite resistant to high osmotic pressure, oxidative stress, and
inhibitors present in biomass hydrolysates (7, 8). There is a vast
knowledge concerning its genetics, biochemistry, physiology, and
fermentation technologies. This yeast has been safely used since
ancient times in winemaking, brewing, and baking. It is classified
as generally regarded as safe (GRAS) by the US Food and Drug
Administration (FDA) and does not produce toxins or oncogenic
and viral DNA. These features confer to S. cerevisiae a general
robustness and potential applicability for industrial applications.
In contrast to classical methods of genetic strain improvement,
such as selection, mutagenesis, and mating, genetic engineering
consists in the targeted manipulation of the cell’s genetic information to improve the production of a metabolite naturally formed by
an organism in a low concentration or provide the organism with
the ability to utilize atypical substrates allowing to extend the
spectrum of usable industrial media, in particular renewable substrates as lignocellulosic biomass for example, or form metabolites
not naturally produced. The genetic engineering of S. cerevisiae has
mainly been performed with well-known laboratory strains. For
industrial applications, the use of S. cerevisiae strains with an industrial background is necessary since industrial strains have adapted
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to stress conditions found in industrial processes. However, several
interesting technical challenges arise concerning the genetic
engineering of industrial strains in order to obtain yeast strains
useful for commercial applications. This chapter addresses some
general issues and problematic about the genetic engineering of
industrial strains of S. cerevisiae for the production of bulk chemicals
as biofuel and nonfuel products.

2. Importance
of Using Industrial
Strains of
S. cerevisiae

Hahn-Hägerdal et al. (6) have pointed out the importance of using
industrial yeast strains for the production of bioethanol from
biomass residues. In general, practically all industrial biotechnological processes expose cells to simultaneous or sequential combinations of stressful conditions. So, desirable phenotype for industrial
organisms is resistance to multiple stresses or, more generally,
environmental robustness in addition to adequate yield and productivity. Industrial S. cerevisiae strains are highly specialized organisms,
which have adapted to different stress conditions as those found in
industrial fermentations. This process known as “domestication”
involves genetic, molecular, and physiological mechanisms of
adaptation and has been extensively reviewed for wine and brewery
yeasts (9, 10). The ability of such strains to adapt to varying
environmental conditions and physiological challenges governs
their usefulness and applicability. In general, it has been shown that
commercial yeasts are more tolerant to stress conditions than laboratory strains. Concerning distillers’ yeasts used for the production
of fuel ethanol, Silva-Filho et al. (11) have demonstrated, by PCR
fingerprinting of yeast samples from several Brazilian distilleries,
that indigenous strains are more adapted to the industrial process
than commercial yeasts. In fact, these indigenous yeasts tend to
become dominant in the fermentative process even if commercial
baker’s yeasts were used as starter cultures in a proportion of 500 g
of indigenous yeast in 1 ton of commercial yeast (12).
During industrial biomass production, conditioning, propagation,
and fermentation, yeast cells are subject to a number of stresses as
illustrated in Fig. 2.
Minimizing fresh water usage and recirculation of process
water streams leads to more concentrated solutions with increased
ionic strength. The high sugar content in fermentation media also
contributes to hyperosmotic stress. Yeast cell recycling and
washing in acid solutions also impose a selective pressure on cells.
It has been shown that strains isolated from an industrial winery
showed higher values for characters typically subjected to selective
pressure, such as maximum capability to produce ethanol, fermentation rate, and SO 2 resistance (13). So, continual selective
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Fig. 2. Environmental stress and transcriptional response of yeast during industrial bioethanol fermentation. Adapted from
ref. 14. The black arrows indicate upregulation, i.e., transcriptional activation (up arrow ) or downregulation, i.e., transcriptional repression (down arrow ).

pressure imposed on cells in industrial environments has led to the
adaptation and selection of strains with higher stress tolerance and
improved fermentative behavior (12).
The molecular and physiological response of an organism to
changes in the environment is referred to as “stress response.” The
two major stress response pathways in S. cerevisiae are the heatshock response and the general stress response activated by a
number of environmental stresses, including oxidative, pH, heat,
osmotic stresses, and nitrogen starvation (10). The general stress
response is believed to be an evolutionary adaptation allowing
yeast to respond to adverse environmental conditions in a nonspecific manner. Among the genes activated by stress in S. cerevisiae
are the HSP genes, encoding heat-shock proteins most of which
act as chaperones (9). The molecular basis of the technological
properties of industrial yeast strains is still largely unknown. One
possibility is that the adaptation of these strains is dependent on
specific expression profiles of their genomes. The comparison of
gene expression in industrial and nonindustrial strains could lead
to the identification of genes involved in the adaptation to industrial environments. The transcriptional responses of S. cerevisiae
during bioethanol industrial fermentation was evaluated by DNA
microarray analysis showing that strong transcriptional changes
occurred during both continuous and fed-batch fermentation
processes (Fig. 2) (14). Repression of glycosylation was observed
and upregulation of genes involved in the unfolded protein
response, reserve metabolism, and glucose-repressible genes was

24

Genetic Engineering of Industrial Strains of Saccharomyces cerevisiae

455

thought to be a consequence of protein glycosylation deficiency.
On the other hand, many of the overexpressed genes in a sherry
flor yeast strain, compared with a laboratory strain, were found to
be located within amplified regions in the genome, suggesting that
changes in gene expression were due to an increase in DNA copy
number and not due to differences in regulation (9).

3. Genomic
Features of
Industrial Strains
of S. cerevisiae

The genetics of industrial Saccharomyces strains are more complex
than that of laboratory reference or academic strains (1). Industrial
strains are mainly diploid, aneuploid, or even polyploid. Most of
the studies on the characteristics of the genomes of industrial
strains have been performed with strains related to the production of alcoholic beverages. This knowledge has been recently
reviewed (15).
Codon et al. (16) measured the DNA content and ploidy of 17
industrial Saccharomyces strains, including bakers’ (11 strains), wine
(2 strains), brewers’ (2 strains), and distillers’ (2 strains) yeasts and
compared them to two well-known laboratory strains. All industrial strains had variable DNA contents ranging from 1.3 to 3n
(n being the DNA content of an haploid strain). The nonentire
ploidy numbers indicated partial amplifications of certain chromosomal regions and the presence of extra sets of chromosomes.
Electrophoretic chromosomal patterns indicated strong polymorphisms between strains. However, all industrial strains possessed a
high degree of DNA homology with laboratory yeasts. Hybridization
studies indicated that all tested genes were located on the same
chromosomes both in laboratory and industrial strains indicating
that intrachromosomal arrangements had taken place in industrial
strains. The SUC gene family includes six loci SUC1, 2, 3, 4, 5,
and 7. These genes encode the invertase enzyme that splits sucrose,
the major carbon source in molasses and sugar cane juice, into
glucose and fructose. All of these genes, except SUC2, have telomeric location (near chromosome ends), highly homologous
sequences, and are dispersed on different chromosomes. The different industrial yeasts tested presented multiple copies of different
SUC genes in their genomes while laboratory strains only carried
the SUC2 gene. This suggests that the amplification of SUC genes
could be an adaptive mechanism conferring better fitness for fermentation on sucrose juices and molasses.
Infante et al. (17) have used the DNA microarray technology
to compare the 16 chromosomes of two yeasts strains isolated from
sherry wine aging fermentation that differ on their ethanol and
acetaldehyde resistance. Gross chromosomal rearrangements were
responsible for the amplification of 116 genomic regions that
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Fig. 3. Genomic rearrangements in the chromosomes of a sherry wine yeast. Solid bars indicate amplified regions. Roman
numbers indicate the chromosome number. The location of genes conferring specific traits is indicated. Adapted from ref. 17.

comprise 38% of their genomes. For one strain, the amplified
regions contained genes that were clearly related to specific characteristics as biofilm formation, sulfite and copper resistance, ergosterol biosynthesis, and assimilation of glycerol, a major carbon
source in sherry wine (Fig. 3). For the other strain, the amplified
regions were related to “unknown biological processes.”
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Concerning yeasts used to produce fuel ethanol, Lucena et al. (18)
have shown that yeasts cells adapt for survival through chromosome rearrangements that can be produced in laboratory media
under simulated industrial conditions. Such rearrangements are
produced only after 435 generations and are specific to parental
genetic backgrounds. The comparison between karyotypes of
original and evolved strains showed that the observed chromosome variations originated from the parental strains and not from
contaminant yeasts.
Microarray karyotyping and pulse field gel electrophoresis
studies have shown that industrial strains of S. cerevisiae used in the
production of fuel ethanol have amplifications of telomeric genes
for the biosynthesis of vitamins B6 and B1 (19). These amplifications allow them to grow better in high sugar environments, where
the demand of these vitamins is high and their bioavailability low.
Thiamine pyrophosphate is the cofactor of the enzyme pyruvate
decarboxylase. Such strains of S. cerevisiae have been selected during
the industrial production of fuel ethanol and rapidly replace commercial baker’s yeast used as “starter” strains in a matter of weeks.
They ferment cane juice or diluted molasses containing up to
200 g/L of total sugar, and produce high ethanol concentrations
up to 12% (v/v) with 90–92% of the maximum theoretical yield.
The fermentation lasts 6–10 h, allowing two to three fermentations per day. At the end of each fermentation, the cells are centrifuged, washed in dilute sulfuric acid, and recycled back for the next
fermentation during 6–9 months. The fuel strains appear to cluster
together and be more similar to baker’s yeast than to brewing or
wine strains. Interestingly, none of the fuel strains showed amplification of the SUC2 gene, indicating that invertase activity is not
limiting sucrose fermentation during industrial ethanol production
by these yeasts. These authors propose that such a genetic adaptation can also be useful in the development and engineering of yeast
strains for the efficient utilization of biomass-derived sugars.
The genome of a haploid derivative of the PE-2 wild isolate
currently used to produce bioethanol in 30% of the Brazilian distilleries was sequenced and analyzed (20). This strain possessed a
high degree of DNA homology with other sequenced laboratory
yeasts, but presented extensive structural differences at the periphery of its chromosomes. These regions typically contain genes that
participate in alternative carbon source and vitamin metabolisms,
ion and amino acid transport, flocculation, and other processes not
essential for viability but related to ecological niche adaptation.
Here, again, genes involved in vitamin B6 metabolism were amplified. According to theses authors, the development of genetically
engineered yeast strains for industrial applications should be based
on strains naturally adapted to industrial conditions; any other
strain would be rapidly washed out of the process.
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From these studies, it is clear that industrial strains contain
traits that enable them to perform well under a particular set of
conditions.

4. Genetically
Engineered
Industrial Yeasts
for the Production
of Chemicals and
Biofuels
4.1. Molecular Tools
for the Genetic
Engineering of
Industrial Strains

Classical genetic techniques have been successfully used for years
to improve the performance of production organisms. Such techniques are not site directed. The ability to perform directed genetic
changes by genetic engineering techniques allows to add or remove
specific features from strains allowing to design new cell factories
or improve the existing ones (21).
Laboratory strains of S. cerevisiae usually exist as stable haploids,
exhibit good mating ability, readily take up exogenous DNA, and
contain convenient selectable (auxotrophic) markers. Industrial
strains lack many of these properties (1, 22). Such strains are typically prototrophic, diploid, and even polyploid, often heterozygous
and homothallic. These characteristics restrict the use of traditional
selection systems based on the complementation of recessive
auxotrophic markers generally used in yeast genetic engineering.
The use of classical genetic techniques is also limited because these
strains tend to sporulate poorly, switch their mating type (mediated by the HO gene), and produce few viable spores.
In haploid laboratory strains, single genes can be disrupted
and the resulting mutants easily selected and studied. This is difficult to achieve in diploid or polyploid and heterozygous strains
since multiple copies of a same gene are present and all the copies
present on different chromosomes have to be inactivated.
There are several ways of amplifying genes introduced by
transformation in order to increase the amount of gene product.
One possibility is to insert the gene of interest in a multicopy
plasmid vector. Most plasmids are unstable and lost under nonselective conditions. Chromosomal integration of genetic material is
a method to avoid the inherent instability of most plasmid vectors.
Genomic conserved regions as ribosomal DNA (rDNA) sequences
can be used as target for chromosomal integration of genes in
industrial yeast strains. A yeast integration plasmid, pIARL28,
containing an rDNA sequence as homologous recombination site
and the bacterial kanamycin gene (kan from Tn903) that confers
resistance to geneticin for selection of the integrants has been
described (23). The rDNA sequence of this plasmid exists at about
140 copies in a yeast cell; integration at the rDNA genes occurs,
therefore, very efficiently. The undesirable geneticin resistance
sequence can be excised from the transformants by repetitive
culture under nonselective conditions. So this plasmid is a useful
vector for gene transfer into industrial Saccharomyces strains.
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In laboratory strains, plasmids containing auxotrophic markers
can be introduced and selected (24). To avoid the use of antibiotic
resistance markers, the successful generation of auxotrophic
mutants in industrial diploid strains of S. cerevisiae has been
described (25). His−, Met−, Lys−, Trp−, Leu−, Arg−, and Ura−
auxotrophic mutants of five sake strains were obtained after UV
mutagenesis and screening by conventional replica plating on
minimal and rich media. HIS3 was used as a selectable marker for
the insertion of a yeast overexpression promoter upstream of the
gene encoding the alcohol acetyltransferase by one-step gene
replacement in a his3 mutant, allowing the production of a larger
amount of isoamyl acetate, a banana-like flavor in Sake.
Due to obstacles concerning the acceptance of antibiotic
selection markers on the industrial scale, the ability to eliminate or
recycle markers is very important. The Cre–loxP system is usually
used for marker cassette excision purposes in a variety of organisms, enabling marker recycling and elimination during the construction of multiply deletant strains or for industrial applications. Carter
y Delneri (26) have developed dominant antibiotic resistance
marker cassettes flanked with mutated loxP sites (loxLE and
lox2272). The loxP cassettes contain resistance for geneticin
(kanMX gene), nourseothricin (natNT2), or hygromycin (hphNT1)
as selectable markers. These cassettes can be present in the yeast
genome together with the widely used loxP–marker gene–loxP
cassettes. The probability of interaction with and between the
mutated loxP sites and consequent recombination between the cassettes, or undesirable chromosomal rearrangements between lox
sequences, is minimized. A phleomycin-resistant Cre-expressing
vector to excise multiple markers simultaneously has also been
developed. Such a toolkit should be particularly useful for the
genetic engineering of industrial strain bypassing the need of
auxotrophic markers and the presence of residual heterologous
antibiotic-resistance genes.
4.2. Examples
of Genetically
Engineered Industrial
Yeasts

Many examples of genetic engineering of S. cerevisiae have appeared
in the two last decades (Table 1), most of them developed in
laboratory strains (27, 28).
The development of industrial pentose-fermenting strains of
S. cerevisiae has been described in the literature and is currently a
very active area of research due to the future needs to produce
large quantities of biofuels and other chemicals from renewable
sources. Pentoses are 5-carbon sugars (C5) which are not naturally
fermented by S. cerevisiae. They represent up to 25% of the total
carbohydrates present in lignocellulosic raw materials (29).
Initially, the genetic engineering of industrial strains had been
limited to the introduction of xylose utilization pathways; since
S. cerevisiae is unable to ferment pentoses, further improvements
were obtained by nondirected adaptation strategies as reviewed by
Hahn-Hägerdahl et al. (30). Industrial strains supplemented with
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Table 1
Genetic engineering of S. cerevisiae
Target

Example

Type of strain

Extension of substrate
range

Transformation of S. cerevisiae with xylose reductase and
xylitol deshydrogenase from Pichia stipitis or with
bacterial xylose isomerase. This enables S. cerevisiae to use
pentose, a sugar abundant in lignocellulosic biomass

Laboratory
and
industrial

Improvements of
A GPD2 (glycerol dehydrogenase) mutant grown under
productivity and
anaerobic conditions, had a higher ethanol yield of 8%
yield, and elimination
in addition to a 40% reduction of the glycerol yield.
of by-products
This is an example of redirecting the carbon flux

Laboratory

Improvement of
FLO1 encodes a cell surface protein that plays a direct role
Industrial
process performance
in the flocculation process. The FLO1 gene has successfully
been integrated into the genome of a nonflocculent
brewer’s yeast strain and a stable constitutive flocculating
strain was obtained
Improvements of
cellular properties

MIG1 encodes a zinc finger protein that mediates glucose
repression by controlling the expression of SUC2
(encoding the invertase). Deletion of MIG1 has allowed
a ninefold increase in SUC2 expression of cells grown on
glucose

Laboratory

Extension of product
range

Heterologous expression of LDH (lactate dehydrogenase)
allowed the NADH-dependent reduction of pyruvate
to lactate

Laboratory

Adapted from ref. 21 with input from refs. 27, 28

the “yeast pathway” for xylose utilization and overexpressing the
endogenous XK successfully cofermented xylose and glucose.
These genes were generally integrated into the yeast chromosome
(in the HIS3 locus, for example) and selected by their ability to
grow on xylose. In some cases, the strains were transformed with
multicopy plasmids overexpressing these genes and selected by
geneticin resistance. The “yeast pathway” comprises two enzymes
from Pichia stipitis, the XR and the XDH (Fig. 4). It can be redox
neutral if the XR is linked to NADH instead of NADPH. The
“bacterial pathway” uses the enzyme xylose isomerase (XI) to
directly convert D-xylose to D-xylulose (Fig. 4).
Other strategies for the chromosomal integration of the “yeast
pathway” genes included the use of the pAUR101 shuttle vector
which is a chromosomal integrating vector for S. cerevisiae containing the aureobasidin A-resistance gene for integration at the
AUR1-C allele (31, 32). The industrial strains tested included
bakery yeast, shochu yeasts, wine yeasts, and industrial alcohol
fermentation yeasts, including flocculent yeast with high xylulosefermenting ability. Both xylose consumption and ethanol production remarkably increased in the latter.
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Fig. 4. Pathways for the conversion of xylose to ethanol. XI xylose isomerase, XK xylulose kinase, XR xylose reductase, XDH
xylitol deshydrogenase. Adapted from ref. 41.

Karhumaa et al. (33) demonstrated the importance of increasing
the metabolic steps downstream of xylulose for efficient xylose
utilization in S. cerevisiae. For this, the genes encoding the XK
(XKS1) and enzymes of the pentose phosphate pathway (TAL1
encoding the TAL transaldolase, TKL1 encoding the TKL transketolase, RKI1 encoding the ribose-5-phosphate ketol-isomerase
RKI, and RPE1 encoding the RPE ribulose 5-phosphate epimerase) were placed under the control of stronger promoters for
overexpression and chromosomally integrated. Chromosomal
integration was performed sequentially using a zeocin-resistance
marker for selection and the loxP–cre system for marker excision.
However, this work was only performed in laboratory strains.
Genome-wide transcription analysis revealed that the expression of an ORF of unknown function (YLR042c) was reduced 6.0fold in strains with improved xylose utilization compared with their
respective parental strain; deletion of this ORF improved aerobic
growth on xylose (34). Deletion of YLR042c improved ethanolic
xylose fermentation in several recombinant strains of baker’s yeast.
However, the magnitude of the effect was strain dependent (35).
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The obtained results suggested that YLR042c influences the
assimilation of carbon sources other than glucose and has a role at
the membrane level when cell damage occurs. The increased xylose
flow into the cell resulted in increased xylitol formation, rather
than increased ethanol formation. These authors concluded that
the transfer of this property to industrial strains might not be so
attractive.
Bera et al. (36) have reported industrial strains of S. cerevisiae
engineered for simultaneous xylose and arabinose utilization. The
new strains were based on the previously developed S. cerevisiae
yeast 424A(LNH-ST) with multiple copies of the XR, XDH, and
XK stably integrated in the chromosome. The new strain was constructed by overexpressing fungal genes for L-arabinose utilization
in plasmids with hygromycin resistance selection. An ethanol production, about 72.5% the theoretical yield, was achieved from
sugar mixtures containing glucose, galactose, mannose, xylose, and
arabinose. An inconvenience of this system is that the fermentation
medium contained hygromycin. Other industrial strains cofermenting xylose and arabinose were reported (37, 39). In this case,
bacterial genes for arabinose utilization were chromosomally
integrated in rDNA genes. Evolution of the genetically engineered
strains in the presence of xylose and arabinose as sole carbon
sources allowed to obtain strains with increased consumption rate
of xylose and arabinose under aerobic and anaerobic conditions
and improved anaerobic ethanol production at the expense of xylitol
and glycerol; however, arabinose was almost stoichiometrically
converted to arabitol. These improvements were attributed to
mutations in the arabinose genes, duplication of the xylose utilization genes, and increased transport capacity.
Concerning the introduction of “bacterial pathways” for xylose
utilization in industrial strains, Brat et al. (40) have described the
functional expression of the Clostridium phytofermentans XI with
high activity. The codon usage of the corresponding gene was
adapted to that of highly expressed glycolytic genes of S. cerevisiae
and chromosomally integrated into the FAA2 gene encoding the
long-chain fatty acid CoA ligase 2 using kanMX as the selection
marker and geneticin in the selection and fermentation media. This
enzyme was less inhibited by xylitol, a side product during xylose
fermentation. This study is encouraging for further improvement
of xylose fermentation in industrial yeast strains.
On the other hand, Karhumaa et al. (38) compared the performance of strains containing the bacterial and the yeast pathways,
concluding that the yeast xylose utilization pathway resulted in
faster ethanol production. However, the comparison was performed
between two laboratory strains transformed with plasmids, one
containing the Pyromyces XI gene and the other the P. stipitis XR y
XDH genes; the performance of industrial strains containing these
pathways was not compared and is difficult to predict.
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5. Final Remarks
S. cerevisiae is extensively used in the industry in baking, brewing,
winemaking, and bioethanol production from conventional
carbohydrates (starch and sucrose). The interest for producing
bioethanol and other interesting compounds from renewable
resources has grown. The process robustness of S. cerevisiae makes
this yeast a potential platform for the development of genetically
engineered yeasts for these new applications. However, this requires
the development of stable genetically engineered strains which is
not an easy task due to the peculiar characteristics of industrial
strains as aneuploidy, polyploidy, frequent chromosomal rearrangements, difficulty of using auxotrophic markers, and problematic of
using antibiotic-resistance markers at a commercial scale. Examples
of genetically engineered strains for the production of ethanol from
lignocellulosic biomass have been described; however, contrary to
baking, brewing, and wine applications, there is no knowledge
concerning the genetic stability and performance of such strains
under real process conditions.
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Part V
Plants and Plant Cells

Chapter 25
Recombinant Protein Production in Plants: Challenges
and Solutions
Elizabeth E. Hood and Deborah V. Vicuna Requesens
Abstract
In a recent presentation at the 2010 International Association for Plant Biotechnology meeting,
Dr. Richard Flavell (Ceres, Malibu, CA, USA) motivated the plant community to act quickly and with
purpose to move a multitude of traits into crop plants to improve their productivity. Current progress
toward understanding of plants is too slow and will not achieve our communal goal of doubling agricultural productivity by 2050. Major breakthroughs are necessary! Thus, high-throughput methods that
couple gene identification and phenotype observations are required to put potential products into the
hands of plant breeders to make varieties with good agronomic characteristics that will be approved by the
regulatory agencies. These first improved crops must be on the market in the next 10 years, according to
Flavell, in order to begin to meet our doubled productivity goals in 30 years. Because it takes approximately 10 years to produce a characterized variety from an identified gene and move it through product
development and regulatory approval, we must begin now. Presumably, by employing the techniques in
the following chapters, we can do that.
Key words: Plant-based products, Recombinant proteins, Protein expression, Protein accumulation,
Intellectual property, Regulatory affairs

1. Introduction
In our ever-changing and more crowded world in which the
population is predicted to be approximately ten billion by 2050,
all technologies are needed to maximize production of our food,
feed, fiber, and fuel requirements. Moreover, these technologies
and products need to come from a renewable bio-based industry
to protect the vitality of the environment. Our current dependence on nonrenewable raw materials, such as fossil oil, coal, and
natural gas, is not sustainable. Not only are the supplies being
depleted, their use contributes to climate change and pollution.
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Renewable resources are biological – they can grow and reproduce.
The basis for all those resources is of course the plant kingdom
with energy input from the sun. Thus, maximizing plant variety
(for myriad products) and productivity (for maximal biomass) is
critical to maintenance of long-term quality of life.
A host of plant-based technologies can contribute to improved
plant production to meet these challenges, including improved production practices and improved plant varieties generated through
plant breeding, tissue culture, and biotechnology. Although breeding and tissue culture are techniques that have been accepted for
many years as valid methods for crop improvement, plant biotechnology is faced with many challenges, not the least of which is
social acceptance of the products from genetic engineering.
Moreover, to allay these social fears, federal regulatory agencies
have instituted multiple layers of control and containment governing genetically engineered plant release into the environment. An
additional challenge to using plant genetic engineering or biotechnology involves the intellectual property landscape. Many useful
processes, genes, regulatory regions, and methods have been patented and require licenses in order to use them for commercial
purposes. Many academic researchers use these technologies without licenses to identify new phenotypes useful in agricultural applications. However, identifying an application or useful trait is only
the beginning of being able to apply that finding to a product that
can be used for food, feed, fiber, or fuel. Thus, whoever moves the
new concept into a product has to be focused on all the above
issues.
In this chapter, we focus on the production of protein products in plants using biotechnology that can be used for vaccines,
pharmaceuticals, and industrial products and processes. This is a
young technology with much room for significant advances. Many
of the technologies that have been developed to maximize protein
expression in plants have been developed by groups who focus on
these types of applications. Nevertheless, the technologies developed by these groups also can be applied to protein expression for
metabolic engineering of pathways or agronomic trait alterations.
Currently, thanks to the advances in molecular biology over
the past 20 years, we have the amazing ability of producing proteins of interest while crossing the species barrier. Plant molecular
farming has allowed us to produce recombinant pharmaceutical
molecules and vaccines, enzymes with industrial applications, and
other metabolites in plants. Potentially, the production of recombinant protein in plants presents us with great advantages over
other systems, linked in particular to the possibility of large-scale
production and the potential of low costs of production (1). Unlike
microorganism systems, they have the advantage of eukaryotic
posttranslational modifications, most importantly glycosylation (2).
Recombinant proteins in plants present lower risk of pathogen
contamination; high levels of expression; direct delivery of the
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product to the recipient animal, person, or industrial process; lack
of necessity for purification in many cases; and, in the case of industrial enzymes, volumes are anticipated to be very large at a low
capital investment (3).
We discuss challenges and limitations associated with expressing foreign genes in plants, intellectual property issues, and regulatory considerations. This is not intended to be a “how-to” chapter,
but to set the stage for the following chapters that address the
methods for generating new plants through biotechnology.

2. Expression
Systems
When trying to maximize the expression of a recombinant protein
in plants, several aspects must be taken into consideration. The
plant system to be used depends on the approach to generate the
transgenic plants and the tissue type chosen for regeneration. There
are three main types of plant systems: (1) biolistics or Agrobacteriummediated transformation which is used to integrate recombinant
gene sequences into the host plant’s nuclear genome; (2) the
biolistics approach used to generate transplastomic plants and
incorporate recombinant sequences into the plastid genome; and
(3) inoculation of plant tissue with recombinant plant viral vectors.
In the third case, the sequences are transiently expressed in infected
plant tissue, usually leaves (4).
Once the plant system has been chosen, many other factors need
to be considered, such as the type of tissue to be transformed, targeting of the recombinant protein, posttranslational processing, and
the potential of contamination with harmful secondary metabolites.
Nonetheless, the choice of host species and production system is
largely influenced by the production costs inherent to the recovery
of the recombinant protein. Numerous factors must be taken into
account, such as the setup costs of the transformation and plant
regeneration system and the actual time necessary for this process;
costs associated with scaling up and maintaining the transgenic
plants; biomass yield of the chosen plant; processing costs related to
extraction, purification, and characterization; costs of storage and
containment; and of course costs of deregulating the transgenic crop
and its commercialization, which are discussed in this chapter (5).

3. Strategies
to Increase
Expression
of Recombinant
Proteins

Many strategies and technical considerations are used to maximize
the production of recombinant proteins in plants. Here, we discuss
the possible approaches to obtain higher expression and higher
production.
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3.1. Molecular
Approaches
to Increase Gene
Expression
3.1.1. Transcription

3.1.2. Transcript Stability

One of the most studied approaches used to boost expression of
foreign proteins in stably transformed plants is to increase the
levels of transcription. To obtain high levels of transcription, the
most important element is the promoter used to drive the expression of the transgene. Many promoters have been tested and they
can be of plant origin, obtained from plant pathogens or synthesized. The most widely used promoter is the CaMV 35S promoter
from the cauliflower mosaic virus (6). This viral promoter is a
strong constitutive promoter and the most popular choice for
dicotyledonous plants. Even though this promoter has a lower
activity in monocotyledonous plants, it is often used to drive
expression of selectable marker genes. Alternatives, such as the
maize ubiquitin-1 promoter (7) or the Agrobacterium tumefaciens
nopaline synthase (nos) promoter (8), are usually better suited to
obtain higher expression in monocots. In order to obtain expression in a particular tissue of the plant or during a specific developmental stage, tissue-specific promoters have been developed.
Examples of this type of promoter are the maize zein, rice and
wheat glutenin, and pea legumin gene promoters (1). The advantage of this type of promoter resides in the restriction of expression
of the transgene to certain areas, increasing the stability of the protein, and avoiding the detrimental effects of accumulation of the
recombinant protein in vegetative plant tissues which can be toxic
to the host plant. It is important to understand that the same promoter can result in distinct, tissue-dependent accumulation patterns within different species and thus, in order to maximize levels
of recombinant protein in plants we must choose a promoter that
suits the specific system (9).
To ensure high-level expression of foreign proteins in plants, we
must assure stability of the message once it is transcribed. Several
strategies can be considered to increase transcript stability.
Polyadenylation sites directly affect message stability. mRNAs
contain long 3¢ untranslated regions comprising hundreds of nucleotides. They undergo cleavage and polyadenylation at polyadenylation
sites. These untranslated regions contain regulatory elements affecting mRNA stability or translation efficiency, and thus we could
choose alternate polyadenylation sites in plant transformation vectors
to affect the final expression of transgenes (9, 10). Specific sequences
from plants and plant viruses, such as the CaMV 35S terminator and
the potato proteinase inhibitor II (Pin II) terminator, can be utilized
to process messages without destabilizing them (2).
The presence of introns in a gene construct is believed to
increase accumulation of mRNA in plants, particularly grasses.
They occur naturally in eukaryotic genomic DNA and must be
spliced from a pre-mRNA before leaving the nucleus (11, 12).
The introduction of introns in recombinant DNA used for plant
transformation can enhance the stability of the RNA and in turn
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increase the level of recombinant protein produced. In monocots,
some of the introns known to stimulate expression are the maize
Adh1, Ubi1, Sh1, and actin and the rice salT, act1, and tpi genes,
among others. In dicots, examples of introns known to elevate
expression include the potato ST-LS1 gene and the Arabidopsis
UBQ3, PAT1, and EF-1α genes. An important fact is that different
introns affect expression in different ways. In plants, introns affect
mRNA accumulation posttranscriptionally. They facilitate maturation and enhance the stability of new transcripts (11). Studies indicate that introns increase mRNA accumulation by enhancing
production rather than by reducing degradation (13). When preparing a plant construct, introns must be located within transcribed
sequences to elevate mRNA accumulation. Nonetheless, when
introns are placed in the 3¢ untranslated regions, their ability to
stimulate expression is greatly reduced. When located more than
50 nucleotides downstream of the coding sequences, introns might
trigger RNA decay by allowing the stop codon to be recognized as
premature and thus negate their positive effects (14). Also, introns
are less effective at increasing expression when near the start of a
gene or when placed near the 3¢ end of a transcript (13). A noted
exception is the maize ubiquitin intron that is just downstream of
a short, noncoding exon.
Additionally, to boost transcript stability, one must be aware of
sites that promote RNA decay. RNA decay can be enhanced by
specific recognition sites that are thought to correspond to binding
sites. To improve accumulation of recombinant protein in transgenic plants, it may be necessary to ensure that these specific sites
are removed when they exist in the gene of interest (12).
3.1.3. Replication

With the more conventional plant transformation systems mentioned above, the best way to achieve high-level expression is to
couple the transgene with a suitable promoter. However, highly
expressed transgenes are susceptible to posttranscriptional gene
silencing, reducing the accumulation of the mRNAs. New methods,
such as plant viral vectors, constitute a viable alternative (15). Even
though the classical system for expressing recombinant proteins in
plants uses stable genetic transformation, this alternative method
of plant virus-based vectors achieves high expression of foreign
proteins in transient transformations (16). In viral systems, recombinant proteins are encoded from an engineered vector that offers
high-level expression by RNA-directed RNA amplification using
viral replicases. Viral genomes are small and easy to manipulate,
and the infection of plants with this type of vector is simpler and
faster than stable transformation methods (16). Nonetheless, this
system has some difficulties and presents some challenges. There is
a size limitation on the foreign protein expressed, the foreign gene
is not heritable, the genes inserted into viral genomes can sometimes
be spliced out, and there are concerns regarding the potential
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spread of the modified viruses in the environment. Ongoing
research addresses some of these issues by using the viral replication
machinery to boost expression. The potential of this type of system
to achieve high accumulation of recombinant proteins is enormous
(15, 17, 18).
3.1.4. Translation

Numerous approaches for improving recombinant protein production deal with strategies designed to boost translation. When
trying to increase the translation efficiency in a recombinant system,
codon optimization should be a priority. Different organisms have
particular codon usage. Variations exist even between monocot
and dicot plants. The nucleotide sequence of the transgene must
be then modified to optimize its codon preference to suit the host
plant without changing the amino acid sequence (19).
Along with optimizing the codons of transgenes, certain plant
and plant viral 5 nontranslated sequences, such as the tobacco
mosaic virus and the potato virus leader sequences, have been used
to boost translation initiation (19). It is necessary to modify any
sequence located immediately next to the translation start site to fit
the consensus initiation sequence, which can vary from species to
species (20). Furthermore, we should try to avoid predicted mRNA
secondary structures, since they might impede translation or result
in premature termination of transcripts (4).
An alternative strategy for boosting protein expression by
increasing translation is to construct a translational fusion between
the recombinant protein of interest and a second protein. This might
increase expression from the mRNA by stabilizing the fused protein
or improving the solubility and folding of the protein (21).

3.2. Genetics

Increasing the transgene copy number is a technique that has been
applied to boost expression of transgenes in genetically engineered
plants. One way to achieve this is to self-pollinate single-transgenic
homozygous plants or crossing high-expressing transgenic events
with each other to increase copy number and expression levels (4).
However, transgenes present in multiple copies are more likely to
be silenced. Silencing in plants occurs in two common instances:
(1) at a transcriptional level, where promoter inactivation or
methylation may occur; (2) at a posttranscriptional level, when
specific destruction of transcripts may occur due to the presence
of homologous, double-stranded RNA. Silencing is strongly correlated with the number of transgenes in vegetative tissue (20).
Several strategies have been utilized to reduce this problem.
Transgenic plants obtained by agrobacterial infection are generally
less subject to silencing than those obtained through biolistics
(22). Also, transgenic plants in which the new genes have been
inserted into the chloroplast DNA, also called transplastomic
plants, are not subject to silencing (23, 24). Additionally, the formation of antisense transcripts can be prevented by flanking the
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transgenes with matrix attachment region sequences (25). Often,
expressing a protein in seed rather than vegetative tissue could
reduce this phenomenon (26).
A second genetic approach to boost expression and generate
high protein accumulation is to make use of germplasm. Unique
germplasm, such as high oil in maize, can be used to increase yield,
influence germination, and maintain or improve transgene expression (26). Other germplasm includes transgenic lines expressing a
cytokinin-synthesizing enzyme under the control of a senescenceinducible promoter, creating two normal-size embryos (27). Such
germplasm has an increased embryo-to-endosperm ratio and is of
great benefit for recombinant proteins expressed in the embryo.
3.3. Protein
Accumulation
and Stability

Low protein yield is an important limiting factor for the production of recombinant proteins in plants. In fact, high mRNA levels
do not guarantee high levels of protein accumulation. One of the
most critical factors influencing the accumulation of heterologous
proteins is the presence of proteases in the host plant. They degrade
incorrectly folded or abnormal proteins. Several techniques have
been developed to avoid or reduce the effect of proteases on the
stability of recombinant proteins and they include expressing
proteins in specific organelles, directing expression to a tissue or at
a particular time, coexpression with protease inhibitors, or use of
protein fusions (4).
Recombinant proteins can be targeted to several subcellular
compartments in the plant cell, including the mitochondria, the
chloroplast, and the secretory pathway. Without a signal sequence
added to the transgene, the recombinant protein accumulates in
the cytoplasm, where it could be exposed to proteases. Several
signal sequences have been identified and used that can target the
recombinant protein to membrane-bound organelles, where
the effect of proteolytic degradation can be minimized. Sequences,
like KDEL (Lys-Asp-Glu-Leu) and HDEL (His-Asp-Glu-Leu),
are used to retain the protein in the endoplasmic reticulum (ER),
where few proteases are found and a protective environment for
the recombinant protein is provided. Also, the presence of chaperone proteins in the ER provides help to fold and assemble foreign
proteins (20, 28). An additional benefit of targeting foreign proteins to the ER is the ability to obtain posttranslational modifications of recombinant proteins, especially glycosylation (1).
Alternatively, when seeds are the target organ, protein storage
vacuoles (PSVs) are a suitable subcellular compartment (29). They
are specific to plants and are the main storage site for accumulation
of protein in seeds.
Although subcellular location is important, the tissue where
proteins are accumulated can play an essential role as well. Not
only does it influence the accumulation and stability due to inherent
conditions of the specific tissue, but also the product application
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planned for the recombinant protein can be crucial when choosing
the tissue. Proteins can be expressed in seeds or tubers or specifically in an edible tissue in the case of oral vaccines (30).
Accumulation of proteins can equally be enhanced by restricting the expression to a certain time or inducing with a certain
treatment. The use of inducible promoters can limit the negative
effects of foreign proteins on the plant host and can increase accumulation by focusing on a restricted time frame.
Diverse strategies have been developed to increase and maximize the yield of recombinant proteins in transgenic plants. These
include choosing strong promoters, dealing with copy numbers,
improving transcript stability and translational efficiency by optimizing the transgene sequence, and generally increasing protein
accumulation by directing expression to a specific target tissue or
utilizing the benefit of certain germplasm. Advances in these areas
are required in the future to optimize the expression of recombinant proteins, and perhaps the combination of several of these
strategies to increase the expression of a single protein results in
better yields.

4. Intellectual
Property
Wow! You have a new rice plant that exhibits 50% increased growth
with a single gene added through genetic engineering. You want
to file a patent on this phenomenon because this will really be of
interest to the big agricultural companies, you believe. What
should you do?
Navigating the intellectual property (IP) landscape is daunting
to many small companies and academic crop developers. Publishing
papers in which new phenotypes are observed can be done without
being too concerned with IP and freedom to utilize the methods
and DNAs that are patented by others. However, IP is such an
important piece of the commercialization process that the topic
cannot be ignored long term. Once commercialization is the goal,
IP issues often control the path forward.
What are the mechanisms of protecting your plant-produced
products? A number of mechanisms are available. Filing patents is
only one form of protection, and is the most expensive and time
consuming. So, why file a patent rather than a plant variety protection (PVP) application, publication, or keeping a trade secret?
Patents are the most comprehensive form of technology protection
to prevent others from infringing on your ability to earn money
from your invention (31). A trade secret is only protective until
and unless someone reveals it to the public. At that time, it is no
longer protected. Once it is revealed, in the USA, the inventor has
1 year from disclosure to file a patent application. However, in
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most other countries, a public disclosure negates the ability to file
a patent on the technology.
In an academic setting, filing patents is often handled by a
research office, a research foundation, or a technology transfer
office. First, you would file an invention disclosure – a paper that
describes why your invention is important and why the university
should be interested. You have to think about why this might be
important to some entity to produce the products or services your
invention enables. How much might someone be enticed to pay
for a licensing fee? It is often necessary to enlist the help of a
marketing person to figure out how much the invention might be
worth. Who will benefit from the invention? In the rice case, does
the gene work in other plants? If so, which ones? Inventions with
broad applicability generally have the greatest value.
In a small company, a patent filing is usually handled by a patent
attorney on an ad hoc basis. However, the same questions apply to
determine the value of the patent.
PVP prevents reproduction of a new variety that has key
characteristics similar to your variety. However, your germplasm or
variety can be used to create a new variety as long as the new variety
does not exhibit the essential characteristics that are present in your
variety (31). The PVP is a great vehicle to protect a biotechnologyderived plant that expresses your protein of interest in a particular
way, even if a patent has not been filed.
Publication is a way to prevent others from patenting your
work. A publication is considered a public disclosure of information
and could then be used against the issuance of a patent on similar
work. The public disclosure in this instance is termed “prior art” in
the context of filing a patent. When the patent office reviews
patent applications, they look in the literature, the database of
patents that are published, and any other sources to determine if
your idea might have been derived from prior work. Any prior art
identified by the patent examiner is then cited as a reason for not
to patent your invention. The burden is on the inventor to “prove”
to the patent examiner that the invention is novel, not obvious,
and has value.
What is freedom to operate (FTO) and why do you need it?
FTO means that you have obtained licenses (i.e., permission) to
use patented technology. Alternatively, one can use technology
that is in the “public domain,” meaning published or nonpatented
technology. Determining FTO is a mine field and is often a moving
target. This is done through searching of published literature and
patents, examining the relevant finds, and figuring out if there is a
reason to license a particular technology. In an active field, such as
plant biotechnology, it is important to engage the services of an
attorney who has related experience to the field. This person would
know the most common relevant patents and the best questions to
ask about uses and types of technology. Sometimes, the best way to
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attain FTO is to choose a different genetic regulatory element that
works as well as the original one in your gene expression cassette.
Nevertheless, a blocking technology may be the only way to do a
particular experiment. In this latter case, a license is in order from
the assignee/owner of the patent. Licenses can be structured in
many ways, including, for example, an agreement that allows a
small company to only pay if an income is obtained – i.e., pay a
royalty on revenues earned. In this way, large up-front fees may be
avoided. Whatever the case, knowing the competition prevents
downstream heartache and headache.
Suppose you now have your filed patents and your FTO in
place. You are ready to commercialize your product. But you receive
a letter from a large biotechnology company claiming that it
invented your technology first – that it deserves the patent! How do
you ensure that you have supportive information for your patent
challenges? The best way to ensure that you were the first to invent
is through your laboratory notebooks. Keeping an accurate, detailed
laboratory notebook is the most frustrating part of research for
many people. However, it is the one best document to stand up to
legal scrutiny. The important features of a laboratory notebook are
(1) that it is bound with numbered pages so that they cannot be
added or taken out; (2) that each page is dated and signed by the
scientist and a witness; and (3) that any added data, such as photos
or printouts, are permanently affixed to the page and signed across
the edge. An accurate and complete notebook also makes for easy
writing of patent applications because the data are easy to find.
A well-kept notebook with proper signatures and dates can
corroborate date of conception of an idea and who was involved
(inventors), provide proof of reduction to practice, and demonstrate diligence in moving the idea through to a patent. Moreover,
the information must be complete and clear to a fellow scientist
so that he/she could repeat the experiments and obtain similar
results.
This discussion is meant to be a guide to thinking about
different aspects of IP so that the scientist can think about what
questions to ask a patent attorney. The authors are not attorneys,
nor are they competent to offer legal advice. However, the issues
discussed apply to any biotechnology-derived plant and can affect
one’s ability to reach commercialization.

5. Regulatory
Issues
Do you want to commercialize a biotechnology product? If so,
regulatory affairs are important. The regulatory barriers that face
crop developers in commercializing biotechnology-derived crops
are numerous. First, the regulatory framework is complex and
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difficult to understand. A road map does not exist that would direct
a developer in the process for achieving nonregulated status from
the Animal and Plant Health Inspection Service (APHIS), achieving registration at the Environmental Protection Agency (EPA), or
for voluntary consultation with the Food and Drug Administration
(FDA). Collecting relevant and comprehensive data sets with the
proper controls while also controlling associated costs is challenging. Standards of data collection and analysis are not set. Normal
ranges to establish “substantial equivalence” (32) to which the
transgenic crop is to be compared are accepted for commodity
crops, but few if any specialty crops.
It is desirable to address these barriers and take advantage of
the benefits of biotechnology along with the contributions of other
technologies in agriculture. Providing food, feed, fiber, and fuels
for the growing human population requires all technologies available to us. A new paradigm is needed for data collection and coordination to simplify and standardize the petition process for federal
agencies – fulfilling data needs for crop assessment while ensuring
safety of the product.
What is needed to achieve nonregulated status of
biotechnology-derived crops? A petition must be submitted to the
US Department of Agriculture (USDA) to be reviewed and assessed
for safety of the product. Determining the data necessary to complete a petition can be confusing and daunting. The data to be
collected include safety of the inserted gene product, molecular
characterization, composition, allergenicity, toxicity, as well as field
performance to assess disease resistance, yield, and insect resistance
among others. Environmental assessments and/or impact are also
required, the depth of which depends on the product.
New technologies are being developed that can be of use to
the regulatory process. For example, meta-analysis, a common
technique used to assess multiple clinical study data, can be used to
assess diverse studies of transgenic plant characteristics. Comparison
of multiple data sets may show that certain data are not necessary
to collect because they never vary for a particular type of transgenic
plant. Metagenomics, on the other hand, can be used to assess the
impact of transgenic plants on mixed populations of organisms.
Next-generation sequencing has been applied to a number of
complex populations to understand changes in those populations
during a change in the milieu (33–35).
Data and text mining may also become tools for understanding
plant normality and complexity.
The Specialty Crop Regulatory Assistance (SCRA) program
was formed in response to a workshop sponsored by the USDA
that brought together scientists from across the nation to discuss
the issues of facilitating the deregulation process specifically
for small market specialty crops (http://www.specialtycropassistance.org/). However, the goal of this organization also includes
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standardization of the application process and data collection. The
SCRA is working with consultants and data collection organizations to establish a pipeline of transgenic plant products.
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Chapter 26
A Novel Plant Cell Bioproduction Platform for High-Yield
Secretion of Recombinant Proteins
Jianfeng Xu and Marcia J. Kieliszewski
Abstract
Plant cell suspension culture integrates the merits of whole-plant systems with those of microbial fermentation
and mammalian cell culture, and has been recognized as a promising alternative biosynthetic platform for
valuable proteins. However, the low protein productivity dilemma has been the bottleneck toward
commercializing this technology. Here, we describe a new technology, termed hydroxyproline (Hyp)-Glyco
technology, that dramatically increases the yield of secreted recombinant proteins from cultured plant cells
by expressing them as fusions with a novel glycomodule tag comprising an Hyp-rich repetitive peptide
(HypRP) backbone that is subsequently glycosylated through the Hyp residues. The extensive glycosylation of the HypRP tags greatly extends the serum half-life of small therapeutic proteins, such as interferon
a2b or human growth hormone, without significantly impairing their bioactivities and the tag greatly
enhances solubility.
Key words: Plant cell culture, Recombinant protein, Secreted protein, Hydroxyproline-Oglycosylation, Enhanced green fluorescence protein, Interferon a2

1. Introduction
Plant-based “molecular farming” is emerging as a promising
approach for the production of valuable recombinant proteins with
significant advantages in cost and safety over other eukaryotic
expression systems (1–4). Additional benefits gained using plant
cell suspension cultures include a sterile, controlled, and contained
environment, hence no issues with pathogen and herbicide contaminants and the environmental concerns linked to whole-plant
systems (5, 6). Thus, good manufacturing practice (GMP) procedures can be readily implemented throughout the production
pipeline, alleviating a number of regulatory concerns regarding
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Fig. 1. Schematics of Hyp-Glyco technology. A recombinant protein is expressed as fusion with an HypRP tag comprising
tandem Ser-Pro repeats. A typical Hyp-arabinogalactan polysaccharide (Hyp-glycan) consists of galactose, arabinose,
rhamnose, and glucuronic acid.

plant-made pharmaceuticals. In addition, the procedures for protein
purification are also simpler for cell cultures than for whole plants,
especially when the product is secreted into the culture medium.
However, low protein productivity remains a major obstacle that
limits extensive commercialization of plant cell bioproduction
platform (5).
We developed a novel technology, named hydroxyproline
(Hyp)-Glyco technology, which significantly facilitated the secretion
of the expressed proteins from plant cells, increasing the secreted
protein yields as much as 1,500-fold (7, 8). The Hyp-Glyco technology involves the expression of recombinant proteins as fusions
with a novel Hyp-rich repetitive peptide (HypRP) tag that directs
extensive Hyp-O-glycosylation, a posttranslational modification
consisting of proline hydroxylation, and subsequent Hyp-Oglycosylation, a modification that is unique to plants and green
algae (9–15) (Fig. 1).
Hyp-O-glycosylation takes two forms in plants and is directed
by the arrangement of Hyp residues. Thus, blocks of contiguous
Hyp, such as the canonical Ser-Hyp4 repeat that typifies network
forming hydroxyproline-rich glycoproteins, are highly arabinosylated with small (1–5 residues) linear chains of L-arabinose. In
contrast, clustered, noncontiguous Hyp residues, like the X-HypX-Hyp repeats that typify the hydroxyproline-rich glycoproteins in
many plant gums and exudates, are preferred sites of large (15–
150 residues), acidic, and highly branched heteropolysaccharides
designated arabinogalactan polysaccharides (Hyp-glycans) (11, 15).
Most commonly, the HypRP tags we exploit are those that direct
arabinogalactan polysaccharide addition to Hyp: tandem repeats
of “Ser-Hyp” or “Ala-Hyp” (10, 15). Here, we describe the
expression in tobacco cells of a reporter protein and a therapeutic
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protein as fusions with an “Ser-Hyp”-based HypRP tag, specifically
the enhanced green fluorescence protein (EGFP) and interferon
a2b (IFNa2). In both cases, high-secreted protein yields were
detected. Furthermore, the HypRP tags favorably impacted the
stability and pharmacokinetic behavior of IFNa2.

2. Materials
2.1. Plasmid
Construction

1. cDNAs: The EGFP gene isolated from plasmid pEGFP
(Clontech); the IFNa2 gene isolated from plasmid pGL2BINF
(ATCC No. 53371); the tobacco extension signal sequence,
SStob, described earlier (16).
2. Cloning vector: pUC18.
3. Binary vector: pBI121 containing the CaMV35S promoter
(Clontech) (see Note 1).
4. DNA Miniprep Kit.
5. DNA gel extraction kit.
6. QuickChange Mutagenesis kit (Stratagene).
7. MicroSpin® S-200 HR columns (GE Healthcare).
8. PCR thermal cycler.
9. PCR 2× Master Mix (New England BioLabs).
10. Thin-wall PCR tubes.
11. Luria-Bertani (LB) medium. Add 1.5% (w/v) agar for solid
medium.
12. Custom-synthesized
Technologies).

oligonucleotides

(Integrated

DNA

13. Restriction enzymes: NcoI, XmaI, BsrGI, BamHI, and SacI.
14. T4 DNA Ligase: 2–3 U/mL (Promega).
15. Antibiotics: Kanamycin and ampicillin.
16. 1% agarose gel containing ethidium bromide (0.5 mg/mL).
17. Electrophoresis apparatus.
18. Microcentrifuge.
19. TAE buffer 10× stock: 40 mM Tris–HCl, 1 mM EDTA, pH
8.0, 11.42 mL/L glacial acetic acid.
2.2. Stable
Transformation
of Tobacco Bright
Yellow-2 Cells and Cell
Suspension Culture

1. Tobacco Bright Yellow-2 (BY-2) cells.
2. Agrobacterium tumefaciens strain LBA4404.
3. LB-S medium:
streptomycin.

LB

medium

containing

100

mg/L
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4. LB-SK medium: LB medium containing 100 mg/L streptomycin
and 50 mg/L kanamycin; add 1.5% (w/v) agar for making
LB-SK plates.
5. Antibiotics: Streptomycin, kanamycin, timentin (Phytotechnology
Laboratories) (see Note 2). All of these antibiotics are filter
sterilized and added to the plant cell culture medium as
needed.
6. CaCl2 solution: 20 mM CaCl2.
7. NT medium: Murashige and Skoog (MS) basal salt (17),
30 mg/L sucrose, 6% (w/v) KH2PO4, 100 mg/L myo-inositol,
1.0 mg/L thiamine-HCl, 0.2 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D). The medium pH is adjusted to 5.2 before
autoclaving; for solid medium, add 2 g/L Phytagel (Sigma)
before autoclaving.
8. Schenk-Hildebrandt (SH) medium: SH basal medium (18),
34 g/L sucrose, 2.1 mg/L p-chlorophenoxy acetic acid,
0.44 mg/L 2,4-D, 0.1 mg/L kinetin, pH 5.8; add 2 g/L
Phytagel for solid medium.
9. NTK medium: NT medium, 200 mg/L kanamycin.
10. NTTK medium: NT medium, 400 mg/L timentin, 200 mg/L
kanamycin.
11. SHK medium: SH medium, 200 mg/L kanamycin.
12. Erlenmeyer flasks (250 and 500 mL).
13. Petri dishes (100 × 15 mm).
14. Wide-mouth pipette (10 mL).
15. 37°C water bath.
16. Gyrotary shakers.
17. Spectrophotometer.
18. Centrifuge equipped with a swinging-bucket rotor that can
hold 50-mL conical centrifuge tubes.
19. Laminar flow hood.
2.3. SDSPolyacrylamide Gel
Electrophoresis,
Western Blot,
and ELISA

1. Nitrocellulose membrane.
2. SDS-polyacrylamide gel electrophoresis (PAGE) running buffer (5×): 125 mM Tris–HCl, pH 6.8, 960 mM glycine, 0.5%
(w/v) SDS. Store at room temperature.
3. Protein loading buffer (3×): 187.5 mM Tris–HCl, pH 6.8, 6%
(w/v) SDS, 30% glycerol, 0.03% (w/v) bromophenol blue,
125 mM dithiothreitol (DTT).
4. Vertical mini gel electrophoresis apparatus (Bio-Rad).
5. Mini Trans-Blot electrophoretic transfer cell (Bio-Rad).
6. Polyacrylamide gel: Precast 4–15% and 12% Tris–HCl gel
(Bio-Rad).
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7. Transfer buffer: 20 mM Tris–HCl, pH 8.5, 150 mM glycine,
20% methanol.
8. Antibodies: Rabbit Anti-EGFP antibody (Open BioSystems);
rabbit anti-IFNa2 antibody (Fitzgerald); goat anti-rabbit IgG
alkaline phosphatase conjugate (Sigma).
9. 5-bromo-4-chloro-3¢-indolyphosphate p-toluidine salt (BCIP)
and nitro-blue tetrazolium chloride (NBT) substrate (Sigma)
(see Note 3).
10. Tris-buffered saline with Tween (TBS-T) buffer (10×): 1.5 M
NaCl, 20 mM KCl, 250 mM Tris–HCl, pH 7.4, 1% Tween-20.
11. Blocking buffer: 5% (w/v) BSA in TBS-T buffer.
12. Prestained molecular weight markers.
13. EGFP ELISA assay kit (Open Biosystems), IFNa2 ELISA
assay kit (PBL InterferonSource).
14. Fluorometer: ModulusTM system (Turner Biosystems).
15. EGFP standard (BioVision), IFNa2 standard (Fitzgerald).
2.4. Recovery and
Purification of Fusion
Glycoproteins

1. Chromatographic column (16 × 700 mm) packed with PhenylSepharose 6 Fast Flow resin (GE Healthcare).
2. Gilson 305 HPLC Piston Pump.
3. Spectra/Chrom
Laboratories).

model

280UV

detector

(Spectrum

4. Gilson FC 204 Fraction Collector.
5. Amicon stirred cell, 200 mL (Millipore).
6. Centricon YM10 membrane (Millipore).
7. Starting buffer: 20 mM PBS, pH 7.2, 2.0 M NaCl.
8. Washing buffer: 20 mM PBS, pH 7.2, 1.0 M NaCl.
9. Elution buffer: 20 mM PBS, pH 7.2, 0.2 M NaCl.
10. HPLC system: Agilent 1100 HPLC.
11. Hamilton polymeric reversed phase-1 (PRP-1) analytical column (4.1 × 150 mm, Hamilton).
12. HPLC solution A: 0.1% trifluoroacetic acid, solution B: 0.1%
trifluoroacetic acid, 80% aqueous acetonitrile.

3. Methods
“Designer” HypRP tags comprising repeats of the dipeptide
(Ser-Hyp) determines the number of glycans attached to the
HypRP tag in the fusion protein, with each Hyp residue being
glycosylated. Two different sizes of the arabinogalactosylated
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Ser-Hyp-based HypRP tag are exploited: one with ten repeats of
the “Ser-Hyp” motif, designated (SO)10 (O denotes Hyp), and the
other with 20 repeats, designated (SO)20 to produce the fusion
glycoproteins EGFP-(SO)10, IFNa2-(SO)10, and IFNa2-(SO)20
(see Note 4). Each Hyp (O) residue in the (SO)10 and (SO)20 tags
is glycosylated with one Hyp-glycan; thus, 10 and 20 Hyp-glycans
are linked to (SO)10 and (SO)20 tag, respectively. The methods
described here outline (1) construction of the plasmids for
Agrobacterium-mediated plant cell transformation; (2) generation
of transgenic tobacco BY-2 cells expressing three fusion glycoproteins; and (3) how to purify and characterize the fusion proteins.
Please note that while (SO)10 and (SO)20 refer to the protein
sequence of the tags expressed in plant cells, italicized (SP)10 and
(SP)20 (P denotes Pro) refers to the name of genes/DNA sequence
encoding these two peptide motifs. Hydroxylation of Pro to Hyp,
presumably in the endoplasmic reticulum (ER), is a posttranslational modification; hence, there is no codon for Hyp.
3.1. Plasmid
Construction

3.1.1. Construction
of the (SP)10 Synthetic
Gene Fragment

The EGFP-(SP)10, IFNa2-(SP)10, and IFNa2-(SP)20 fusion genes
preceded by DNA encoding a tobacco extensin signal peptide SStob
(16) are constructed first in a small cloning vector pUC18. The
(SP)10 fragment is created directly from two custom-synthesized oligonucleotides (Fig. 2). The (SP)20 fragment is generated by splicing two (SP)10 sequences using typical molecular cloning methods.
After the final constructs are made, the DNA sequences should be
confirmed by DNA sequencing, and then subcloned into the binary
vector pBI121 containing the NPT II gene for selection (kanamycinresistant cell colonies).
1. Design two partially overlapping oligonucleotides (both
sense and antisense sequences) encoding (SP)10 peptide (Fig. 2)
(see Note 5). Incorporate restriction sites, NcoI and BrsGI, at
the 5¢- and 3¢-ends of the fragment, respectively, for subcloning
purpose. Incorporate additional three to four nucleotide bases
at 5¢- and 3¢-ends of the DNA sequence to facilitate restriction
enzyme digestion.
2. After receiving the custom-synthesized oligonucleotides,
dissolve them in nuclease-free water to a concentration of
0.1 nmol/mL.
3. Transfer 0.5 mL of each of the oligonucleotide solutions to a
PCR tube. Add 12.5 mL of PCR Master Mix (2×) and 12 mL
of nuclease-free water to bring the final volume to 25 mL.
4. Place the PCR tube in a PCR thermal cycler. Set up one
thermal cycle program as follows: 95°C for 5 min; 55°C for
1 min; 72°C for 30 min. These conditions are suitable to make
the double-stranded (SP)10 fragment (see Note 6).
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Fig. 2. Schematics of construction of synthetic (SP)10 fragment (top) and plant expression vector pBI121 containing EGFP
or IFNa2 fusion gene under the control of the CaMV35S promoter (bottom). CaMV35S 35S cauliflower mosaic virus
promoter, SStob signal sequence of tobacco extensin for ER targeting, (SP)n Ser-Pro repeats, n = 10, 20, PNOS nopaline synthase promoter, NPT II neomycin phosphotransferase II gene conferring resistance to kanamycin, 3¢NOS nopaline synthase terminator.

5. Change the buffer with a MicroSpin® S-200 HR column or
other PCR cleaning kits before subject to restriction digestion
with NcoI and BsrGI. The (SP)10 fragment is now ready for
subcloning.
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3.1.2. Cloning

The construction of the SStob-EGFP-(SP)10, SStob-IFNa2-(SP)10, and
SStob-IFNa2-(SP)20 fusion genes in pUC18 is based on the plasmid
pUC-SStob-EGFP generated earlier in the Kieliszewski Laboratory
(15). Standard molecular cloning procedures are followed, which
are not described in detail here due to space limitations. Briefly, the
(SP)10 fragment created above is inserted as an NcoI and BsrGI
fragment immediately at 3¢ of the EGFP gene in pUC-SStob-EGFP
generating the plasmid pUC-SStob-EGFP-(SP)10. The IFNa2 gene is
amplified by PCR from plasmid pGL2BINF, and then subcloned as
an Xmal and NcoI fragment into pUC-SStob-EGFP-(SP)10 replacing
EGFP and generating pUC-SStob-IFNa2-(SP)10. The IFNa2-(SP)10
fusion is then amplified by PCR and subcloned into pUC-SStobIFNa2-(SP)10 at the XmaI and NcoI sites, replacing the IFNa2
fragment only, to generate pUC-SStob-IFNa2-(SP)10 -(SP)10 or
pUC-SStob-IFNa2-(SP)20 (7). The extra nucleotides introduced
into these plasmids for cloning purpose can be removed by sitedirected mutagenesis using the QuickChange Mutagenesis kit. All
the constructs are then subcloned into the plant expression binary
vector pBI121 as BamHI-SacI fragments (Fig. 2).

3.2. Generation
of Transformed
Tobacco BY-2 Cells
and Cell Suspension
Culture

Plant expression pBI121 vectors are then transformed into A.
tumefaciens strain LBA4404 by the freeze–thaw method. The stable nuclear transformation of tobacco BY-2 cells is then carried out
by the Agrobacterium-mediated method (19). After the transformed cells are obtained, elite cell lines that grow fast and secret
high yields of recombinant proteins into culture medium are
screened by dot blot assays.

3.2.1. Transformation
of A. tumefaciens with
Binary Vector

In the following procedures, competent A. tumefaciens cells are
made first and then transformed with the pBI121 vector.
1. Grow A. tumefaciens in 5 mL of LB-S medium (see Note 7) at
28°C overnight.
2. Add 2 mL of the overnight culture to 50 mL of LB-S medium
in a 250-mL flask and shake vigorously (250 rpm) at 28°C
until the culture grows to an absorbance (at 600 nm) of
0.5–1.0.
3. Chill the culture on ice, and then centrifuge the cell suspension
at 3,000 × g at 4°C for 5 min. Decant the supernatant.
4. Resuspend the cells in 1 mL of ice-cold CaCl2 solution.
Dispense 0.1-mL aliquots into prechilled Eppendorf tubes.
Freeze immediately in liquid nitrogen and store the Eppendorf
tubes in a −80°C freezer. This makes the competent A. tumefaciens cells.
5. Add ~1 mg of pBI121 plasmid into one Eppendorf tube containing the frozen competent cells. Thaw the cells quickly by
holding in fingers, and mix the DNA with the cells by gently
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tapping the tube. Freeze the mixture immediately in liquid
nitrogen.
6. Thaw the cells by incubating the tube in a 37°C water bath for
5 min.
7. Add 1 mL of LB medium to the tube and incubate at 28°C for
2–4 h with shaking.
8. Centrifuge the tube at full speed in a microcentrifuge for 30 s.
Decant the supernatant and resuspend the cell pellets in 0.1 mL
LB medium.
9. Spread the cells onto an LB-SK plate. Incubate the plate at
28°C. Transformed A. tumefaciens should grow within
2–3 days.
3.2.2. Stable
Transformation of Tobacco
BY-2 Cells

All the procedures involving the BY-2 cells should be carried out in
a laminar flow hood.
1. At 3–4 days before transformation, subculture a 1-week-old,
wild-type BY-2 cell in 500-mL Erlenmeyer flasks containing
200 mL NT medium. Culture the cells in the dark at room
temperature (24–26°C) on a gyratory shaker at 90–100 rpm
(see Note 8).
2. At 3–4 days before transformation, streak the A. tumefaciens
line LBA4404 now transformed with the pBI121-based plasmid on an LB-SK plate. Incubate at 28°C for 24–48 h in an
incubator.
3. At 2 days before BY-2 cell transformation, pick a single colony
of the transformed A. tumefaciens from the LB-SK plate and
culture in 5 mL of LB-SK medium at 28°C for 24 h on a shaker
at 250 rpm.
4. Measure the absorbance of the transformed A. tumefaciens
culture at 600 nm using a spectrophotometer. The optimum
absorbance is between 0.5 and 0.6 (see Note 9).
5. Let the cells of the 3–4 days’ BY-2 culture settle to the bottom
of the tube for 5–10 min and then decant 1/2 to 2/3 vol. of
the spent media. This concentrates the suspension cells (see
Note 10). Transfer 4 mL of the suspension cells into each Petri
dish (100 × 15 mm) with a wide-mouth 10-mL pipette.
6. Add 10–20 mL of A. tumefaciens to each Petri dish containing
BY-2. Mix the bacteria and cells by swirling the Petri dish gently. Wrap each Petri dish with parafilm and incubate the
cocultures at 28°C in the dark for 2–3 days (see Note 11).
7. Wash the cells in a sterile, disposable 50-mL conical centrifuge
tube as follows: (a) Transfer the cells from each Petri dish
transformation to a centrifuge tube (one tube per Petri dish of
cells) and bring the total volume of the suspension to 45 mL
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Fig. 3. Stable transformation of BY-2 cells and establishment of cell suspension culture. The cocultured cells are selected
on NTTK plate (first panel from left ). Transformed cell colonies (bumps) appear in 3–4 weeks (second panel ). Individual cell
colonies are picked up and transferred onto new NTTK plate; each individual colony grows to be a mass of calli (third
panel ). Individual callus is then transformed into liquid culture (fourth panel ).

using NT medium. (b) Shake or invert the tubes to mix.
(c) Centrifuge at 200 × g (or 3,000 rpm) using a swingingbucket rotor for 5 min. (d) Discard the supernatant and resuspend the cell pellet with 45 mL of NT medium. Repeat the
steps (b)–(d) twice more for a total of three washes. The last
wash is carried out with NTT medium. DO NOT resuspend
the cell pellet after the last wash.
8. Spread the pelleted cells onto NTTK plates (100 × 15 mm)
with a disinfected spatula. Wrap the plates in parafilm and culture at room temperature (23–25°C) in the dark. In 3–4 weeks,
transformed calli appear as “bumps” (Fig. 3). These are masses
of rapidly growing transformed cells in contrast to the background “lawn” of nongrowing or slow-growing cells. Each
individual mass of cells (cell colony) is considered a line.
9. Pick up 30–40 individual colonies and transfer them onto fresh
NTTK plates (Fig. 3). Subculture the colonies every 3–4 weeks
for at least two generations before transferring the calli into
liquid cultures. This prolonged treatment with timentin in
NTTK plates removes all the A. tumefaciens. If no A. tumefaciens growth is present in the cells, NTK media (without timentin) can be used for subsequent subcultures (see Note 12).
3.2.3. Cell Suspension
Culture for Secreting
Recombinant Fusion
Glycoproteins

After several transformed cell colonies are obtained for each construct, they are screened in liquid culture for elite cell lines that
grow fast and secret high yields of recombinant protein into culture medium (see Note 13). The procedures for cell suspension
cultures and cell line screening using dot blot assays are presented
below.
1. Transfer 20–25 individual colonies (calli) into 60 mL of SHK
medium contained in 250-mL Erlenmeyer flasks (see Note
14). Culture the cells under light at room temperature
(24–26°C) on a gyratory shaker at 90–100 rpm.
2. After 2–3 weeks, take small volumes (0.5–1 mL) of culture
medium from each flask in the laminar flow hood. These samples
are screened for target protein with dot blot assay (see Note 15).
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3. Heat the medium samples at 95°C for 10 min to deactivate the
endogenous alkaline phosphatase.
4. Blot 1.0 mL each of the samples (including the medium from
wild-type BY-2 cell culture) and 10 ng of protein standard
onto a nitrocellulose membrane.
5. Proceed to antibody binding, membrane washing, and color
development with the same procedure as the western blot
shown below in Subheading 3.3.1.
6. After the dots are visible on the membrane, identify three to
four cell cultures that result in the dots with the highest density. Maintain these cell lines and discard the rest of cell
cultures.
7. Subculture the chosen cell lines every 8–10 days by mixing
cell suspensions with fresh SHK medium at a 1:5 ratio (v/v).
The cell suspensions can be maintained for several years
(see Note 16).
3.3. Characterization
of the Fusion
Glycoproteins

3.3.1. SDS-PAGE
and Western Blotting

One of the distinctive features of the Hyp-Glyco technology is the
reliable high-yield secretion of recombinant proteins into culture
medium. The cell culture media can be used directly for Western
blots and ELISA assays to identify the secreted fusion glycoproteins and quantify their yields. Secreted proteins are particularly
attractive for downstream protein purification because they circumvent several operations during the purification process that
arise when cell must be disrupted and the product isolated from
the intracellular debris. Additional advantage of purifying proteins
from plant cell cultures resides in the simplicity of the starting
medium which lacks proteins and other contaminants that complicate purification of the secreted product.
1. Collect the cell culture media by filtration on a coarse, sintered
funnel and spin down to remove all particulate matter. The cell
culture media can be used directly for a Western blot assay.
2. Combine 10 mL of medium with 5 mL of protein loading buffer
(3×) and boil for 5 min.
3. Load 15 mL of each sample on a Tris–HCl gel. Include one
well for prestained molecular weight markers.
4. Run the samples at 150 V on a vertical mini gel electrophoresis
apparatus following manufacturer’s procedures.
5. Transfer the protein to a nitrocellulose membrane at 100 V
and 350 mA for 1 h using a Mini Trans-Blot electrophoretic
transfer cell following manufacturer’s procedures.
6. Block the membrane in blocking buffer for 1 h.
7. Incubate the membrane in TBS-T buffer containing primary
anti-EGFP antibody or anti-IFNa2 antibody for 1 h (see Note
17). Wash three times with TBS-T buffer.
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Fig. 4. Western blotting detection of recombinant EGFP-(SO)10, IFNa2-(SO)10, and IFNa2(SO) 20 secreted into cell culture media using anti-EGFP and anti-IFN a2 antibodies.
N: nontransformed BY-2 cell culture medium; 1, 2, and 3: EGFP-(SO)10 cell culture media;
4: IFNa2-(SO)10 cell culture medium; 5: IFNa2-(SO)20 cell culture medium; C1: EGFP standard; C2: IFNa2 standard. EGFP and its fusion glycoproteins are separated on a 12%
Tris–HCl gel; IFNa2 and its fusion glycoproteins are separated on a 4–15% Tris–HCl gel.
The fusion glycoproteins are migrated as broad bands, probably resulting from microheterogeneity in the glycans and inefficient SDS binding by glycoproteins.

8. Incubate the membrane in TBS-T buffer containing secondary
antibody goat anti-rabbit IgG conjugated with alkaline
phosphatase (1:1,000 dilution). Wash three times with TBS-T
buffer.
9. Detect the target proteins by adding BCIP/NBT substrate
until the reactive bands are visible (see Note 3). Decant the
substrate and wash the membrane with distilled water.
10. Dry the membrane in the air.
Western blot assays indicate that the molecular sizes of
EGFP and IFNa2 are significantly increased when fused with the
(SO)10 or (SO)20 tag (Fig. 4).
3.3.2. Quantification
of Secreted EGFP
and IFNa2 Yields

The secreted EGFP and IFNa2 yields are determined by sandwich
ELISAs with an EGFP and an IFNa2 ELISA kit, respectively,
following manufacturer’s procedures. The culture media harvested
from 10- to 12-day cultures can be used directly for ELISA assay.
The highest secreted yields of EGFP-(SO)10 that we measured were
55 mg/L EGFP equivalents, in contrast to 0.5 mg/L of EGFP
equivalents determined when the protein was expressed without an
(SO)10 tag. The secreted yields of IFNa2-(SO)10 and IFNa2(SO)20 were 30 and 28 mg/L of IFNa2 equivalents (7), respectively, in contrast to 0.02 mg/L of IFNa2 equivalents obtained
when the protein was expressed without the (SO)10 or 20 fusion.
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The secreted fusion glycoproteins can be recovered easily with a
hydrophobic-interaction chromatography (HIC) when the therapeutic protein portion of the fusion has hydrophobic regions (see
Note 18). This allows separation of the fusion glycoprotein from
the hydrophilic endogenous Hyp-containing glycoproteins also
made by BY-2 cells during growth. Final purification of protein can
often be achieved using reverse-phased (RP) HPLC.
1. Harvest the cell culture medium (1 L) after 8–10 day of culture by filtration on a coarse, sintered funnel. Add NaCl to the
harvested medium to a final concentration of 2 M and sit the
medium at 4°C for 3 h or longer up to overnight.
2. Centrifuge the salt-adjusted medium at 25,000 × g for 20 min
at 4°C to remove any insoluble materials, like pectins (see
Note 19).
3. Equilibrate the HIC column with at least 10-column volumes
of starting buffer, monitoring the effluent absorbance at
220 nm.
4. Load the clarified culture medium onto the HIC column at a
flow rate of 1 mL/min. The effluent absorbance increases
rapidly as nonbound material elutes from the column.
5. Wash the column with washing buffer until the baseline
absorbance returns to equilibration levels.
6. Elute the fusion glycoproteins with elution buffer. Collect the
eluant corresponding to the peak (10–15 mL) (see Note 20).
7. Wash the HIC column with distilled water and then store the
HIC column in high salt under the recommended conditions
provided by the manufacturer.
8. Concentrate the collected eluant to 1–2 mL via ultrafiltration
at 4°C in the Amicon stirred cell with a Centricon YM10
membrane. The concentrated sample is ready for assay of the
in vitro bioactivity and in vivo circulating half-life of the IFNa2
fusion glycoproteins. The sample can be further purified with
RP-HPLC for characterization of the structure and glycosylation of the fusion glycoproteins.
9. Equilibrate the PRP-1 analytical column of the HPLC system
with solution A for at least 15 min at a flow rate of 0.5 mL/min.
10. Spin down the sample to remove any particulate. Inject
0.1–0.2 mL of the sample into the PRP-1 column and keep
running the buffer A at a flow rate of 0.5 mL/min for 3 min.
11. Start the gradient of 0–30% solution B for 10 min, followed by
the gradient of 30–80% B for 90 min. Monitor the eluant
absorbance at 220 nm.
12. Collect the major peak eluted from the PRP-1 column (Fig. 5)
and freeze dry the sample. The resulting white, fluffy fusion
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Fig. 5. Reverse-phased HPLC separation of IFNa2-(SO)10 eluted from HIC column. The
sample is concentrated tenfold with ultrafiltration before being injected into HPLC. Judging
from the HPLC chromatogram, single step of HIC chromatography can yield protein preparation that is ~85% homogeneous.

glycoproteins can be used for sugar composition, sugar linkage
analyses, glycosylation profiles, and amino acid composition
analysis or peptide mapping (7, 9, 13–15).
3.3.4. Bioactivity and/or
Clinical Effectiveness
Assay of Fusion
Glycoproteins

EGFP expressed as an (SO)10 fusion is a fully functional fluorescent
protein judged by fluorometry. The greatest fluorescent intensity
of the culture media containing EGFP-(SO)10 measures
95,000 RFU on the ModulusTM system, which corresponds to the
fluorescent intensity of 40 mg/L of EGFP standard (see Note 21).
The in vitro antiviral activity of IFNa2 fusion glycoproteins can be
assayed using Madin–Darby Bovine Kidney (MDBK) cells challenged by vesicular stomatitis virus (VSV) (20). The specific antiviral
activities of IFNa2-(SO)10 and IFNa2-(SO)20 are measured as 0.22
and 0.20 international unit (IU)/pg, respectively, representing 91
and 87% that of the IFNa2 standard (0.23 IU/pg). Here, the IU
is determined against the NIH reference standard for human
IFNa2b Gxa01-901-535. Following intravenous injection in mice,
the antiviral half-life of IFNa2-(SO)10 and IFNa2-(SO)20 is prolonged by 7- and 13-fold, respectively (7).

4. Notes
1. The pBI121 with a constitutive CaMV35S promoter is a relatively
old binary vector for plant cell transformation. New binary
vectors with a stronger constitutive promoter, e.g., doubleenhanced CaMV35S promoter and/or a translational enhancer
sequence, such as a 5¢-translational elements from tobacco etch
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virus (TEV), are expected to generate higher expression in
plant cells. Alternatively, a binary vector with an inducible
promoter can also be used.
2. Although other antibiotics, such as cefotaxime and carbenicillin, are generally used to kill Agrobacterium during plant cell
transformation, timentin shows the most effective inhibitory
effects for Agrobacterium. Timentin can be purchased from
Phytotechnology Laboratories (http://www.phytotechlab.
com/) without a prescription.
3. Alternatively, chemiluminescence reagents, such as Enhanced
Chemiluminescent (ECL) reagents from Kirkegaard and
Perry, can be used to detect protein bands in Western blot
assay. In this case, X-ray film, a darkroom, and film developer
are needed.
4. HypRP tags comprising many other clustered, noncontiguous
Hyp, such as tandem repeats of Ala-Hyp and Thr-Hyp motifs,
can be used. However, considering the relatively high prevalence of the Ala-Hyp motif in plant HRGPs and the possibility
that non-Hyp-O-glycosylation on “Ser” and “Thr” residues
might occur, an “Ala”-based HypRP tag design, (AO)n, is
recommended.
5. Codon bias should be considered in designing the oligonucleotides. In dicot plants such as tobacco, genetic codes ending
with A or T (on third position) are preferred. In addition, varying genetic codes encoding the same amino acid across the
DNA sequence are recommended to use. Purification with
PAGE or HPLC is recommended for the custom-synthesized
DNA oligonucleotides greater than 60 bases in length to
improve oligonucleotide performance and reduce the possibility of sequence error.
6. An alternative approach to make (SP)10 fragment is to use the
Klenow fragment. Take 0.5 mL each of the oligonucleotides to
an Eppendorf tube; add 2.5 mL of Klenow buffer (10×) and
19.5 mL of water; heat the mixture at 95°C for 5 min and cool
down to room temperature; add 1.0 mL of 10 mM dNTP and
1 mL of Klenow (5 U/mL); incubate the tube at 37°C for
30 min.
7. YEP medium consisting of 10 g/L bacto-peptone, 10 g/L
yeast extract, and 5 g/L NaCl other than LB medium is
usually used by others to grow A. tumefaciens. It is important
to observe the formation of a white precipitate during the
culture of A. tumefaciens LBA4404.
8. The viability of the wild-type BY-2 cells is critical for transformation. If the cells are overgrown, they will form clumps
leading to significantly impaired transformation. Cells can also
be cultured under light as no significant reduction in transformation has been observed as a result.
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9. If the culture has overgrown, dilute with additional LB-SK
medium, allow growth for at least 1 h, and check the absorbance again. Periodically check the absorbance until the
culture has reached optimum density.
10. This step is not critical. Unconcentrated BY-2 cell suspension
can be used directly for transformation, but much fewer
transformed cell colonies may be obtained later.
11. The optimal incubation time is between 2 and 3 days.
Incubation for less than 2 days results in low transformation
efficiency, though the cocultured cells remain robust and grow
fast after being spread on selection plates. Sometimes, it is hard
to identify the transformed cell colonies from the background
“lawn” of untransformed cells. In contrast, incubation for
more than 3 days leads to higher transformation efficiency, but
this largely scarifies the cells’ viability and actually causes most
of the cells to die. It takes much longer time for the cells to
grow on the selection plates and spread cells are easily contaminated by the Agrobacterium.
12. If A. tumefaciens growth reappears, return cultures to NTTK
plates until bacterial growth is eliminated. After elite cell lines
are screened and free of A. tumefaciens, they can be maintained
on NTK solid medium; selection pressure should be maintained all the time.
13. It is important to screen the elite cells lines. In Agrobacteriummediated cell transformation, T-DNA contained on binary
vector is introduced into the cell genome randomly; therefore,
protein production varies dramatically among individual cell
lines. This variation in production is resulted from the chromosomal position of the inserted DNA, difference in gene
copy number, and the occurrence of gene silencing.
14. Suspension cells should be grown in SHK medium in order to
harvest high-yield secreted fusion glycoproteins. For unknown
reason so far, the cells grown in NTK medium do not secrete
high-yield fusion glycoproteins into culture medium.
15. For the cell suspension cultures expressing EGFP-(SO)10,
bright green fluorescence of the recombinant EGFP secreted
into media can be viewed by eye. In this case, the dot blot assay
is not necessary to screen the cell line.
16. When the cell suspension is established, the cells grow much
faster (with a growth cycle of 8–10 days) than those just
transferred from solid medium to liquid culture. In addition,
the screened elite cell lines should also be maintained on solid
SHK or NTK medium. Subculture can be performed every
3–4 weeks.
17. The primary antibody can be saved for subsequent experiments
by addition of 0.02% final concentration sodium azide (caution:
azide is highly toxic) and storage at 4°C.
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18. Except for Phenyl-Sepharose 6 Fast Flow resin used here, Blue
Sepharose 6 Fast Flow (GE Healthcare) is regarded as the ideal
adsorbent for capturing interferon protein at both laboratory
and bioprocess scales (21). However, when the Blue Sepharose
6 column is used for the recovery of the proteins from plant
cell culture medium, a gel-like substance (probably pectin)
accumulates at the top of the column even if the culture
medium is clarified by centrifugation before being loaded onto
the column. The gels make the chromatographic process
inefficient or even fail.
19. Large amounts (40–50 g fresh weight/L) of precipitates are
expected to form in the cell culture medium after 2 M sodium
chloride is added. These precipitates consist of pectin and
other polysaccharides secreted by the cultured cells which form
gel-like residues on the Blue Sepharose column or other chromatographic columns if they are not removed.
20. Stepwise wash/elution procedure is used here to save time and
buffer. Alternatively, fusion glycoproteins can be eluted with a
gradient of 0–100% 20 mM PBS, pH 7.2, in 10–20-column
volumes after column washing.
21. This secreted yield of EGFP-(SO)10 (40 mg/L) measured by
fluorescence intensity is smaller than that determined by ELISA
(55 mg/L) due to many reasons, such as proteolytic degradation of EGFP in medium, fluorescence quenching, denature of
protein, etc.
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Chapter 27
Super-promoter:TEV, a Powerful Gene Expression
System for Tobacco Hairy Roots
Luis Ñopo, Bonnie J. Woffenden, Deborah G. Reed, Scott Buswell,
Chenming Zhang, and Fabricio Medina-Bolivar
Abstract
In order to identify a promoter system for high-level expression of transgenes in hairy roots, we characterized the chimeric super-promoter fused to the translational enhancer from tobacco etch virus (TEV).
Transgenic tobacco plants and hairy roots were generated with the super-promoter:TEV sequence and a
modified green fluorescence protein (mGFP5) as a reporter gene. To exploit the utility of hairy root cultures as a secretion-based expression system, the signal peptide of patatin was fused to mGFP5 to direct its
secretion into the culture medium. Levels of mGFP5 RNA were on average sixfold higher in hairy roots
than leaves. Likewise, GFP protein levels per gram of fresh weight were at least tenfold higher in hairy
roots than leaves. Furthermore, more than 10% of the recombinant protein produced in the hairy root
culture system was found in the medium. Immunoblotting with anti-GFP antibodies showed two products
of 27.1 and 29.9 kDa in all leaf and hairy root tissue extracts, whereas a single 27.1-kDa product was
detected in the medium. Inducibility of the promoter was studied with mature leaves and 14-day (midlog
phase) hairy roots. A twofold increase in mRNA levels was found immediately after wounding in both
mature leaves and hairy roots, with a corresponding increase in mGFP5 protein after 24 h. Our studies
demonstrate the utility of the super-promoter:TEV system for high-level expression of recombinant proteins in hairy root bioreactors.
Key words: ocs element, Hairy roots, Inducible promoter, Transgenic tobacco, Superpromoter:TEV, GFP

1. Introduction
Hairy root cultures of many species are rapidly gaining recognition
as facile biological systems for metabolic engineering of high-value,
small molecules and therapeutic proteins not only at a laboratory
scale, but also at the commercial level (1–3). To fully exploit the
potential of transgenic hairy roots for bioproduction and facilitate
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recovery of engineered products, gene constructs may be strategically
designed to include both a signal peptide to direct secretion of the
recombinant protein into culture medium and an affinity tag for
ease of purification (4).
The chimeric super-promoter was developed at Purdue
University by the group of S.B. Gelvin (5) and is the subject of the
current study. This promoter consists of three copies of the octopine
synthase activator (Aocs) (6) and one copy of the mannopine synthase activator (Aman) located upstream of the mannopine
synthase (mas) promoter (7): all sequences from the Agrobacterium
tumefaciens pTiA6 plasmid. The effect of the super-promoter was
measured using a GUS reporter gene in transgenic tobacco showing a 156- and 25-fold increase in GUS activity compared to the
35S and enhanced 35S promoters, respectively (5). The superpromoter was shown to be active in leaves and roots of tobacco. In
a recent study, the super-promoter activity was higher in both
tobacco and maize roots than in leaves. Furthermore, in tobacco,
the activity was higher in mature leaves and apical stems than in
young leaves (8).
This activity driven by the super-promoter is correlated with
its structure. An analysis for regulatory DNA elements in the
super-promoter nucleotide sequence was performed using the
PLACE database curated at the National Institute of Agrobiological Sciences in Japan (9). A palindrome of 16 base pairs
(5¢-ACGTAAGCGCTTACGT-3¢) from the Aocs sequence, present in the super-promoter, has been previously described as an
essential structural component of the ocs enhancer in a transient
expression system with maize protoplasts (10). Additionally, this
16-bp sequence functions as a constitutive enhancer in protoplasts
of Nicotiana plumbaginifolia (11) and as an enhancer for the
expression of proteins in tobacco roots (12). The super-promoter
also contains the inducible mannopine synthase promoter (Pmas),
which has been shown to be activated by tissue wounding, auxins,
cytokinins, salicylic acid, methyl jasmonate, and 2,6-dichloroisonicotinic acid (13, 14).
Hairy roots could be an effective expression system for transgenes under control of the super-promoter. Hairy roots are produced by genetic transformation mediated by Agrobacterium
rhizogenes, whereby the T-DNA, which contains genes known to
modulate sensitivity to auxins, i.e., rol genes, is transferred and
integrated into the plant genome. In addition, hairy roots developed with agropine strains of A. rhizogenes, such as ATCC 15834,
can transfer T-DNA containing genes involved in auxin biosynthesis (15). The super-promoter may, therefore, be particularly wellsuited to drive strong transgene expression in hairy roots derived
from agropine A. rhizogenes strains, which have an inherent auxinbiosynthetic capacity and responsiveness.
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Fig. 1. Scheme followed to evaluate the use of the super-promoter:TEV in tobacco plants and
hairy roots.

Based on these precedents, we evaluated the utility of the
chimeric super-promoter in conjunction with the 5¢ untranslated
region (UTR) of the tobacco etch virus (TEV) for expression of
recombinant proteins in tobacco hairy roots. The TEV 5¢ UTR has
been shown to function as a translational enhancer in tobacco (16)
and other plants (17, 18). The modified green fluorescent protein
(mGFP5) was used as the reporter gene. The signal peptide of the
potato storage protein, patatin (pat), was fused to the mGFP5
coding sequence to target the recombinant protein to the default
secretory pathway (19). Herein, we evaluate the potential of the
super-promoter:TEV system for directing gene expression in
tobacco leaves and hairy roots by assessing transgene expression at
both transcriptional and translational levels. A general scheme
followed in this chapter is shown in Fig. 1. Our results show that
the super-promoter:TEV drives high-level basal expression in
tobacco hairy roots. Furthermore, expression can be increased
upon wounding. Our work highlights the utility of the superpromoter in hairy root bioproduction systems.
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2. Materials
2.1. Gene Cloning

1. Plasmid pR8-2 as source of the patatin signal peptide (pat) and
mGFP5 (20).
2. Binary vector pE1802 (Stanton Gelvin, Purdue University) as
source of the super-promoter sequence ((Aocs)3AmasPmas; 5)
and TEV.
3. Restriction enzymes KpnI, SstI, and XbaI.
4. pBC SK+ (Stratagene) cloning vector.
5. Escherichia coli One Shot® TOP10 chemically competent cells
(Invitrogen).
6. A. tumefaciens strain LBA4404.
7. Luria-Bertani (LB) medium: 5 g/L yeast extract, 10 g/L tryptone, and 10 g/L NaCl. For semisolid medium, add 15 g/L
agar.
8. YEP medium: 10 g/L bacto-peptone, 10 g/L yeast extract, and
5 g/L NaCl pH 7. For semisolid medium, add 15 g/L agar.
9. Streptomycin (Strp) stock solution: 30 mg/mL. Dissolve 0.3 g
in 10 mL H2O; sterilize by filtration. Store at 4°C.
10. Kanamycin (Kan) stock solution: 100 mg/mL. Dissolve 1 g in
10 mL H2O; sterilize by filtration. Store at 4°C.
11. Incubators at 28 and 37°C.
12. Vortex.
13. Microcentrifuge.

2.2. Plant Material
Transformation

1. Nicotiana tabacum cv. Xanthi in vitro plants.
2. PhytatrayTM II vessels (Sigma).
3. Medium mMS: MS salts and vitamins, 3% sucrose, 0.4 g/L
MgSO4·7H2O, 4 g/L phytagel; pH 5.7 (4).
4. Medium B5: Gamborg B5 salts and vitamins, 3% sucrose,
0.4 g/L phytagel; pH 5.7 (21).
5. A. rhizogenes strain ATCC 15834.
6. 250-mL glass Erlenmeyer flasks.
7. Plant growth incubator.
8. Orbital shaker for hairy root culture.

2.3. Nucleic Acids
Analyses

1. DNA primers for mGFP5 detection by PCR: GFP3a
(5¢-TGCGAGCTCTCATTTGT ATAGTTCATCCAT-3¢) and
GFP5a (5¢-GGCCTCTAGAAGTAAAGGAGAAGAA CTT-3¢).
2. REDExtract-N-AmpTM Plant PCR kit (Sigma).
3. QIAquick® PCR Purification kit (Qiagen).
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4. DNeasy® Plant Maxi kit (Qiagen).
5. Horizontal electrophoresis system with accessories and power
supply.
6. 20× saline-sodium citrate (SSC) buffer: 0.3 M sodium citrate
tribasic dihydrate and 3 M sodium chloride.
7. 2× SSC: 1:10 (v/v) dilution of 20× SSC with water.
8. Depurination Southern solution: 250 mM HCl.
9. Denaturation Southern solution: 0.5 M NaOH and 1.5 M
NaCl.
10. Neutralization Southern solution: 0.5 M Tris–HCl, pH 7.5,
and 1.5 M NaCl.
11. Positively charged nylon membrane (Roche).
12. Digoxigenin (DIG) system for detection of DNA by Southern
blotting (Roche).
13. DIG-labeled DNA molecular weight markers (Roche).
14. DIG Easy Hybridization solution (Roche).
15. DIG Wash and Block Buffer Set (Roche).
16. CDP-Star substrate (Roche).
17. Washing Southern solutions I: 2× SSC with 0.1% SDS.
18. Washing Southern solution II: 0.5× SSC with 0.1% SDS.
19. RNA extraction buffer: 0.18 M Tris–HCl, pH 8.2, 0.09 M
LiCl, 4.5 mM EDTA, and 1% SDS.
20. TE-equilibrated phenol, pH 4.3.
21. Chloroform.
22. 3 M sodium acetate, pH 5.2.
23. 100% ethanol.
24. 70% ethanol.
25. DEPC-treated water.
26. 2 M LiCl.
27. 37% formaldehyde (see Note 1).
28. 10× MOPS–EDTA–sodium acetate (MESA) buffer: 0.4 M
MOPS, pH 7.0, 10 mM EDTA, and 0.1 M sodium acetate.
29. Hydrolysis Northern solution: 0.05 N NaOH.
30. Neutralization Northern solution: 0.5 M Tris–HCl, pH 6.8.
31. Transfer buffer for Northern: 25 mM sodium phosphate, pH
6.5.
32. DIG Easy hybridization solution (Roche).
33. DIG DNA labeling kit (Roche).
34. Washing solution for Northern blots: 0.5× SSC with 0.1% SDS.
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35. Substrate and enhancer to develop reaction by chemiluminescence based on alkaline phosphatase (AP): Immun-StarTM AP
substrate (Bio-Rad) and Nitro-Block Enhancer IITM (Tropix).
36. Image capturing system for ethidium bromide-stained gels.
37. UV cross-linker.
2.4. Protein Analyses

1. Sodium carbonate buffer: 0.1 M Na2CO3, pH 9.6.
2. MiraclothTM (Calbiochem-EMD Biosciences).
3. AdvancedTM protein assay solution (Cytoskeleton).
4. Bovine serum albumin (BSA) for protein quantifications.
5. rGFPuv (GFP, Clontech) as control for Western blotting and
sandwich ELISA.
6. NuPAGETM 10% Bis-Tris acrylamide gels (Invitrogen).
7. MES running buffer (Invitrogen).
8. X-Cell SureLockTM Mini-Cell apparatus (Invitrogen).
9. 0.2 μm Trans-Blot® nitrocellulose membrane (BioRad).
10. NuPAGETM transfer buffer: 25 mM Bicine, 25 mM Bis-Tris,
1 mM EDTA, 0.05 mM chlorobutanol (Invitrogen).
11. X-Cell IITM blot module (Invitrogen).
12. Primary antibodies to detect GFP by either Western blotting
(Living ColorsTM full-length Aequorea victoria GFP polyclonal
antibody raised in rabbit (BD Biosciences)) or sandwich ELISA
(rabbit anti-GFP polyclonal antibody (Molecular Probes)).
13. Secondary antibody to develop reactions by Western blotting
and sandwich ELISA: Goat polyclonal antibody against rabbit
IgG conjugated to AP enzyme (Sigma).
14. 10× PBS: 0.1 M Na2HPO4, 17.6 mM KH2PO4, pH 7.4,
1.37 M NaCl, and 26.83 mM KCl.
15. PBS-T: 1× PBS, 0.1% Tween-20.
16. Blocking buffer: 3% BSA in PBS-T.
17. Immun-StarTM AP substrate (BioRad).
18. Nitro-Block Enhancer IITM (Tropix).
19. AP substrate (Pierce).
20. PBS-T for ELISA: 100 mM sodium phosphate, pH 7.4,
150 mM NaCl, and 0.05% Tween-20.
21. 2 N NaOH.
22. 96-well Reacti-BindTM Anti-GFP plate coated with polyclonal
mGFP5 goat antibodies (Pierce).
23. Microplate Reader model EL808 with KC Junior v1.41 software (Bio-Tek).
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3. Methods
3.1. Construction
of Plasmid pWSB1

Basic DNA cloning techniques were used and they are not detailed
here due to space limitations. When needed, plasmid pBC SK+ and
Escherichia coli One Shot® TOP10 chemically competent cells were
used in cloning steps. The DNA sequence encoding the patatin
signal peptide (pat) was excised from plasmid pR8-2 with KpnI
and XbaI restriction endonucleases (Fig. 2a) (see Note 2). This
fragment was subcloned into binary vector pE1802 (Fig. 2b) which
contains the super-promoter ((Aocs)3AmasPmas) upstream of the
TEV translational enhancer (with flanking 3¢ NcoI site), multicloning site, agropine synthase terminator (ags-ter), and neomycin
phosphotransferase II (nptII) selectable marker under the control
of the nopaline synthase promoter (Pnos).
The DNA fragment encoding mGFP5 (GenBank accession
number U87974, nucleotides 87–797) was excised from plasmid
pR8-2 with XbaI and SstI restriction endonucleases, and subcloned
into the patatin signal peptide containing pE1802 plasmid, to
create plasmid pWSB1 (Fig. 2c; details of fragment
Pmas:TEV:pat:mGFP5 are in Fig. 2d). Plasmid pWSB1 was introduced into A. tumefaciens LBA4404 by a freeze–thaw method
described in ref. 22.
1. Sow A. tumefaciens LBA4404 on semisolid YEP medium containing 50 mg/L Strp in Petri dishes. Incubate plates overnight at 28°C.
2. Transfer one single colony to YEP liquid, containing 50 mg/L
Strp. Incubate overnight at 28°C with shaking at 250 rpm.
3. Read OD at 600 nm. When absorbance is in the 0.5–1.0 range,
collect the bacteria by centrifugation at 15,700 × g at 4°C.
Discard supernatant.
4. Dissolve the pellet in 100 μL of 20 mM CaCl2, filter sterilized
(0.22 μm) and kept at 4°C.
5. Add 1 μg of plasmid pWSB1 contained in 20 μL H2O and
carefully mix by hitting externally the microtube by hand.
6. Immerse the tube in liquid nitrogen for 30 s and immediately
transfer it to a water bath at 37°C, incubating it for 5 min.
7. Add 300 μL YEP, and incubate bacteria at 28°C for 2 h, with
shaking at 250 rpm.
8. Plate bacteria in semisolid YEP containing 50 mg/L Strp and
50 mg/L Kan and incubate at 28°C until bacterial colonies are
seen, usually for 24–48 h.

3.2. Plant
Transformation

1. Sow A. tumefaciens harboring the pWSB1 plasmid in YEP
semisolid medium containing 50 mg/L Strp and 50 mg/L
Kan in Petri dishes. Incubate overnight at 28°C.
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Fig. 2. Plasmid constructions used in tobacco transformations. (a) Plasmid pR8-2 (de35S:TEV:pat:mGFP5), (b) plasmid
pE1802 (super-promoter:TEV), and (c, d) plasmid pWSB1 (super-promoter:TEV:pat:mGFP5). de35S double-enhanced 35S
promoter, TEV tobacco etch virus translational enhancer, pat patatin signal peptide, mGFP5 modified green fluorescent
protein, pAnos polyadenylation sequence of the nopaline synthase gene, Aocs activating sequence of the octopine synthase gene, Amas activating sequence of the mannopine synthase gene, Pmas mannopine synthase promoter, ags-ter
agropine synthase terminator, Pnos nopaline synthase promoter, nptII neomycin phosphotransferase II gene, pAg7 T-DNA
gene7 polyadenylation signal, MCS multicloning site, RB and LB right and left borders of the T-DNA, respectively. Vertical
arrow between A and T amino acids in Fig. 1a and detail in Fig. 1d indicate the predicted signal peptide cleavage. Amino
acid sequence MVP at the N-terminal end of patatin signal peptide created in pWSB1 is also shown (c and d).
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2. Excise leaves containing the petiole from 1-month-old in vitro
tobacco plants (N. tabacum cv. Xanthi) and place them onto
semisolid mMS medium contained in Petri dishes.
3. With a dissecting knife, take one single-bacterial colony and
proceed to make a longitudinal cut along the petiole. By this
procedure, the plant cells are exposed to the infecting bacteria
allowing cell transformation.
4. Seal plates with Parafilm® and incubate them at 24°C. Calli
appear within 2 weeks following the inoculation, and putative
transgenic plants develop before a month of inoculation.
5. Isolate putative transgenic plantlets and subculture them in
PhytatrayTM II vessels containing mMS medium. Incubate
them under a 16-h photoperiod, 24°C, and average light
intensity of 650 × 10 lx.
Screen regenerated plants by PCR to verify the presence of the
transgene (see Subheading 3.3) and proceed to the next step
to induce hairy roots development.
6. Sow A. rhizogenes strain ATCC 15834 on YEP medium.
7. In a similar way as previous infection with A. tumefaciens, isolate a tobacco leaf from a previously verified transgenic plant.
With a blade, take an A. rhizogenes colony and make a small
(approximately 1 cm) cut along the midrib.
8. Place the leaf in B5 medium contained in a Petri dish. Small
calli followed by putative hairy roots develop within 2 weeks.
9. Excise hairy roots as isolated lines and place them on semisolid
B5 medium contained in Petri dishes. Incubate them at 24°C
in the dark.
10. For growth characterization, inoculate ten root tips (approximately 1 cm length) of each line in 250-mL Erlenmeyer flasks
containing 50 mL of liquid B5 medium (21), and incubate
them at 24°C with continuous light (see Note 3) and shaking
at 90 rpm. Do this by triplicate for each time point.
11. Measure fresh weight, pH, and conductivity every 3 days until
day 33 (see Note 4).
3.3. Determination
of Gene Insertion in
Tobacco Plants by PCR

A fast screening for the presence of the transgene (mGFP5) in
putative transgenic plants can be performed by PCR.
1. Cut a 4-cm2 leaf section (equivalent to 200 mg) from a 4-weekold in vitro plantlet.
2. Mince it with a razor blade on a glass microscope slide, and
transfer plant tissue into a microcentrifuge tube containing 100 μL
extraction solution (REDExtract-N-AmpTM Plant PCR kit).
3. Vortex the sample for 30 s and incubate it at 95°C for 10 min
followed by addition of 100 μL dilution buffer (REDExtractN-AmpTM Plant PCR kit).
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4. Vortex for 30 s and transfer 100 μL of this mixture to a DNA
binding column (QIAquick® PCR Purification kit).
5. Place columns in a collection microcentrifuge tube and add
5 μL 3 M sodium acetate, pH 5.2, and 500 μL of binding buffer (QIAquick® PCR Purification kit).
6. Centrifuge for 1 min at 10,000 × g, and discard the flowthrough solution.
7. Wash columns with 750 μL wash buffer (QIAquick® PCR
Purification kit) and centrifuge as before.
8. Elute DNA by centrifugation with 30 μL sterile water.
9. Use 4 μL (see Note 5) of the eluted DNA extract for PCR
using primers GFP3a and GFP5a. Amplification conditions
were 30 cycles of 95°C for 1 min, 52°C for 1 min, and 72°C
for 1 min.
We selected eight plantlets identified consecutively from P1 to
P8. After PCR screening, lines P6 and P7 were discarded as they
did not show the 733-bp band corresponding to GFP amplification. Several hairy root lines were further developed from leaves of
other transgenic tobacco plants. Because of their fast growth, hairy
root lines identified as p2-F and p8-B8 (according to their originating plant) were selected for subsequent experiments. Growth
curves were developed for these hairy root lines.
For this and further experiments, transgenic tobacco plants
and hairy roots containing the T-DNA from plasmid pR8-2
(de35S:TEV:pat:GFP, Fig. 2a) were used as controls (plant line R8
and hairy root line r8). They have been previously described (20).
Wild-type Xanthi plant and hairy roots were also considered as
negative controls for GFP detection (Fig. 3a).
3.4. Southern Blotting

Copy number of the transgene can be visualized in positive, PCRanalyzed, regenerated plants and hairy roots. For this, plant genomic
DNA should be digested with a suitable restriction enzyme (single
cutter within T-DNA). The enzyme XbaI was used in this case.
DNA fragments are then detected by Southern blotting.
1. Extract DNA from PCR-positive plants and hairy roots following the procedure described by the DNeasy® Plant Maxi kit
(Qiagen).
2. Digest 10 μg of genomic DNA with XbaI and resolve it on a
0.7% agarose gel. Include DIG-labeled DNA ladder as molecular weight marker.
3. After electrophoresis, stain the gel with ethidium bromide and
photograph it under UV light.
4. Immerse the agarose gel in depurination solution for 20 min
with shaking, followed by a brief rinse in water.
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Fig. 3. Detection of mGFP5 gene in transgenic lines. (a) Screening by PCR of leaf DNA.
(b) Southern blotting for PCR-positive leaf or hairy roots samples. 10 μg of genomic DNA
were digested with XbaI and resolved on a 0.7% agarose gel, followed by transfer to positively charged nylon membrane. The blot was hybridized to a DIG-labeled GFP-specific
probe, and detected via chemiluminescence. Analyzed DNA was extracted from regenerated
transgenic tobacco plants (P1–P8), a positive control containing mGFP5 (R8), and nontransformed tobacco cv. Xanthi (WT-X); hairy root analysis included lines p2-F and wt-X derived
from plants P2 and WT-X, respectively; MW DIG-labeled molecular weight markers.

5. Immerse the gel in denaturation solution, twice for 15 min
each with shaking, followed by a brief rinse in water.
6. Immerse the gel in neutralization solution with shaking, twice
for 15 min each.
7. Equilibrate the gel in 20× SSC for 10 min.
8. Proceed to transfer overnight the DNA to a positively charged
nylon membrane (Roche) by capillarity in 20× SSC.
9. Following transfer, rinse briefly the membrane with 2× SSC
and allow it to dry.
10. Immediately, fix DNA to the membrane by UV cross-linking.
A DNA probe is necessary to detect the target gene in samples.
In these experiments, the mGFP5 probe was prepared by PCR
from a plasmid containing this gene as follows.
(a) In a microcentrifuge tube, pipette 1 ng of plasmid
template.
(b) Add GFP3a and GFP5a primers (described above) at a
final concentration of 0.5 μM each.
(c) Add 0.2 mM each dATP, dCTP, dGTP, 0.167 mM dTTP,
0.033 mM DIG-dUTP (Roche), 1.5 mM MgCl2, and 2.5
units Taq polymerase in a final reaction volume of 100 μL.
Optimal PCR parameters for these primers are 94°C for
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3 min; 35 cycles of 94°C for 30 s, 52°C for 30 s, 72°C for
1 min; and 72°C for 10 min.
(d) Probe should be denatured by heating at 95°C for 10 min,
just before hybridization.
(e) Prehybridize the membrane in DIG Easy Hyb solution
(Roche) containing DIG Blocker (from DIG Wash and Block
Buffer Set, Roche) for 1 h in a hybridization oven at 65°C.
(f) To the previous solution at 65°C, add 2 μL of labeled
probe per mL, and hybridize overnight at 65°C in an
oven.
(g) After hybridization, wash the blot twice for 20 min each in
2× SSC, 0.1% SDS, and then twice for 20 min each in 0.5×
SSC, 0.1% SDS, preheated to 65°C.
(h) Proceed with the chemiluminescent detection. For this,
follow manufacturer’s recommendations using the DIG
Wash and Block Buffer Set (Roche), and develop using
CDP-Star substrate.
A Southern blot using a DIG-labeled mGFP5 probe confirmed
the presence of the transgene in regenerated plants (Fig. 3b). The
six PCR-positive plants likely represent four independent transformation events. Line P1 apparently contains three to four independent transgene insertion loci, whereas line P2 contains three
independent integration loci; line P8 represents five independent
insertions. Considering that the band pattern of plants P3, P4, and
P5 are identical, they were probably derived from a single transformation event and are clonal plants. No bands were observed in the
nontransformed Xanthi genomic DNA control. The positive-control
R8-2 plant contains a single copy insert. In addition, hairy root line
p2-F showed the same three bands as its parental P2 plant.
3.5. Verification
of Transgene
Transcription by
Northern Blotting

Northern blotting analysis gives an outline of the expression of the
foreign gene in modified plant tissues. This is a protocol to extract
total RNA from plant tissues.
1. Grind 2.5-g plant tissue in liquid nitrogen.
2. Transfer tissue to a tube containing 25 mL RNA extraction
buffer and 8.3 mL (0.3 volumes) of TE-equilibrated phenol,
pH 4.3. Vortex vigorously for 2 min.
3. Add 0.3 aqueous volume of chloroform and vortex for 30 s.
4. Centrifuge at 17,700 × g, 10 min, at 4°C to separate the aqueous and organic phases.
5. Repeat twice the phenol/chloroform extraction (steps 2 and
3) of the aqueous layer, followed by two extractions with chloroform alone.
6. Transfer the aqueous layer to a fresh tube on ice.
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Fig. 4. Basal levels of mGFP5 mRNA in leaves and hairy roots. Leaves from 4-week-old
transgenic P2 plants (P2) and 14- and 21-day-old hairy root cultures of p2 line F (p2-F)
are compared to tobacco cv. Xanthi nontransformed leaves (WT-X) and hairy roots (wt-X).
Upper block: northern blot showing the expected 1.3 kb mGFP5 mRNA band; lower block:
equal loaded agarose gel of total RNA (20 μg per lane), visualized by ethidium bromide
staining before Northern analysis.

7. Precipitate RNA by the addition of 0.1-volume 3 M sodium
acetate, pH 5.2, and 2.5-volumes 100% ethanol. Incubate at
–70°C for 30 min.
8. Centrifuge at 17,700 × g for 20 min at 4°C.
9. Resuspend pellet in 1 mL DEPC-treated water and selectively
precipitate RNA with addition of 2 M LiCl. Incubate overnight at 4°C.
10. Centrifuge at 17,700 × g for 20 min at 4°C.
11. Wash the RNA pellet with 2 mL of ice-cold 2 M LiCl.
12. Resuspend RNA in 100 μL DEPC-treated water.
To estimate the steady-state levels of mGFP5 mRNA, we analyzed young and mature leaves (Fig. 4) excised from 4-week-old
P2 transgenic plantlets, as well as hairy roots (14- and 21-day-old
cultures). Nontransformed plantlets and hairy roots of tobacco cv.
Xanthi were used as controls. After harvesting, tissues were frozen
in liquid nitrogen and stored at −70°C until use.
1. Prepare a 1.2% agarose gel containing 2.22 M formaldehyde
(see Note 6).
2. Load 20 μg of RNA per sample.
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Fig. 5. Scheme for leaf sampling and dissection. Tobacco transgenic plantlets were grown
in vitro for 4 weeks before sampling. (a) Leaf localization indicating young and mature
leaves. (b) Thin lines show the wounding on leaves with a dissecting blade.

3. Run electrophoresis and photograph gel under UV light.
4. Wash the gel with 0.05 N NaOH to hydrolyze the RNA, for
20 min, with shaking at room temperature (RT).
5. Neutralize the gel in 0.5 M Tris–HCl, pH 6.8, for 1 h, with
shaking at RT.
6. Transfer RNA to a positively charged nylon membrane by capillarity using 25 mM sodium phosphate buffer, pH 6.5, for 16 h.
7. Let the membrane to air dry, and cross-link RNA by UV
irradiation.
8. Prehybridize with DIG Easy Hyb solution at 65°C for 1 h.
9. Add 6 μg DIG-labeled probe and hybridize overnight at 65°C
(see Note 7).
10. After hybridization, proceed with washings of the membrane and
detection according to steps 17 and 18 in Subheading 3.4.
We labeled mGFP5 to be used as probe. The probe was prepared by PCR from plasmid R8-2 according to manufacturer’s recommendations (Roche) using primers GFP5a and GFP3a described
before.
Northern hybridization of total RNA confirmed the presence
of an mGFP5-specific transcript of approximately 1.3 kb in all samples from transgenic tissues (Fig. 4). The size of the transcript is
consistent with the predicted full-length mRNA, including the 5¢
and 3¢ untranslated regions. This fragment was absent in nontransformed Xanthi leaves and hairy roots.
To determine whether the promoter is differentially regulated
at different stages of development, we compared the mRNA
levels in young (apical) and mature leaves (Fig. 5a). The expression
of mGFP5 in P2 line was 3.5-fold higher in young leaves compared to that in mature leaves (Fig. 4, lanes 3 and 4), analyzed by
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densitometry. The highest levels of expression were observed in
hairy roots. Compared to mature leaves, p2 plant-derived hairy
roots line F (p2-F) from 14-day-old cultures expressed sixfold
higher mGFP5 mRNA levels (Fig. 4, lane 7) and roots from 21-dayold cultures expressed 4.8-fold higher levels of p2 mGFP5 mRNA
(Fig. 4, lane 8).
3.6. Total Protein
Extraction from
Leaves and Hairy
Roots, and Detection
of the Recombinant
Protein mGFP5 by
Western Blotting

1. Excise 1 g fresh weight of either young (average of 3 leaves) or
mature leaves (average of 2 leaves) from 4-week-old in vitro
plantlets (Fig. 5a). For hairy roots, use tissue from either 14or 21-day-old cultures started in 50 mL B5 medium contained
in 250-mL-capacity Erlenmeyer flasks.
2. Grind plant tissue under liquid nitrogen with mortar and pestle.
3. Transfer powder to a microcentrifuge tube containing 1 mL
sodium carbonate buffer (0.1 M Na2CO3, pH 9.6), followed
by vortexing for 15 min.
4. Centrifuge for 10 min at 4°C in a microcentrifuge at 9,279 × g.
5. Filter supernatant through two layers of MiraclothTM.
6. Determine total protein content using AdvancedTM protein
assay using BSA as standard protein dissolved in sodium carbonate buffer.
7. Analyze protein extracts by NuPAGETM 10% Bis-Tris acrylamide gels in an X-Cell SureLockTM Mini-Cell apparatus using
MES running buffer and according to manufacturer’s procedures (1 h at 200 V).
8. Proceed with the Western blot transfer. For this, cut a 0.2 μm
Trans-Blot® nitrocellulose membrane of the same size of the gel
(Bio-Rad) and assemble the transfer system (X-Cell IITM blot
module; Invitrogen) according to the manufacturer’s procedures using NuPAGETM transfer buffer (25 mM bicine, 25 mM
Bis-Tris, 1 mM EDTA, 0.05 mM chlorobutanol; Invitrogen).
9. Transfer for 1 h at 30 V.
10. Block the membrane with blocking solution for 1 h at RT.
11. Add the primary antibody (Living ColorsTM full-length A. victoria
GFP polyclonal antibody raised in rabbit (BD Biosciences)) at
a 1:1,000 (v/v) dilution in blocking solution for 1 h at RT.
12. Wash membrane three times (15-min wash) in PBS, 0.1%
Tween-20.
13. Add secondary antibody (goat anti-rabbit-IgG-whole molecule-AP-conjugated, Sigma) at a 1:3,000 (v/v) dilution for
45 min at RT.
14. Washed three times as above.
15. Continue with the chemiluminescence detection using ImmunStarTM AP substrate (Bio-Rad) and Nitro-Block Enhancer IITM
(Tropix) following manufacturer’s procedures.
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Fig. 6. Basal mGFP5 levels in a total protein extract from young and mature leaves in
4-week-old transgenic plants. (a) Western blot loading 50 μg TSP/well from young (Y) and
mature (M) leaves; in both cases, the arrows show the 27.1- and 29.9-kDa bands for
transgenic plant GFP. (b) GFP-ELISA from young (gray bars) and mature (black bars)
leaves. P1, P2, P3, P4, P5, P8: Transgenic lines transformed with the plasmid pWSB1. R8:
Positive control. WT-X: Nontransformed Xanthi. 5 and 10 ng/well commercial mGFP5 were
used as detection control.

Total protein was extracted from all positive plants identified
by Southern blot. Plantlet R8 and nontransformed Xanthi were
used as mGFP5-positive and -negative controls, respectively.
Western blots show both the recombinant mGFP5 protein and
the commercial rGFPuv as a double band of 29.9 and 27.1 kDa
(see Note 8). This was observed without exception in all of the six
transgenic lines engineered with the plasmid pWSB1 (Fig. 6a).
Western blots performed with leaves from transgenic plants showed
that mGFP5 was accumulated in both young and mature tissues
(Fig. 6a, b), with the strongest mGFP5 expression observed in line
P8. A positive control performed with a protein extract from the
plant R8-2 (de35S:TEV:pat:mGFP5) showed a higher level of
mGFP5 protein than super-promoter:mGFP5 plants.
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A method previously described by Richards et al. ( 23 ) was
followed with modifications.
1. Ten microliters of total protein extracts from leaf and hairy
roots samples (average of 2.6 and 2.3 μg total protein/μL,
respectively) were assayed. In addition, secreted mGFP5 from
hairy roots was quantified using 100 μL of the liquid culture
medium. Recombinant mGFP5 (rGFPuv, BD Biosciences)
ranging from 0.5 to 200 ng per well was used as standard.
2. Apply samples and standards to a 96-well Reacti-BindTM AntiGFP plate coated with polyclonal mGFP5 goat antibodies
(Pierce) in a total volume of 100 μL per well with PBS-T, and
incubate for 1 h at RT.
3. Wash wells three times with 200 μL PBS-T.
4. Add rabbit anti-GFP polyclonal antibody at a 1:10,000 (v/v)
dilution in 200 μL blocking buffer, and incubate for 30 min.
5. Wash as before.
6. Add goat polyclonal antibody against rabbit IgG conjugated to
AP enzyme at a 1:3,000 (v/v) dilution in 200 μL blocking
buffer, and incubate for 30 min.
7. Wash as above.
8. Develop reaction by applying 100 μL AP substrate per well
and let react for 15 min.
9. Stop reaction by adding 50 μL 2 N NaOH.
10. Read absorbance at 405 nm in a plate reader.
Agrobacterium transfers genes into random position throughout the plant genome; it is important to characterize the transgenic
events to identify the best expresser genotype for scaling up.
A sandwich ELISA assay confirmed that the best mGFP5 expresser
was line P8 (588.29 ± 44.37 and 518.35 ± 52.42 ng mGFP5/mg
total soluble protein (TSP) in mature and young tissues, respectively), followed by line P2 (348.10 ± 18.58 and 318.76 ± 23.30 ng
mGFP5/mg TSP in mature and young tissues, respectively). For
R8, mGFP5 amounts were 695.30 ± 3.91 and 797.42 ± 10.77 ng
mGFP5/mg TSP in mature and young tissues, respectively.
Nontransformed Xanthi showed zero levels of mGFP5 (Fig. 6b)
(see Note 9).
Growth and culture characteristics of hairy root lines p2-F,
p8-B8, wt-Xanthi, and R8 in liquid culture were characterized
(Fig. 7a). It was observed that pH values increased and conductivity values decreased throughout the culture period (Fig. 7b).
Accumulation of mGFP5 in hairy roots was assessed by a Western
blot of total protein extracted from line p2-F. mGFP5 was visualized
as a double band of 27.1 and 29.9 kDa in every sample harvested at
all time points from days 6 to 21 of culture. Protein expression quantification was precluded prior to day 6 of culture since root tissue
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Fig. 7. Hairy root characterization of lines p2-F and p8-B8. (a) Growth curve in B5 liquid medium in a 34-day period.
(b) Changes in pH (filled circle) and conductivity (open circle) of the B5 culture media. r8 and wt-Xanthi hairy roots were
used as controls.
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Fig. 8. mGFP5 in hairy root liquid cultures. (a) mGFP5 accumulation in tissue of hairy root
line p2-F between 6 and 21 days in 30 mL cultures, compared to nontransformed Xanthi
(wt-X), visualized by Western blot. (b) Western blot for mGFP5 in hairy roots on 14th day
of growing in 50 mL cultures. For tissue samples, 50 μg TSP were loaded per lane, and
20 μL from B5 culture media were loaded per lane in b; in addition, 1, 5, and 10 ng commercial GFP were used as control. The arrows show the 27.1- and 29.9-kDa bands for
transgenic plant GFP while commercial GFP is indicated as a double band in the 30-kDa
region. Hairy roots r8 and wt-X were used as controls as indicated.

was not sufficient for analysis. A Western blot showed that mGFP5
protein levels increase steadily between days 6 and 15. No difference
in the amount of mGFP5 in hairy root samples harvested on days 18
and 21 of culture was observed (Fig. 8a). Similarly, hairy roots from
both p2-F and R8-2 lines showed two bands for GFP. Interestingly,
a Western blot of proteins secreted from the hairy roots to the
medium shows a single immunoreactive product of 27.1-kDa band
in both p2-F and R8-2 cultures (Fig. 8b).
In order to assess super-promoter:TEV performance in another
transgenic tobacco hairy root, line p8-B8 (derived from plant line
p8) was examined by ELISA for its expression of recombinant
mGFP5 protein. Ten root tips of this line were subcultured in flasks
with 50 mL of B5 medium for 14 days at which time 1.7 g of hairy
roots were harvested. At this stage, the root tissue contained
4,371 ng mGFP5/mg TSP representing a total of 10.4 μg mGFP5.
In addition, 1.35 μg mGFP5 was found in the liquid medium. This
amount of secreted mGFP5 represents 11% of the total mGFP5
produced in this hairy root culture system. In comparison, a
4-week-old p8 plant yielded 518 ng mGFP5/mg TSP (420 ng
mGFP5/g FW) in young leaves and 588 ng mGFP5/mg TSP
(1,026 ng mGFP5/g FW) in mature leaves, values which are
approximately eightfold lower than those obtained from hairy
roots cultured for half as long as leaf tissue. Similarly, the amount
of recombinant mGFP5 protein was much higher in hairy roots of
line P8 (containing super-promoter:TEV) than in leaves of line R8
(containing de35S:TEV promoter). Quantification of mGFP5 by
ELISA was reproducible in both leaf and hairy root tissue, as well
as hairy root culture media, over 3 years of in vitro subculture.
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3.8. Induction
of the Super-promoter
by Wounding of
Leaves or Hairy Roots

According to previous reports, sequences in the super-promoter
respond to tissue wounding. To test this finding, GFP accumulation (mGFP5 as reporter gene) was measured in mechanically
wounded tissue (leaves and hairy roots) (see Note 10).
1. Harvest 1 g leaves from 4-week-old plantlets (1–2 leaves) and
place them in empty Petri dishes.
2. Cut extensively plant tissue with a clean dissecting blade
(Fig. 5b). Controls should not be wounded.
3. Seal Petri dishes with ParafilmTM to avoid dehydration and
place them at RT for 6, 12, 24, and 48 h.
4. Immerse samples in liquid nitrogen and store them at −70°C
until use.
5. Analyze samples by previously described techniques, including
Northern blot, Sandwich ELISA, and Western blot.
To examine the potential for induction of the super-promoter
by abiotic stress, we conducted a time-course experiment of
wounding in mature leaf tissue. Wounded P2 leaves were processed
for total RNA isolation after 0-, 2-, 6-, 12-, and 24-h incubation
time post wounding. Leaves harvested for RNA isolation immediately after wounding (0 h) showed approximately twofold higher
levels of expression (Fig. 9a, lane 3) compared to the nonwounded
control sample (Fig. 9a, lane 2). Throughout the 2-12-h period
post wounding, p2 mGFP5 mRNA expression was induced
between 3.8- and 4.0-fold over the levels observed in the nonwounded samples (Fig. 9a, lanes 4–9). Levels of p2 mGFP5 mRNA
declined 24 h after wounding (Fig. 9a, lanes 10–11) to approximately 0-h levels.
Induction of the super-promoter by wounding of hairy root
line p2-F resulted in an immediate increase of mGFP5 mRNA levels
at 0 h, a similar response observed in leaves. A 1.3-fold increase
was observed in samples harvested at 0 h (Fig. 9b, lanes 1–2), and
1.4-fold increase 2 h after wounding (Fig. 9b, lanes 3–4). Although
mGFP5 mRNA was present 6 and 24 h after wounding, no induction was observed compared to the corresponding nonwounded
controls (Fig. 9b, lanes 5–8), with the levels of p2 mGFP5 even
lower than the levels observed in the nonwounded controls.
Analysis of the super-promoter in hairy roots was performed
as follows. Liquid culture of hairy roots p2-F line was initiated
with five root tips in 30 mL of liquid B5 media in 125-mLcapacity Erlenmeyer flasks and grown as before. After 14 days of
culture, hairy roots were placed onto Petri dishes and cut transversely in approximately 2-mm sections with a dissecting blade.
Plates were sealed with ParafilmTM and placed at RT for 0, 2, 6,
and 24 h. Samples were stored and processed as described for
Northern blot.
Six to forty-eight hours post induction by wounding, mGFP5
protein accumulated in P2 leaves. According to densitometry
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Fig. 9. Northern blotting of mGFP5 mRNA in both mature leaves (4-week-old plants) and
hairy roots (14-day-old cultures) induced by wounding. (a) Levels of mGFP5 mRNA in P2
mature leaves 0, 2, 6, 12, and 24 h post induction of the super-promoter. (b) Amount of
mGFP5 mRNA in p2-F hairy roots 0, 2, 6, and 24 h after wounding. WT-X nontransformed
Xanthi leaves, wt-X hairy roots derived from WT-X, i wound-induced tissues, c control,
nonwounded tissues, + mGFP5 probe. In the lower blocks of a and b, the figure shows
equal loading of 20 μg total mRNA per lane.

analyses, 24 h after wounding, this increase was 1.3-fold higher
compared to nonwounded leaves. A Western blot showed two
bands of 27 and 30 kDa, which matched the characteristic two
bands of the standard mGFP5 in the 30-kDa region (Fig. 10).
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Fig. 10. Accumulation of mGFP5 24 h after mature leaf wounding. Wound induction (i) was
done in leaves from 4-week-old in vitro grown P2 tobacco plants and compared to noninduced leaves (c). Western blot is shown for 50 μg TSP per well. Nontransformed Xanthi
(WT-X) and R8 were used as negative and positive controls, respectively. Commercial GFP
at 1, 5, and 10 ng/well was used as detection control.

An overall comparison of mGFP5 mRNA levels indicates that
the super-promoter drives a higher transcription of mGFP5 gene in
intact hairy roots of both 14- and 21-day-old cultures than in leaves,
even upon mature leaf wounding. Wounding of 14-day-old hairy
roots did not increase significantly the mGFP5 mRNA levels.
In this study, we present evidence that super-promoter:TEV is
a strong candidate for inclusion in gene constructs to drive
overexpression of foreign proteins in tobacco hairy roots. A 14-day
hairy root culture (mid-log growth phase) showed a higher
amount of mGFP5 mRNA than 21-day cultures (stationary growth
phase). Likewise, mGFP5 mRNA levels were higher in young than
mature leaves (Fig. 4). However, higher levels of mGFP5 protein
were observed in mature leaves as shown by Western blot (Fig. 6).
The observation that the levels of mGFP5 mRNA were higher in
14-day cultures of hairy roots than in young tobacco leaves suggests that the super-promoter may be particularly useful in a hairy
root production system.
The analysis of the hairy root line p8-B8 grown in liquid culture
for 2 weeks yielded 10.4 μg mGFP5 from hairy root tissue, plus a
total of 1.35 μg mGFP5 of secreted protein. By comparison, the P8
transgenic tobacco plant from which p8-B8 was derived yielded 420
and 1,026 ng mGFP5/g FW in young and mature leaves, respectively, after 4 weeks of plant culture. Even though the mRNA levels
of mGFP5 were higher in young leaves than in mature leaves (Fig. 4),
there was a higher amount of mGFP5 protein accumulated in mature
leaves. However, the levels of mGFP5 mRNA and protein were
always higher in hairy roots, with 11% of the recombinant protein
produced in the hairy root system present in the growth medium.
An additional advantage of hairy roots as a recombinant protein
production system is that protein purification from hairy root
medium may be expected to be simple compared to extraction and
purification from whole plant tissues. Currently, different strategies,
such as the addition of salts into the medium, are being tested to
increase the secretion of the recombinant mGFP5 protein.
Our results support the use of the super-promoter:TEV in a
hairy root production system for overexpression of important recombinant proteins, such as those used as biopharmaceuticals (24, 25),
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or to express enzymes involved in the biosynthetic pathways of
valuable secondary metabolites (26). Moreover, hairy roots are
genetically very stable and its culture in contained conditions (i.e.,
bioreactors) is a benefit for a long-term production of bioactive
molecules. A further advantage is the wound inducibility of this
promoter system in hairy root tissue. Additional exploration of
inducible mechanisms of this promoter leads to increased yield of
recombinant proteins. These approaches combined with novel technologies for scale-up of hairy roots in bioreactors along with associated purification strategies of recombinant proteins further the use
of the super-promoter:TEV expression system from the laboratory
scale to commercial production of valuable therapeutic proteins.

4. Notes
1. Formaldehyde (methanal) is a denaturing agent for RNA. It
prevents RNA to form secondary structures. Formaldehyde
can be toxic, allergenic, or carcinogenic. Handle it in a fume
hood and wear gloves.
2. An adenine was added immediately downstream to the KpnI
site and upstream of the DNA sequence encoding the initial
methionine of the patatin signal peptide. Therefore, the
encoded protein had an MVP amino acid sequence at the
N-terminus, before the initial methionine of pat.
3. Growth conditions need to be optimized for each species. The
effect of light versus dark culture conditions on root growth
was not evaluated in this study.
4. As root tissue develops, it is expected that pH alkalinizes and
conductivity value reduces as salts in medium are incorporated
into root tissue.
5. DNA concentration using this method is in the range of
10–30 ng/μL (tobacco leaf tissue). Then, yield is between 1.5
and 4.5 ng DNA/mg tissue (considering 200 mg fresh tobacco
leaves as starting material).
6. To prepare 100 mL of gel solution for RNA analysis, mix
72 mL DEPC-treated water, 10 mL 10× MESA buffer, and
1.2 g agarose and boil. Let cool down to 65°C (hand tolerant)
and add 18 mL of a 37% formaldehyde solution (commercially
available) in a safety hood. The final formaldehyde concentration is 2.22 M.
7. Roche recommends using 20 mL DIG Easy Hyb solution
per 100-cm2 membrane. According to manufacturer’s procedures , 6 μg DIG-labeled probe is contained in 40 μL
labeling reaction, and this is the recommended amount for
20 mL hybridization solution.
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8. Protein size. The recombinant protein (MVPpat:mGFP5)
obtained from tobacco tissues may correspond to an incompletely processed protein. Vector NTI software (Invitrogen)
predicted the premature protein to be composed of 266 amino
acids, with an estimated molecular weight of 29.9 kDa and pI
6.07. Using both Neural Networks and Hidden Markov
Models (27, 28), SignalP predicts a cleavage between adenine
and threonine at the C-terminal side of the pat:mGFP5
sequence (vertical arrow in Fig. 2d), resulting in a protein of
240 amino acids with an estimated molecular weight of
27.1 kDa and pI 5.93 for mGFP5 according to Vector NTI.
This cleavage is consistent with reports on the size of the
mature peptide of patatin (29). Both MVPpat:mGFP5 and
mGFP5 may be present in protein extracts of whole plant cells
(leaves and hairy roots), and this could explain the reason why
we observed the 29.9- and 27.1-kDa bands in Western blots
(Fig. 8b). In the case of rGFPuv used as standard, a similar
doublet was also observed, but this may be explained by the
presence of a 6-His tag which has been added to the coding
sequence (Clontech, personal communication). When the culture medium of the hairy root cultures was analyzed, we
observed only the 27.1-kDa band, which may correspond to
the fully processed protein expected to be present in the apoplast and medium following the secretory pathway (19).
9. Autofluorescence in tobacco. We first attempted to quantify
mGFP5 by detection of fluorescence using different dilutions
of protein extracts from transgenic tobacco leaves, but found
this technique extremely unreliable. To do this, we used a commercially available rGFP-uv as standard, which has the same
excitation wavelength as mGFP5. Fluorescence readings were
very consistent for rGFP-uv protein alone, but no correlation
was found when a nontransformed tobacco plant protein
extract was added as background to the standard curve.
Phenolic compounds and other secondary metabolites naturally present in tobacco tissues could be responsible for this
background that may interfere with quantification of mGFP5
protein in transgenic tobacco using this fluorescence-based
detection method (data not shown). Our assessments of
mGFP5 protein expression results were significantly more
consistent when a sandwich ELISA method was used.
10. Tissue wounding. Nishiuchi et al. (30) reported that elements
of the super-promoter sequence are involved in transcriptional
repression of the ethylene-responsive factor 3 (ERF3) gene following by wounding of tobacco tissue. Our experiments with
tissue wounding may also indicate that these elements in the
super-promoter are regulated by wounding in both leaves and
hairy roots (Fig. 9). Interestingly, the super-promoter responds
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immediately after leaf or root wounding by accumulating
mGFP5 mRNA, possibly as a response of the repair machinery
to injury. In leaves, we found that the amount of mGFP5
mRNA in nonwounded tissue reached a peak 2 h after excising
the leaf from the plant, and then decreased. In wounded p2
leaves, the mRNA levels increased immediately after wounding, and reached a plateau between 2 and 12 h after wounding
(Fig. 9a). In the case of hairy roots, the induction by wounding was higher than nonwounded controls at time zero and
even 2 h after wounding. The inducibility by wounding of the
super-promoter in leaves and hairy roots is a potentially convenient and advantageous condition when using this system as a
production tool for recombinant proteins. As induction by
wounding is being analyzed, special care must be taken into
account when harvesting plant tissue to avoid unnecessary
damage.
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Chapter 28
Bioseparation of Recombinant Proteins from Plant
Extract with Hydrophobin Fusion Technology
Jussi J. Joensuu, Andrew J. Conley, Markus B. Linder,
and Rima Menassa
Abstract
Two main hurdles hinder the widespread acceptance of plants as a preferred protein expression platform:
low accumulation levels and expensive chromatographic purification methods. Fusion of proteins of interest
to fungal hydrophobins has provided a tool to address both accumulation and purification issues. In this
method, we describe the one-step purification of a GFP–HFBI fusion from crude plant extract using an
aqueous two-phase system (ATPS). ATPS can be carried out in a very short time frame, yields relatively
pure protein with very few contaminants, and does not require any chromatographic column steps. This
purification system takes advantage of the affinity of hydrophobins to the micellar phase of widely available
nonionic surfactants, such as Triton X-114, and can be easily scaled up for industrial-scale protein purification.
Key words: Aqueous two-phase system, ATPS, Hydrophobin, HFBI, Protein purification, Protein
fusion, Molecular farming

1. Introduction
1.1. Rationale

For the past two decades, plants have shown promise as bioreactors
for the large-scale production of various therapeutic and industrially
important recombinant proteins (1). To obtain high-recombinant
protein yields, Agrobacterium infiltration in Nicotiana benthamiana
leaves (2), when combined with the coexpression of a suppressor
of gene silencing (3), has widely established itself as the most utilized
transient expression system in plants. Furthermore, this flexible technology allows for rapid gram-quantity production of recombinant
protein within a couple of weeks (4, 5), which is a significant advantage over conventional production technologies.
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Fig. 1. Expression of an ER-targeted GFP–HFBI fusion promotes the formation of protein
bodies (PBs). A leaf epidermal cell accumulating GFP–HFBI in PBs was imaged with a
Leica TCS SP2 confocal laser scanning microscope equipped with a 63× water-immersion
objective. For the imaging of GFP expression, excitation with a 488-nm argon laser was
used and fluorescence was detected at 500–525 nm. Bar = 10 mm.

However, the recovery of recombinant proteins from the
complex plant proteome has remained challenging, which can contribute to greater than 80% of the product cost (6). Traditionally,
affinity chromatography is used for the purification of recombinant
proteins, but this method is typically only suitable for purifying
low quantities of high-value products. To address this limitation,
we investigated the use of hydrophobin fusion technology, which
has shown promise as a simple, rapid, scalable, and inexpensive
nonchromatographic means of purifying plant-made recombinant
proteins (7).
Hydrophobins are small and surface-active fungal proteins
capable of altering the hydrophobicity of their respective fusion
partner, thus enabling efficient purification using a surfactant-based
aqueous two-phase system (ATPS) (8, 9). In an ATPS, a surfactant
is added to crude protein extracts which concentrates the hydrophobin fusions inside micellar structures and partitions them toward
the surfactant phase while the majority of the proteins remain in
the aqueous phase (10). Most importantly, the one-step ATPS purification is particularly attractive because it can be easily and effectively
scaled up for industrial-scale protein purification (9, 11).
In addition to the role as a purification aid, hydrophobins have
also been shown to enhance the accumulation of recombinant
proteins in plants through the formation of novel protein bodies
(PBs) (7) (Fig. 1). Presumably, the packing of these fusion proteins
into PBs protects them from proteolytic degradation associated
with normal physiological turnover (12). PBs are stable, intracellular storage organelles which enable high local concentrations of
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heterologous proteins to exist within the confined space of the cell,
without subjecting the host cell to an intolerable level of stress
(13). In summary, hydrophobin fusion technology provides a
general method for enhancing the yield of recombinant proteins
in plants while also providing a simple, efficient, and inexpensive
approach for their subsequent purification.
1.2. Nonionic
Surfactants in ATPS

There are several different forms of ATPS and they can be based on
various polymers or surfactants (14). The type of ATPS that has
been the most successful with hydrophobins involves the use of
nonionic surfactants that phase separate in a temperaturedependant manner (15). Nonionic surfactants are molecules that
have two different components (as surfactants in general): one is
hydrophilic and the other is hydrophobic. In nonionic surfactants,
the hydrophilic moiety does not have a net electric charge (in contrast
to most common detergents, such as SDS); instead, it is a chain of
a hydrophilic polymer. Polyethoxy chains are often used as the
hydrophilic moiety, whereas long-chain alcohols often serve as
the hydrophobic moiety (16). Surfactants, such as Tween and
Triton, that are commonly used as laboratory chemicals are typical
nonionic surfactants. However, not all nonionic surfactants are
useful in ATPS. For a functioning ATPS, conditions must exist, where
the aqueous surfactant mixture forms a two-phase system. The
hydrophilic polyethoxy chain is useful in this context. The solubility
of the polyethoxy chain decreases with increased temperature. This
“reversed” solubility property most likely stems from conformational changes in the polymer that decreases its interaction with
water molecules. For the nonionic surfactant to be useful in ATPS,
the temperature at which this phase separation occurs must be in
the practical range of 5–30°C (17). There are several such surfactants, one example being Triton X-114.
It has not been thoroughly studied why hydrophobins are
so efficiently separated in two-phase systems. However, it is likely
that the hydrophobins are somehow compatible with the micellar
structure of the surfactant phase. It is also well-known that membrane proteins are efficiently purified by ATPS using nonionic
surfactants (18). However, a significant difference between membrane proteins and hydrophobins is that hydrophobins are highly
soluble in water while membrane proteins are not. There is also an
interesting connection between the size of the fusion partner linked
to the hydrophobin and which type of surfactant it most efficiently
partitions into. Large fusion partners tend to partition more efficiently into surfactants that have longer hydrophilic polyethoxy
chains (8). Most likely, such surfactants are more hydrated and can
accommodate the hydrophilic proteins better.
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2. Materials
All solutions and equipment should be clean, sterile, and detergent
free. Water should be deionized, distilled, and autoclaved (conductivity <10 mS). Eye protection, lab coat, and insulated gloves should
be used when handling liquid nitrogen.
2.1. Protein Extraction
from Tobacco Leaves

1. Tobacco leaves expressing (transient or stable expression) a
protein of interest fused to a C-terminal hydrophobin HFBI
tag. see Fig. 2 for construct details. For transient expression in
N. benthamiana, see ref. 7.
2. Laboratory scale.
3. Ceramic mortar and pestle.
4. Liquid nitrogen and suitable insulated container for handling.
5. Phosphate-buffered saline (PBS) extraction buffer: 137 mM
NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 1.8 mM KH2PO4;
pH 7.4.
6. Refrigerated centrifuge.

2.2. Aqueous TwoPhase Separation

1. Eppendorf or other plastic test tubes/separation funnel (for
volumes over 25 mL).
2. Triton X-114 surfactant (Sigma–Aldrich).
3. Isobutanol.
4. Temperature-adjustable water bath.
5. Laboratory pipettes and suitable tips for liquid handling.
6. Vortex mixer.

2.3. SDS-PAGE Gel
Analysis

1. Tris–HCl Polyacrylamide Ready gel 4–15% (Bio-Rad).
2. SDS-PAGE running buffer: 25 mM Tris, 200 mM glycine, and
0.1% (w/v) SDS.
3. MiniProtean III SDS-PAGE electrophoresis apparatus (Bio-Rad).

Fig. 2. Schematic representation of the expression cassette that was used for transient
expression of GFP–HFBI fusion protein in Nicotiana benthamiana leaves. p35S, enhanced
cauliflower mosaic virus 35S promoter; tCUP, translational enhancer; Ss, Pr1b tobacco secretory signal peptide; GFP, green fluorescent protein gene; HFBI, Trichoderma reesei hydrophobin HFBI gene; (G3S)3, flexible 12 amino acid linker that was inserted between GFP and
HFBI; KDEL, endoplasmic reticulum retention signal; vsp3¢, soybean vegetative storage
protein terminator.
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4. 4× SDS-PAGE loading buffer: 240 mM Tris–HCl, pH 6.8,
40% glycerol, 8% (w/v) SDS, 0.1% (w/v) bromophenol blue,
and 5% (v/v) 2-mercaptoethanol.
5. GelCode Blue Stain Reagent (Thermo Scientific).

3. Methods
3.1. Protein Extraction
from Tobacco Leaves

1. Weigh 1 g of freshly harvested tobacco leaves expressing hydrophobin fusion protein (see Note 1). Put leaves into a mortar
and cover them with a generous amount of liquid nitrogen.
Precool the pestle with liquid nitrogen and crunch leaves to
small pieces. Once the excess of liquid nitrogen has evaporated,
grind leaves thoroughly to a fine powder.
2. Set the mortar on ice and let the powder thaw before adding
10 mL of PBS. Keep grinding for at least 5 min to release total
soluble proteins (TSPs) from the leaves.
3. Transfer the leaf extract to precooled test tubes and centrifuge
for 5 min at 20,000 × g at 4°C.
4. Collect the supernatant to new tubes and repeat centrifugation.
5. Collect the supernatant. Keep the leaf extract on ice before
proceeding to the ATPS.
6. For SDS-PAGE samples, take 75 mL of the leaf extract and mix it
with 25 mL of 4× SDS-PAGE loading buffer (Sample 1, Fig. 3).

3.2. Aqueous TwoPhase Separation

1. Weigh 40 mg of Triton X-114 to a 1.5-mL Eppendorf tube
(see Note 2).
2. Preheat 1 mL of leaf extract in a 24°C water bath for 5 min
(see Note 3).
3. Add the leaf extract to an Eppendorf tube containing Triton
X-114.
4. Vortex the extract/Triton X-114 mixture thoroughly for 1 min
(see Note 4).
5. Set the tube back to 24°C water bath for 5 min to separate the
phases (see Note 5, Fig. 3).
6. Pick up the tube carefully, take 75 mL of upper phase to be analyzed
on SDS-PAGE, and mix it with 25 mL of 4× SDS-PAGE loading
buffer (Sample 2, Fig. 3).
7. Carefully collect the lower phase with a thin gel-loading tip
through the upper phase. Start pipetting from the bottom of
the tube. Transfer this lower phase containing the hydrophobin fusion protein to a new tube (see Note 6).
8. Add 400 mL of isobutanol to the collected lower phase and mix
well by vortexing (see Note 7).
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Fig. 3. Aqueous two-phase separation (ATPS) of the GFP–HFBI fusion protein from plant extract with surfactant Triton
X-114. (a) Photographs of the GFP–HFBI leaf extract before (left ) and after (right ) the phase separation indicating the
accumulation of GFP–HFBI in the lower surfactant phase. The tubes were imaged under ultraviolet light. The numbering
corresponds to lane numbers in (b), (c), and (d). (b) SDS-PAGE demonstrates a selective recovery of the GFP–HFBI fusion
protein (37 kDa) in the lower phase with minimal background from the leaf extract. Equal volumes of the following samples
were loaded onto the gel: 1, leaf extract containing GFP–HFBI before addition of Triton X-114; 2, upper phase after ATPS;
3, lower phase after ATPS. Similar experiments were performed with purified GFP–HFBI protein (c) and wild-type leaf
extracts (d). They confirm the concentration of GFP–HFBI protein by ATPS (c) with Triton X-114 while extracting out very
few contaminating plant proteins (d).

9. Set the tube to a 24°C water bath for 5 min to separate the
phases (see Note 8).
10. Collect the lower phase containing the hydrophobin fusion
protein to a new tube as mentioned above (see Note 9).
11. Take 75 mL sample to be analyzed on SDS-PAGE and mix it
with 25 mL of 4× SDS-PAGE loading buffer (Sample 3, Fig. 3).
3.3. SDS-PAGE
Gel Analysis

1. Boil the collected samples 1, 2, and 3 (75 mL + 25 mL of 4× SDS
PAGE loading buffer) for 5 min.
2. Prepare a polyacrylamide gel of appropriate percentage and
load 20 mL of the samples per well.
3. Run gel at 200 V until the dye front reaches the end of the gel.
4. Disassemble the running apparatus and desalt the gel twice for
15 min with H2O.
5. Stain the gel overnight with GelCode Blue Stain Reagent.
6. Destain the gel with H2O for 1 h.
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4. Notes
1. In this example, N. benthamiana leaf extract expressing GFP–
HFBI fusion protein was used (Fig. 3).
2. The amount of surfactant may vary between 2 and 10% (w/v)
depending on which volumes are practical to handle. If the
volume of supernatant is large (over 100 mL), a smaller amount
of surfactant may be used. The concentrating effect of the ATPS
is better when a smaller volume of surfactant is used, although
higher amounts of surfactant tend to give higher total recovery
of the hydrophobin fusion. The scale of the separation can be
flexibly adjusted. We have used the same protocol for volumes
from 100 mL to 1,500 L.
3. This example is for extracts from plant leaves, but needs only
slight modification for applying to any homogenized cell
extract or cell culture supernatant.
4. The sample should be carefully mixed until all surfactant is
well-dispersed. For larger volumes, allow the sample to stand
for 20–60 min or until the surfactant has clearly separated into
its own phase. In the case of Triton X-114, the surfactant phase
is the lower one. For other nonionic surfactants, it can be the
top phase. If volumes are 20–500 mL, the separation is most
easily performed in a separation funnel.
5. The sample can be centrifuged to speed up clarification.
Separation times might be longer if the samples contain a lot of
dispersed cell debris.
6. When working with a separation funnel, the lower phase containing the protein of interest can be easily drained from the
bottom valve.
7. The volume of isobutanol should be about ten times the volume
of surfactant originally added. For example, if 1 mL of surfactant was added, then 10 mL of isobutanol should be used. For
scaling-up, a smaller amount of isobutanol can be used, but the
volume must be optimized separately.
8. Isobutanol and surfactant are mixed carefully and allowed to
separate. The solution separates into two phases. One phase
(the upper one) contains a mixture of isobutanol and surfactant.
The other phase is an aqueous phase containing the hydrophobin fusion protein. The water in this phase is separated from
the surfactant by the action of isobutanol. This means that
when the surfactant was separated from the supernatant in the
previous step some water was entrapped within the surfactant.
The separation is usually complete within minutes. If the aqueous
phase is very small (much less than one-tenth of the original
supernatant), the yield may be improved by adding some extraction buffer (or water) to the isobutanol extraction step.
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9. The target fusion protein is in the aqueous phase that is drawn
off from the isobutanol–surfactant mixture. It is typically quite
pure from other proteins (Fig. 3), but this aqueous solution is
saturated with isobutanol. The further use of the target protein may require removal of residual isobutanol. This can be
achieved easily by filtration on a column, such as the BioGel
P-6 (Bio-Rad) or equivalent.
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Chapter 29
Quality Assessment of Recombinant Proteins
Produced in Plants
Giuliana Medrano, Maureen C. Dolan, Jose Condori,
David N. Radin, and Carole L. Cramer
Abstract
Plant-based expression technologies for recombinant proteins have begun to receive acceptance for
pharmaceuticals and other commercial markets. Protein products derived from plants offer safer, more
cost-effective, and less capital-intensive alternatives to traditional manufacturing systems using microbial
fermentation or animal cell culture bioreactors. Moreover, plants are now known to be capable of expressing bioactive proteins from a diverse array of species including animals and humans. Methods development
to assess the quality and performance of proteins manufactured in plants are essential to support the
QA/QC demands as plant-produced protein products transition to the commercial marketplace. Within
the pharmaceutical arena, process validation and acceptance criteria for biological products must comply
with the Food and Drug Administration (FDA) and ICH Q6B guidelines in order to initiate the regulatory approval process. Detailed product specifications will also need to be developed and validated for plantmade proteins for the bioenergy, food, chemical synthesis, or research reagent markets.
We have, therefore, developed assessment methods for important qualitative and quantitative parameters
of the products and the manufacturing methods utilized in plant-based production systems. In this chapter,
we describe a number of procedures to validate product identity and characteristics including mass
analyses, antibody cross-reactivity, N-terminal sequencing, and bioactivity. We also address methods for
routine assessment of yield, recovery, and purity. The methods presented are those developed for the
synthesis and recovery of the avian cytokine, chicken interleukin-12 (ChIL-12), produced in the leaves of
Nicotiana benthamiana. The ChIL-12 protein used as a model for this chapter includes a C-terminal
histidine epitope (HIS-tag) and, thus, these methods may be directly applicable to other HIS-tagged
proteins produced in plants. However, the overall strategy presented using the ChIL-12HIS example should
provide the basis of standard procedures for assessing the quality of other plant-based protein products
and manufacturing systems.
Key words: Plant-based bioproduction, Recombinant protein, Product validation, HIS-tag, Western
analyses, ELISA, Endotoxin, Bioactivity, MS-MALDI, Interleukin-12
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1. Introduction
Plants have emerged as a relatively simple, safe, and economical
expression platform for bioproduction of recombinant proteins
including those requiring eukaryotic post-translational modifications common in many complex animal proteins of interest for
pharmaceutical and veterinary applications. Numerous reports have
demonstrated that a wide range of valuable proteins and compounds
can be expressed efficiently in plants (1–15). However plant-based
manufacturing has yet to be widely adopted in comparison to the
more traditional bioproduction platforms employing mammalian
cells or microbial expression systems. In part this may be due to a
lack of well-developed and clearly defined manufacturing quality
assessment protocols for recombinant protein production in plants
(16). In order to develop a well-characterized plant-derived protein
product, quality control procedures for product identity, recovery,
quantification, structure, activity, and in some cases “bioequivalency” are needed. A harmonized FDA and EU guidance document, ICH Q6B (the ICH Guideline Q6B: Test Procedures and
Acceptance Criteria for Biotechnological/Biological Products,
http://www.ich.org/LOB/media/MEDIA432.pdf ), has been
developed for protein “biologics” targeted for clinical applications
that required current Good Manufacturing Practices (cGMP) compliant manufacturing. While the procedures described herein do
not fulfill all the parameters required for cGMP compliance, they
do provide an entrée into the tools and analyses required to initiate
preclinical studies or to move a recombinant protein to the research
reagent market.
This chapter describes the overall workflow and steps required
for the assessment of quality parameters for recovery of proteins
produced in plants. The workflow described uses a model protein
of interest, chicken interleukin-12 with a histidine tag at the
C-terminus (ChIL-12HIS) (3), expressed transiently in plants (2).
IL-12 is a complex heterodimeric glycoprotein that is responsible
for stimulating key immune-responsive cells to product interferongamma, a key regulator of cell-mediated immunity and inflammatory responses. Thus, IL-12 has significant potential as an
immuno-stimulant and vaccine adjuvant. Recombinant IL-12s
have been successfully produced in a single chain form (p40
subunit:linker:p35 subunit:HIS-tag), yielding a product of approximately 70 kDa that elicits strong immune responses both in vitro
and in vivo. Our interest in chicken IL-12 is focused on its use as a
vaccine adjuvant for feed-based delivery to poultry targeting avian
influenza and other viral and intracellular pathogens. The initial
cloning and expression of ChIL-12HIS in plants has been previously
described (3 ). In contrast to most human proteins, protein
standards and many of the assessment tools simply did not exist for
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Fig. 1. Workflow for recombinant protein product quality assessments.

this protein when the project was initiated. Therefore we believe
ChIL-12HIS provides an excellent model to describe the development of key tools and protocols necessary for implementing
effective plant-made protein product assessment strategies.
A very useful tool in facilitating development of detection and
purification processes for a new recombinant protein product is
incorporation of an epitope tag (for example, the 6×-histidine
epitope; HIS-tag). This tag is typically placed on either the N- or
C-terminus of the protein; however, it is important to establish
that positioning of this tag does not interfere with the function of
the protein of interest. Although the long-term goal may be to
produce a protein without an epitope tag, we often include a HIStag for exploratory work in quantification and purification process
development (3, 17). The HIS-tag is widely used in recombinant
protein expression in diverse production platforms. We have therefore focused on protocols developed for a HIS-tagged version of
the ChIL-12, reasoning that these methods may have broader utility to researchers targeting recombinant protein production.
Quality assessment procedures described here consist of
standardized procedures and calculations that we have developed
for routinely confirming identity, measuring the quality/quantity
of the product as it moves through the downstream processing
steps, and establishing function and unit activity (Fig. 1). These
assessment procedures include mass spectrometry, N-terminal
sequencing, protein purification, ELISA, protein deglycosylation,
western immunoblot, silver stained polyacrylamide gel electrophoresis (PAGE), and product-specific activity assays. These methods
are designed to provide routine and consistent laboratory analysis
check points with the goal of ensuring quality (e.g., product
integrity and purity testing), quantity (yield and recovery analyses),
and activity (e.g., bioassays protocols) of the plant-made product.
Identity confirmation is also included as part of quality assessment
procedure. Because of the growing market demand for high-valued
proteins, and the potential of plants as production systems for
recombinant proteins, the development of quality standards of
production compatible with standards for human use is essential.
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2. Materials
2.1. Total Protein
Extraction (“SDSgrind”)

1. 0.5 g of plant tissue.
2. Mortar and pestle.
3. 1.5 mL microcentrifuge tubes.
4. Liquid nitrogen.
5. SDS (sodium dodecyl sulfate) grinding buffer: 150 mM
Tris–HCl pH 6.8, 30% glycerol, 6% SDS, 5 mM EDTA pH 8.0
in H2O. SDS should be of high quality (e.g., electrophoresis/
molecular grade SDS from Bio-Rad or Fisher Scientific).

2.2. SDS
Polyacrylamide Gel
Electrophoresis

1. 4× NuPAGE LDS Sample Buffer (Invitrogen).
2. 4× Bromophenol blue solution: 4% (w/v) Bromophenol blue
in dH2O. Not required if sample buffer, such as LDS Sample
buffer, contains running dye.
3. 1 M DTT (dithiothreitol, Research Products).
4. 1× Reducing agent: Dilute 10× NuPAGE sample reducing
agent (Invitrogen) 1:10 (v/v) with dH2O.
5. NuPAGE Novex 10% Bis-Tris precast gels (Invitrogen).
6. 1× SDS-PAGE running buffer: Dilute 20× NuPAGE MOPS/
MES SDS running buffer (Invitrogen), 1:20 (v/v) with
dH2O.
7. Molecular weight standards (e.g., Precision Plus Protein, BioRad; stained version for Western blots; unstained for gels visualized with silver- or Coomassie-stains).
8. Mini-format protein electrophoresis unit (e.g., XCell Surelock
Electrophoresis Apparatus, Invitrogen).
9. Power supply (e.g., Power Pac Basic, Bio-Rad).

2.3. Western
Immunoblot

1. Electrophoretic gel transfer unit (e.g., XCell II™ Blot Module,
Invitrogen) and power supply (e.g., Power Pac Basic, Bio-Rad).
2. Electrotransfer buffer: 20 mM Tris–HCl, 150 mM glycine,
20% methanol.
3. Pre-cut nitrocellulose or PVDF membrane (Bio-Rad).
4. Pre-cut filter paper (e.g., Whatman paper).
5. Blotting pads, pre-cut sheet protector.
6. 1× PBS: 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4,
1.76 mM KH2PO4, pH 7.4.
7. Washing buffer: 1× PBS with 0.1% Tween-20.
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8. Blocking/dilution buffer: 1× PBS with 3% bovine serum
albumin (BSA).
9. Antibody (western analysis): Mouse anti-6×HIS(C-term)alkaline phosphatase conjugated antibody (e.g., Invitrogen).
10. Platform shaker (e.g., Gyrotory Shaker Model G2; New
Brunswick Scientific).
11. Detection reagents: CDP-Star (Boehringer-Mannheim);
Nitroblock Enhancer II (Tropix); CDP-Star Detection Buffer
(0.1 M Tris–HCl pH 9.5, and 0.1 M NaCl).
12. X-ray film (e.g., Kodak BioMax XAR).
13. X-ray cassette.
14. Darkroom.
15. Fixer and developer.
2.4. Protein
Purification for Model
His-Tagged Protein

1. Cation exchange resin (e.g., UNOSphere-S cation resin,
Bio-Rad).
2. Disposable plastic gravity columns (e.g., Poly-prep Chromatography Column, Bio-Rad).
3. S Cation Equilibration/Wash Buffer: 50 mM sodium phosphate buffer pH 7.4.
4. S Cation Elution Buffer: 50 mM sodium phosphate buffer pH
7.4, and 500 mM NaCl.
5. Ni affinity resin columns (e.g., HIS60 Ni Superflow Columns,
Clontech).
6. Ni Equilibration/Wash Buffer: 50 mM sodium phosphate pH
7.4 and 300 mM sodium chloride (see Note 1).
7. Ni Elution Buffer: 50 mM sodium phosphate pH 7.4, 300 mM
sodium chloride, and 300 mM imidazole (see Note 2).

2.5. Endotoxin
Removal and
Endotoxin Test

1. Toxin EraserTM Endotoxin Removal Kit (GenScript).
2. Centrifugal filtration device (e.g., Amicon Ultracel-30K,
Millipore).
3. Centrifugal filtration unit (e.g., 0.22 μm GV Durapore,
Millipore).
4. Endotoxin Assay (e.g., ToxinSensorTM Chromogenic LAL
Endotoxin Assay, GenScript).
5. 96-well flat bottom plate (e.g., 96-well flat bottom, Nunc Cat
# 269620, Thermo Scientific).
6. Incubation oven; 37 ± 1.0°C.
7. Spectrometer with a 545 nm filter.
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2.6. Matrix-Assisted
Laser Desorption
Ionization: Time
of Flight Mass
Spectrometry

1. Matrix-assisted laser desorption ionization: time of flight
(MALDI-ToF) instrument such as Waters Micromass® MALDI
microMXTM (MALDI-ToF MS) with MassLynx 4.1 software
(Waters).
2. SDS-PAGE gel (Invitrogen).
3. SimplyBlueTM SafeStain (Invitrogen).
4. Trypsin Gold, mass spectrometry grade (Promega).
5. Trifluoroacetic acid (TFA), HPLC grade (Fisher Scientific).
6. Acetonitrile (ACN), HPLC grade (Fisher Scientific).
7. 200 mM NH4HCO3 buffer pH 7.8.
8. Ultrapure water.
9. ZipTipC18® pipette tips (Millipore).
10. Savant SDP121P Speedvac Concentrator with refrigerated
vapor trap RVT4104 (Thermo Scientific).
11. MALDI stainless steel target plate (Waters).
12. Matrix (see Note 3): 10 mg/mL α-Cyano-4-hydroxy-cinnamic
acid (CHCA), 10 mg of CHCA is dissolved in 1 mL of solution containing 49.5% ethanol, 49.5% ACN, and 1% aqueous
0.1% TFA. It was prepared according to MALDI microMS
standard operating procedures. This solution should be prepared
fresh every time.
13. Adrenocorticotropic hormone 18–39 clip (2,465.1989 Da,
Sigma-Aldridge) (ACTH): Mix 1 μL of 10 pmol/μL solution
with 9 μL of 0.1% TFA to give 1,000 fmol/μL. Mix 1:1 with
CHCA solution to give 500 fmol/μL.
14. Sodiated polyethylene glycol (PEG): Prepare 10 mg/mL solution in 50% aqueous ACN. Mix 1 μL PEG 1000, 2 μL PEG
2000, and 6 μL PEG 3000. Add 9 μL of CHCA matrix and
3 μL of 2 mg/mL of sodium iodide (prepared in 50% aqueous
2-propanol).
15. Glu-Fibrinopeptide B (1570.6774 Da, Sigma-Aldridge)
(GFPB): Mix 1 μL of 10 pmol/μL GFPB stock solution with
9 μL of 0.1% TFA to give 2,000 fmol/μL. Mix 1:1 with CHCA
solution to give 1,000 fmol/μL.

2.7. Protein
Preparation
for N-Terminal
Sequencing
2.8. Silver Staining
of Proteins on PAGE
Gels

1. PVDF membrane (e.g., Sequi-Blot PVDF 0.2 μm for protein
sequencing, Bio-Rad).
2. Methanol (HPLC grade).
3. Coomassie Blue R250 or G250 (Invitrogen).
1. The Pierce SilverSNAP Stain II (e.g., Thermo Scientific).
2. Fixing solution: 10% ethanol and 30% acetic acid.
3. 10% Ethanol.
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4. Stop solution: 5% Acetic acid.
5. Gel imaging system (e.g., Versa Doc 4000 Imaging System,
Bio-Rad).
2.9. ELISA

1. HIS-tagged protein standard (e.g., HSP90αHIS, SignalChem
Cat# H36-50 H).
2. 96-well flat bottom plates (e.g., Nunc 96-well flat bottom, Cat
# 3855, Thermo Scientific).
3. 1× PBS: 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4,
1.76 mM KH2PO4, pH 7.4.
4. Blocking buffer: 1× PBS with 3% BSA.
5. Dilution buffer: 1× PBS with 1% BSA.
6. Washing buffer: 1× PBS with 0.05% Tween-20.
7. Detection antibody: Anti 6×HIS-HRP (Invitrogen).
8. Substrate Solution: Tetramethylbenzidine (TMB) Substrate
Solution (KPL).
9. Stop solution: 1 M H2SO4 stock.
10. Disposable troughs or basins for dispensing solutions with a
multichannel pipette.
11. Multichannel pippettes and/or robotic multichannel liquid
handler system (e.g., epMotion 5075 Eppendorf).
12. Microplate washer (e.g., Model ELx405, BioTek).
13. Microplate reader spectrophotometer capable of reading at
450 nm (e.g., Model 680 Bio-Rad).

2.10. Deglycosylation

1. Peptide-N-glycosidase F (PNGase F) (Sigma-Aldrich).
2. 10× G7 Reaction buffer (supplied with enzyme).
3. 10× Glycoprotein Denaturing Buffer (supplied with enzyme).
4. NP-40 (supplied with enzyme).

3. Methods
3.1. Factoring Protein
Recovery and
Assessment into
Expression Construct
Design

Regardless of the production platform, in order to isolate and
purify a protein, a polyhistidine-tag is often designed into the protein expression construct to enable affinity purification and to facilitate protein detection. We typically use six histidine residues
(6×HIS-tag), which, in the case of our model IL-12 protein, is
added at the C-terminus. A HIS-tag can be placed at either the
C- or N-terminus of the protein of interest with selection of site
often based on knowledge of active sites or other important structural domains. Because most of our “proteins of interest”
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are glycoproteins requiring routing through the endomembrane
system, we commonly engineer the HIS-tag at the C-terminus as
opposed to the N-terminus, which comprises the signal peptide
and is subsequently cleaved in the endoplasmic reticulum. If the
HIS-tag is to be part of the target product, it will be important to
determine that the tag does not negatively impact bioactivity.
In higher eukaryotic expression systems, another design consideration for expression of complex recombinant proteins is the
signal peptide to use. This sequence can derive from the native gene
(as is the case for the model IL-12 protein) or can be a classic signal
peptide that is well characterized in the heterologous bioproduction system. We will often exchange the native signal peptide for a
signal peptide derived from a plant protein [typically using the
sequence corresponding to the potato patatin protein signal peptide (Pat)]. For some recombinant proteins, use of a plant signal
peptide increases product yields in a plant-based production platform. In either case the recombinant-expressed protein is expected
to emerge fully processed from the endomembrane system (as confirmed by N-terminal sequencing; see below). Although outside the
scope of this chapter, it should be noted that both the trafficking
route and the subcellular site of accumulation will potentially impact
product yield, post-translational modifications, extractability, and
quality/stability of a particular recombinant protein (18).
The starting material for the procedures described below is
typically leaves of Nicotiana benthamiana containing the heterologous HIS-tagged protein generated via an Agrobacterium
tumefaciens-mediated transient expression system as described
by (2). Typically, leaves are harvested 48–72 h (optimized for each
protein/construct) after vacuum infiltration of A. tumefaciens
bearing the appropriate gene construct and processed immediately after harvest or stored at −80°C. For quality assessment, it is
necessary to provide a parallel negative control using the same procedures employed with the recombinant protein preparation. Our
negative control typically comprises N. benthamiana leaf tissue
infiltrated with A. tumefaciens bearing an “empty” vector, i.e., the
same vector used for expression of transgene but lacking the coding
region for the protein of interest. This material is processed in parallel for all steps.
3.2. Validation
of Recombinant
Protein Expression
Levels: Production
Benchmark

It is important to have a reliable method for determining the
productivity of your bioproduction system that is independent of
extraction and purification variables. This is critical in process
development and as a routine check point that the production run
is meeting minimal productivity levels. We have instituted an initial
analysis that involves extracting proteins from a small amount of
tissue (typically 0.5 g of infiltrated N. benthamiana leaf tissue) by
homogenization directly in SDS sample buffer and detecting the
protein of interest by Western immunoblotting. This procedure
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effectively extracts all proteins from the tissue providing an estimation
of the total amount of target protein produced and establishing the
baseline for product recovery during extraction and purification. It
should be noted that this analysis does not measure “active” protein (SDS denatures the proteins) but does provide size estimates
and indications of degradation. This procedure is very useful during initial screening or assessment of new proteins whose extraction behavior is unknown. During process development, the
method provides a simple assessment tool that enables (1) optimization of the vector, gene construct, and expression system
parameters, (2) determination of optimal leaf tissue harvest time(s),
and (3) development of extraction protocols that effectively recover
the recombinant protein. When this procedure is used to make
relative comparisons between different expression constructs or
harvest times, it is important to sample leaves of similar size and in
comparable positions on the plant in an effort to mitigate any
difference due to developmental stage of the leaf sample. Once
production and downstream protocols are established, this test can
also be integrated into process control for validation of your “raw
materials” to ensure a given protein production run meets minimal
yield criteria and to assess lot-to-lot variation.
3.2.1. Total Protein
Extraction (“SDS-grind”)

1. In the presence of liquid nitrogen, grind 0.5 g leaf tissue sample
to a fine powder with a pre-chilled mortar/pestle. Do not let
tissue thaw during grinding process. Use clean mortar and
pestle for each sample in an effort to avoid cross-contamination.
2. Add two volumes (for 0.5 g; add 1 mL) of SDS grinding buffer
to frozen tissue powder and thoroughly mix with a pestle to
saturate sample with buffer. Allow frozen sample mixture to
thaw before further grinding sample to a homogeneous liquid
extract.
3. Transfer each extract using a clean transfer pipet to a 1.5 mL
microcentrifuge tube.
4. Centrifuge all samples at 18,000 × g at room temperature (RT)
for 10 min.
5. Carefully transfer supernatant to a clean 1.5 mL microcentrifuge tube. Samples may be immediately processed (see
Subheading 3.2.2) or an aliquot(s) volume anticipated to run
on SDS PAGE can be dispensed and stored at −20°C.

3.2.2. SDS Polyacrylamide
Gel Electrophoresis

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) is a technique used to separate proteins according to their
size. Following gel electrophoresis, the total soluble protein in a
sample can be visualized in gels by Coomassie or silver staining (see
Subheading 3.5.1) or your protein of interest can be detected by
Western immunoblot analysis based on protein-specific antibodies
(see Subheading 3.2.3).
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1. Set up NuPAGE precast gels (see Note 4).
2. Prepare 1× SDS-PAGE running buffer (MOPS or MES) by
diluting 40 mL of the 20× running buffer with 760 mL of
water in a measuring cylinder. Cover with Para-film and invert
to mix (see Note 5).
3. Carefully remove comb and peel off tape from back of pre-cast
gel, wash briefly with dH2O and set up in an electrophoresis
apparatus as per instructions.
4. Add 200 mL running buffer to the upper and lower chamber.
Add 600 mL remaining buffer to the lower chamber (see
Note 6).
5. Prepare samples derived from the “SDS-grind” procedure
(Subheading 3.2.1) for electrophoresis under reducing conditions by adding DTT and heating. Depending on the expression level of your protein of interest, the sample volume load
may vary. We have found that if your protein is moderately to
well-expressed in plants, 5–10 μL of crude extract supernatant
can easily be visualized by western analysis. For our model
protein, ChIL-12HIS a final gel loading volume of 10 μL is prepared as follows:
(a) Add 6.5 μL of the extract supernatant in a 1.5 mL microcentrifuge tube (see Note 7).
(b) Add 1 μL 1 M DTT stock to a final concentration of
100 mM DTT. Alternatively, one can utilize a commercial
reducing agent for the NuPAGE gel system (10× NuPAGE®
Sample Reducing Agent) (see Note 8).
(c) Add 2.5 μL of 4× Bromophenol Blue.
(d) Boil samples at 100°C for 5 min or heat at 70°C for 10 min.
(e) Load samples onto an SDS-PAGE gel.
6. For samples comprising crude leaf extracts (i.e., not extracted
in presence of SDS) or purification fractions (see Subheading
3.3), samples are processed as follows:
(a) Add sample plus dH2O to total of 6.5 μL in a 1.5 mL
microcentrifuge tube.
(b) Add 1 μL 1 M DTT stock to a final concentration of
100 mM DTT. Alternatively you can use 1 μL of 10×
NuPAGE® Sample Reducing Agent (see Note 8).
(c) Add 2.5 μL 4× NuPAGE LDS Sample Buffer to a final
concentration of 1× loading buffer.
(d) Boil samples at 100°C for 5 min or heat at 70°C for 10 min.
(e) Load samples onto an SDS-PAGE gel.
7. Protein molecular weight markers, negative control (pBK),
and positive control (if you have a commercial standard for the
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protein of interest +/− HIS-tag) or a HIS-tagged protein
standard to confirm subsequent antibody detection on
western analysis should be included on this gel.
8. Load samples onto NuPAGE gel (see Note 9).
9. Run at 200 V constant voltage for about 60 min (see Note 10).
3.2.3. Western Immunoblot
Analysis

Western immunoblotting involves the transfer of proteins that have
been size-separated by SDS-PAGE to membranes and the detection of specific proteins based on their cross-reactivity to either
protein-specific or epitope tag-specific antibodies. This analysis
allows us to determine the approximate molecular size of our
product and to measure relative amounts of the protein of interest.
The protocol we use for our model protein ChIL-12HIS permits
detection of proteins in the range of 5–100 ng. It should be noted
that many antibodies show non-specific binding to endogenous
plant proteins in crude extracts at the antibody concentrations
recommended in the manufacturer’s protocols. Thus, both monoclonal and polyclonal antibodies will need to be optimized using
the negative control plant extracts (processed in parallel) as the
comparator to your transgenic samples. The protocol presented
here involves detection based on the HIS-epitope engineered into
our ChIL-12HIS product and thus should be applicable to many
HIS-tagged proteins. In general, the detection of proteins for
which antibodies are not commercially available can be challenging,
and therefore characterization and purification is greatly facilitated
by the HIS-tag. The following outlines the assembly of a SDSPAGE for electrotransfer to a membrane for performing western
immunoblotting using the Invitrogen XCell II™ Blot Module.
However, much of the process and technical tips are applicable to
other gel transblotting units:
1. Resolve the protein samples by SDS-PAGE as indicated above
(Subheading 3.2.2).
2. Pre-soak the blotting sponges, filter papers, and nitrocellulose
membrane in a Pyrex glass container filled with 1× transfer
buffer.
3. Carefully separate the pre-cast gel plates maintaining the polyacrylamide gel on one of the plates. To expose the gel, insert a
metal spatula into the gap between the two gel plates, push up
and down on the spatula handle to separate the plates (see
Note 11). Mark the upper left corner of the gel to facilitate
orientation throughout the process. For NuPAGE gels, the
manufacturer recommends covering the gel with a pre-soaked
filter to avoid gel drying out. However, we typically preequilibrate the gel briefly (2–4 min) in transfer buffer.
4. To assemble the membrane/gel sandwich, place two pre-soaked
blotting sponges into the deeper of the two blot module cores
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(designated the negative electrode). In a stepwise fashion, layer
one pre-soaked filter paper followed by the pre-equilibrated
gel, the nitrocellulose or PVDF membrane, and another presoaked filter paper to construct the gel/membrane sandwich.
Remember to use clean gloves when handling gels and membranes. It is important to remove any air bubbles during this
layering process that would void the transfer of protein to the
membrane in these areas; a small glass rod can be gently rolled
across the sandwich a couple of times in the same direction to
remove any bubbles. Complete the assembly by layering two
to three pre-soaked blotting pads to create a tight fit upon
closing the blot module. Place the more shallow blot module
core (designated the positive electrode) on top of the pads (see
Note 12).
5. The sandwich should be held securely when transferred to the
rails on the electrophoretic chamber. The sandwich assembly
will only fit into the blot module chamber in one direction.
Place the gel tension wedge in vertically against the blot
module and push forward to lock into place.
6. Fill the inner chamber, which contains the sandwich assembly
with transfer buffer (see Note 13).
7. Add 650 mL of dH2O to the outer buffer chamber to reduce
heating of the gel during the run (see Note 14).
8. Place the lid on top of the chamber and connect the color
coded leads (red +; black −) into the corresponding positions
on the power supply.
9. Run the gel electrotransfer at constant voltage; 35 V for 1–2 h
(see Note 15).
10. Following transfer, dissemble and remove the membrane from
the blot assembly. Place membrane on a Kimwipe with the side
of the membrane that was in contact with the gel face-up and
allow the membrane to air-dry for about 5 min.
11. Block the membrane with 20 mL blocking buffer and shake for
1 h.
12. Add anti-6×HIS(C-term)-alkaline phosphatase conjugated
antibody in blocking/dilution buffer and incubate membrane for 1 h with rotation on a platform shaker at RT
(see Note 16).
13. The membrane is then subject to three 10-min washes in
washing buffer on platform shaker at RT.
14. Mix detection reagents: 3 mL of CDP-Star Detection Buffer,
150 μL of Nitroblock Enhancer II, and 30 μL CDP-Star. Place
the membrane face-up inside of a sheet protector, cover the
membrane with detection mix and incubate for 5 min at RT.
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15. Lay the other face of the sheet protector over the membrane
avoiding formation of air bubbles and using a Kimwipe to
squeeze out the excess detection reagent before placing in a
film cassette. In a darkroom, expose membrane to film.
Exposure times can range from 30 s to 2 h and we typically
capture multiple exposures. For a new protein, 5 min exposure
is a good starting point and then you can increase or decrease
exposure time based on these results. Fix and develop film
using an automated film processor.
3.3. Protein
Purification

3.3.1. Homogenization
and Clarification

In order to purify plant-derived proteins harboring a HIS-tag from
complex plant material (e.g., leaf tissue), we recommend using a
two-step column chromatography procedure. We generally use
ion-exchange chromatography as a first column purification step,
which accommodates the large volumes associated with initial plant
extracts. This is followed by affinity chromatography using a nickelbased resin, which selectively binds the HIS-tag. For ChIL-12HIS
isolation and purification, we use the following steps: (1) plant tissue
homogenization in liquid N2 and buffer, (2) centrifugation to
clarify, (3) cation exchange chromatography, (4) Ni affinity chromatography, (5) endotoxin removal, and, (6) final polishing steps
(buffer exchange, concentration, and filter-sterilization) prior to
structural and activity characterization (Fig. 2). “Empty vector”
negative control samples are processed equivalently through all
steps. Chromatography steps are typically carried out by fast pressure liquid chromatography (FPLC) when processing plant extracts
at large scale. However, when first analyzing a new protein, smallscale purification (5 g per batch) is typically performed by gravity
flow chromatography. The small scale provides a rapid source of
transgene product for assessing post-translational modifications
and purification strategies, as well as an effective system for optimizing
construct elements to test if there is product expression.
The small-scale purification is described as follows.
1. Grind 5 g of transient infiltrated leaf tissue in the presence
of liquid nitrogen using a mortar and pestle. Add 10 mL of
S cation Equilibration/Wash buffer and grind again.
2. After thawing plant extract, transfer to a 15 mL conical tube
and centrifuge at 12,000 × g for 10 min. Transfer the supernatant (crude extract) to a new 15 mL tube (see Note 17).

3.3.2. Ion Exchange
Chromatography

1. To set up cation exchange column, add 1 mL of slurry (e.g.,
UNOSphere S resin) to a disposable chromatography column.
Equilibrate with 5–10 column volumes of S cation Equilibration/
Wash Buffer. S cation resin has up to 60 mg/mL of binding
capacity, which provides sufficient binding for small-scale plant
extracts that typically have 30–50 mg TSP per 10 mL extract.
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Fig. 2. Purification process for plant-derived ChIL-12HIS. Crude extracts were clarified by centrifugation and filtration.
Samples were collected following elution from ion exchange chromatography column (S cation) and affinity chromatography
column (Ni-NTA). The molecular size of purified ChIL-12HIS (70 and 55 kDa) is shown by gel analysis of silver-stained proteins
on the right. Endotoxin removal column was included as a last column step followed by buffer exchange, concentration
using Centricon 30 K, and filter sterilization prior to molecular characterization. Proteins from leaves infiltrated with pBIBKan empty vector were processed in parallel with ChIL-12HIS samples through all steps of purification and loaded onto
SDS-PAGE based on equivalent volumes.

2. Add 10 mL of supernatant (crude extract) and collect flowthrough fraction for downstream analysis.
3. Apply 5–10 column volumes of Equilibration/Wash Buffer to
column.
4. Elute column with 1–5 column volumes of Elution Buffer. If
proceeding to the next purification step, store eluted protein
fraction containing your protein of interest at 4°C; otherwise
store this elution fraction at −20°C until resuming purification
the following day.
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1. Add 1 mL of His60 Ni Superflow slurry to a 15 mL tube and
5 mL (5–10 column volume) of HIS60 Ni Equilibration/
Wash Buffer. Mix by inversion.
2. Spin down or let the resin settle to separate the resin from
buffer. Decant to discard the buffer.
3. Add the sample previously purified by S cation column to the
15 mL tube and allow target protein to bind by slowly inverting
(rocking or rotating) the tube for 1 h preferably at 4°C. The
His60 Ni Superflow resin has 60 mg/mL of binding capacity.
4. With a clean disposable column positioned in a stand, transfer
the resin allowing it to slowly settle.
5. Wash the column with 5–10 column volumes of HIS60 Ni
Equilibration/Wash Buffer.
6. Elute the target protein with 10 column volumes of Elution
Buffer; collect as 1 mL fractions. Store samples at −20°C for
further analysis.

3.3.4. Larger Scale
Purification

Purification protocols at a scale of 35 g fresh weight/batch have
been described previously (3). Product recovery at this scale provides
sufficient quantities of purified ChIL-12HIS for confirming protein
identity by N-terminal sequencing and MALDI-ToF analysis. For
larger scale purification runs (e.g., starting with 200 g leaf fresh
weight/batch), additional concentration or ultrafiltration steps are
often integrated to deal with increased volumes. At this scale, we
have integrated a polyethylene glycol (PEG) precipitation of our
crude protein extract in order to reduce the volume (and provide a
potential enrichment step) prior to the initial ion exchange chromatography step. Ammonium sulfate precipitation can also be used
as a scalable strategy for volume reduction as the amount of tissue
is increased. Optimal amounts of PEG or NH4SO2 for effective
recovery of the protein of interest need to be determined for each
protein. As one considers scaling to very high volumes, microfiltration and other strategies that do not require centrifugation may
be warranted.

3.3.5. Endotoxin Removal
and Endotoxin Detection
Test

Endotoxin test is one of the most critical quality control tests
required by the FDA for all drugs. Endotoxins are lipopolysaccharides (LPS) associated with presence of gram-negative bacteria and
can cause severe reactions in humans and animals. Plant biomass
resulting from greenhouse or field-grown stable transgenic lines
or, in our case, plants infiltrated with A. tumefaciens has a significant bacterial “bioload”. Endotoxins must be removed from proteins used for in vivo applications to avoid the potential of unwanted
inflammatory responses. This is particularly important when your
protein of interest is an immune activating protein, such as is the
case with ChIL-12HIS. Quantification of endotoxin levels and
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documentation to ensure the endotoxin load in the protein product
is below a certain level is often required as part of quality assurances for the product to be sold as a research reagent or used in
animal trials or clinical applications. The Limulus Amoebocyte
Lysate (LAL) Endotoxin Assay described below meets industry
standards for endotoxin assessment.
1. Load purified samples on an endotoxin removal column
(GenScript) in accordance to manufacturer’s instructions (see
Note 18).
2. Concentrate the eluted fraction(s) using a centrifugal filter
device (e.g., Amicon Ultracel-30K) at 5,000 ´ g for about
10–30 min to facilitate further processing.
3. For buffer exchange, add 3 mL PBS and centrifuge again as
outlined in the previous step.
4. Repeat concentration of protein product by centrifugation
for 10–30 min at 5,000 × g using centrifugal filter 30 K (see
Note 19).
5. Filter-sterilize by centrifugation for 1 min at 12,000 × g using a
0.22 μm centrifugal filter unit.
6. Quantify endotoxin levels using ToxinSensorTM Chromogenic
LAL Endotoxin Assay according to manufacturer’s instructions
(see Note 20).
3.4. Identity
Confirmation

While cross-reactivity with antibodies, or while a confirmed specific
binding or enzyme activity strongly supports that the protein you
produced and purified is in fact the recombinant protein of interest,
direct proof of protein identity is required prior to moving forward
with commercial applications. Mass spectrometry (typically of tryptic peptides derived from your purified protein) or N-terminal
sequencing will provide direct peptide sequence information that
can be used to establish protein identity. The amounts of purified
protein required for these analyses range from 1 to 100 pmol for
MALDI-ToF and 10 to 100 pmol for N-terminal sequencing.
According to the ICH Q6B Guideline (http://www.ich.org/LOB/
media/MEDIA432.pdf), N-terminal sequencing may be required
for characterization of recombinant proteins for clinical testing.
Some proteins are “blocked” for N-terminal sequencing due to
chemical modification of the protein (e.g., acetylation) that occur
in vivo or during purification. Although “unblocking” by enzymatic
treatment is an option in some cases, often mass spectrometry
approaches need to be substituted in order to establish identity.
For purified plant-derived ChIL-12HIS, Western immunoblot
analyses (see below) typically revealed two major products at
approximately 70 kDa (p70; expected size of single-chain IL-12)
and 55 kDa (p55). MALDI-ToF analyses confirmed that both of
these bands were products of the ChIL-12HIS gene. N-terminal
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Fig. 3. Analytical techniques for establishing protein identity. (a) Schematic representation of the ChIL-12HIS construct
including the chicken interleukin-12 p40 subunit (p40) including its own signal peptide, a (G4S)3 gly-ser linker (L), the
mature p35 subunit (p35), and a 6× histidine epitope tag (HIS) at the C-terminus. (b) Coomassie stained PVDF membrane
of purified ChIL-12HIS submitted for N-terminal sequencing and the resulting amino acid sequence obtained for the p70 and
p55 products. The N-terminal sequence of the 70-kDa protein, QWKLRE, is consistent with precise cleavage of the p40
signal peptide at a site between amino acids 20 and 21. The N-terminal sequence of the 55-kDa product, KSYKEP, indicates a loss of 97 amino acids from the N-terminus of the mature peptide. (c, d) MALDI-ToF spectra of the ChIl-12HIS
peptides from the p70 (c) and p55 (d) products after trypsin digestion. Sequence coverage for p70 was 42% whereas for
p55 was 46.3%. Inset spectra are amplifications of higher mass regions. Peptide masses are given if they comply with the
in silico prediction. Bolded underlined sequences represent peptide identified by mass analyses.

sequence analysis provided additional identity confirmation as well
as establishing the precise processing site for signal peptide cleavage
of the p70 product. N-terminal analysis of the p55 product confirmed that this protein was a degradation product of the p70
ChIL-12HIS and established the precise site of cleavage.
3.4.1. Matrix-Assisted
Laser Desorption
Ionization: Time of Flight
Mass Spectrometry

MALDI-ToF can be used to confirm identity of a recombinant
protein (see Chapter 4 for greater details on MALDI-MS for protein
identity). For our ChIL-12HIS example, MALDI-ToF proved effective in analyzing both the p55 and p70 products recovered from
the ChIL-12HIS purification procedure. A peptide mass fingerprint
(Fig. 3) was obtained after the two ChIL-12HIS products were
treated with trypsin, a protease that cleaves polypeptide sequences
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at arginine and lysine residues. MALDI-ToF (in positive reflectron
mode) is most effective at visualizing fragments in the range of
0.8–3.5 kDa. However in practice, we set the range between 0.7
and 3.0, thus eliminating the over-saturation of the detector by the
smaller fragments. It should be noted that glycosylated peptides
may be underrepresented (i.e., may not “fly”) in MALDI-ToF
analyses and that analyses may provide less than 60% coverage of
the complete sequence due to size, modifications, or low ionization
potential of specific fragments. However, sequence confirmation of
two to four peptides provides high confidence of product identity.
1. Size-separate purified protein, e.g., ChIL-12HIS, by SDS-PAGE
under reducing and denaturing conditions. Following electrophoresis, stain the gel with SimplyBlueTM SafeStain according
to manufacturer’s procedure.
2. Cut out protein bands, visualized with SimplyBlueTM SafeStain,
from the gel (in our case, the p70 and p55 products) and slice
into approximately 1 mm pieces (see Note 21). Perform in-gel
trypsin digestion using Trypsin Gold followed by sample
cleanup and peptide enrichment (Zip-Tip treatment; see
Note 22) according to manufacturer’s procedures. Elute tryptic
peptides from the Zip-Tip with 10 μL of CHCA matrix.
3. Spot a portion (1 μL) of the resulting tryptic peptide mixture
on the MALDI target plate and allow to dry at RT (can also dry
under vacuum). Spot 1 μL each of ACTH, PEG, and GFPB,
prepared as described in Subheading 2.5, onto the plate as well.
4. Perform MALDI-ToF MS measurements using an instrument
such as the Waters Micromass® MALDI microMXTM equipped
with a 337 nm Nitrogen UV laser. Use the positive reflectron
mode (5,200 V) to acquire the spectra and collect data within
the mass range of 700–3,000 m/z. The acquisition voltage we
used was 12,000 V (see Note 23).
5. Optimize peak resolution using ACTH (see Note 24) and
calibrate using PEG (provides prescribed sizes equivalent to a
“ladder” in electrophoresis). Use GFPB as the “lock mass”.
6. Use the peptide mass analysis software at http://www.expasy.
org/tools/peptide-mass.html to facilitate mass prediction of
tryptic peptides, selecting “trypsin” as the proteolytic enzyme
and “no missed cleavage allowed”. Use the default option for
all the remaining selections. Set the software to display peptide
masses between 600 and 3,000 Da.
7. Confirm the identity of the protein by comparing the masses of
peaks obtained with MALDI-ToF MS and those computationally predicted for tryptic digests. This comparison is performed
automatically by using MASCOT at the EXPASY Web site
(see above). Alternatively, this software can be accessed directly
at http://www.matrixscience.com/search_form_select.html
(See also Chapter 4 of this book).
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Fig. 4. Western immunoblot analysis. Purified ChIL-12HIS (lane 1) or pBIB-Kan “mock”
control (lane 2) were compared by Western analyses. Proteins were separated by SDSPAGE run under reducing conditions. Immunoblotting was performed using a mouse
monoclonal anti-6×HIS alkaline phosphatase-conjugated antibody as described in
Subheading 3.2.3. The positions of the p70 and p55 bands are indicated on the left.

3.4.2. N-Terminal
Sequencing

N-terminal sequencing via Edman degradation is valuable as an
analysis tool for the sequencing and determination of the first
5–15 amino acids (from the N-terminus) of a protein or peptide.
Success is dependent on amount, purity, and amino acid composition of the sample. The N-terminus of some proteins is “blocked”
by specific chemical modifications such as acetylation. Typically
purified protein is submitted to a protein sequencing facility and
technical experts associated with these service centers will recognize a blocked protein and recommend changes in your procedures
to minimize N-terminal modifications or enzymatic strategies to
“unblock” the N-terminus. N-terminal sequence analysis of purified ChIL-12HIS was reported previously (3) and is delineated as an
example here (see Fig. 4):
1. Run a SDS-PAGE gel with the standard protocol. However,
leave an empty lane between each of the samples including the
stained molecular size ladder. This will facilitate cutting the
bands out and minimize opportunities for cross-contamination.
It is best to run more than one lane to ensure sufficient protein
sample recovery for this analysis. For ChIL-12HIS, at least 1 μg
was loaded per lane. If you can visualize the bands on the
PVDF membrane with Coomassie stain (see below), there
should be sufficient material for sequencing. Transfer to PVDF
by electrotransference (see Note 25).
2. Use clean gloves when handling the membrane as well clean
containers that have not been used for other protein-related
work for procedure outlined below to avoid cross-contamination.
3. PVDF membrane must be pre-wet in 100% methanol until
the entire membrane is translucent before equilibrating in the
transfer buffer (see Note 26).
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4. Set up membrane transfer as described
(Subheading 3.2.3). Transfer for 2 h at 200 mA.

above

5. Following transfer, remove the membrane from the cassette
and rinse 3 × 5 min in dH2O.
6. Stain for 10–30 min in 40% methanol with 0.025% Coomassie
Blue R250 or G250.
7. Destain for 15 min with 50% methanol.
8. Repeat step 5 as many times as needed, until the background
is light blue.
9. Air-dry the membrane for a minimum of 2 h or overnight.
10. Capture an image of the membrane using a gel imaging system
or scanner. A stained membrane picture must be submitted to
the sequencing facility with your sample with the band selected
for sequencing clearly marked.
11. Cut the band of interest on PVDF membrane with a clean new
razor blade and place it into a micro-centrifuge tube. If you
run more than one band for the same sample, place them in
the same tube. Alternatively, the entire PVDF membrane can
be submitted to the sequencing lab with instructions as to the
bands to be used for sequencing.
12. Fill out the appropriate sequencing forms and provide samples
to an appropriate sequencing facility. For ChIL-12HIS, we have
used the Protein Facility in the Office of Biotechnology at Iowa
State University.
3.5. Protocols for
Assessment of Protein
Yield, Quantity,
and Quality

The tools and procedures used to determine the quality and
quantity of the recombinant protein of interest will vary depending
on the stage of R&D and the particular product to be produced.
If industry standards are available, much of your assessment can
target “equivalency” i.e., demonstrating that your product meets
the specifications of the current industry standard. However, for
many proteins, these standards do not exist and must be developed
and validated as part of the process of product development. In
early stages of R&D, monitoring a protein based on immunological tools (e.g., Western immunoblots, ELISAs) and/or activity
(e.g., enzyme assays, binding assays, etc.) provides initial assessment of (1) product yields and recovery through purification
steps, (2) product heterogeneity and the presence (or generation)
of degradation products or aggregation, and (3) activity and function. As your protein product moves toward commercialization
(e.g., research reagent) or preclinical assessment in support of regulatory approval, the goals shifts to developing and validating the
key assessment tools that will constitute or support production
parameters and product specifications. These analyses will include
product characterization (physicochemical properties, bioactivity,
purity, impurities, quantity, etc.), development of reference standards
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and reference materials, and establishment of in-process acceptance
criteria and limits. In contrast to the early R&D process, which
focuses on information gathering on product characterization and
process optimization, the later stages target the establishment of
standard operating procedures for production, purification and
product specifications, quality controls, and quality assurance
parameters. The protocols below provide additional methods that
aid in the process of characterizing and quantifying a recombinant
protein as you move through these stages.
3.5.1. Silver Staining
Proteins in PAGE Gels

Silver stain is a highly sensitive method for detecting proteins in
polyacrylamide gels. We typically use the silver stain technique to
assess purity of our protein and to monitor enrichment during
purification.
1. Separate proteins by SDS-PAGE as described above (Subheading
3.2.2).
2. After the electrophoresis run, separate gel (Subheading 3.2.3).
3. Carefully transfer gel to a container compatible with the staining process.
4. Follow the SilverSNAP Stain II kit instructions (see Note 27).

3.5.2. Western Blot
Analysis for Product
Characterization (Fig. 5)

In addition to providing an estimate of product amounts and
apparent molecular size (Subheading 3.2.3), Western immunoblots
provide a key assessment tool to “follow” the recombinant protein
during purification and to detect the presence of degradation products or protein oligomers. In conjunction with glycan degrading
enzymes (Subheading 3.7), Westerns blots can be used to assess
presence and number of N-linked glycans [see ref. 3 for application
of this technique to ChIL-12HIS]. The protocol for Western analyses of ChIL-12HIS utilizing antibodies directed against the HIS tag
is described previously (Subheading 3.2.3).

3.5.3. Direct ELISA

An ELISA permits high throughput results in determining if a
particular protein is present in a sample and to quantify product
levels. Of the four standard ELISA formats (see Chapter 4 for
detailed discussion), we have developed a direct ELISA as well as
indirect and direct sandwich ELISA in establishing our quality
assessment program for the recombinant ChIL-12HIS product. In
the example highlighted below, we describe methods for the
“direct” anti-HIS ELISA used in determining how much of our
particular HIS-tagged ChIL-12 protein is present in plant-derived
purified product. We have selected this format as this will likely be
useful for detection/quantification of any HIS-tagged protein and
is applicable to situations where specific antibodies to one’s protein
of interest are not available. For a direct ELISA for HIS-tagged
proteins, the bottom of each well is coated with the HIS-tagged
protein you want to measure – typically using multiple wells as
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Fig. 5. Deglycosylation analysis of plant-derived ChIL-12His. ChIL-12His purified from N.
benthamiana leaves was treated with different concentrations (0, 1, 10, and 250 units) of
peptide-N-glycosidase F (PNGase F) and subjected to reducing SDS-PAGE. Glycosylated
and non-glycosylated forms were visualized by (a) western blotting using monoclonal
anti-6×His-alkaline phosphatase-conjugated antibody and (b) by silver stain. Arrow on
the left indicates the molecular weight for ChIL-12His not treated with PNGase F.

replicates and analyzing serial dilutions of your target protein. In
addition, a positive control commercial HIS-tagged protein (e.g.,
HSP90αHIS) and a negative control (e.g., an analogous extracts
from plants expressing an “empty vector”) would be included
among the 96 samples being tested. Samples are then allowed to
cross-react with anti-HIS antibody that has been conjugated to
horse radish peroxidase (anti-HIS-HRP). In the absence of a fully
characterized ChIL-12HIS standard, this anti-HIS direct ELISA
provides the ability to establish a concentration value for our
ChIL-12HIS relative to a known protein (HSP90αHIS) whose concentration has been standardized for commercial sale. It should be
noted that this direct anti-HIS ELISA is only quantitative for
purified protein and not in detecting ChIL-12HIS in crude plant
extracts. Once optimized and validated, ELISA serves as an effective quantification tool and can be largely automated through use
of liquid handling systems.
1. Coat an ELISA plate with 100 μL/well serial dilutions of the
purified protein (ChIL-12HIS) or HIS-tag protein standard
(e.g., HSP90αHIS starting with 100 ng/mL) diluted in PBS
(see Notes 28 and 29).
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2. Seal the plate and incubate for 2 h at RT or overnight at 4°C.
3. Wash the plate three times with washing buffer and block the
wells with 300 μL/well of blocking buffer for 1 h at RT. Seal
the plate.
4. Wash the plate and add the anti-6×HIS-HRP conjugated
detection antibody (dilution 1:2,000) to a final volume of
100 μL/well. Seal the plate and incubate at RT for 1 h.
5. Wash the plate and add 100 μL/well of TMB substrate solution
to each well. Incubate plate at RT for 30–45 min (see Note 30).
6. Add 50 μL of stop solution to each well and determine the
absorbance of each sample well using a plate spectrophotometer
at 450 nm (see Note 31).
3.6. Biological Activity
of a Recombinant
Protein

The biological function of a protein can be enzymatic (e.g.,
β-glucuronidase), structural (e.g., collagen), or serve a carrier
(hemoglobin), regulatory (receptor proteins and insulin), binding,
or mechanical (myosin) function. The biological activity of a
recombinant protein is routinely measured using a bioassay, such
as cell proliferation assay, enzyme assay, or a functional ELISA. For
enzymes, activity characterization and bioequivalency assessments
typically included biochemical parameters such as Vmax, Km for key
substrates and inhibitors, pH optima, temperature optima, and
co-factor requirements. Cytokines such as IL-12 do not catalyze
simple reactions and must be assessed based on their ability to activate
complex reactions in specific responsive cells. To demonstrate
bioactivity of our purified plant-derived ChIl-12HIS described in
this chapter, the concentration-dependent production and secretion
of chicken interferon-gamma (ChIFN-γ) by chicken spleen cells
48 h after treatment with ChIL-12HIS, positive control (ConA) or
negative control (mock) was measured by using a direct and
specific ChIFN-γ capture ELISA assay (3, 19).

3.7. Deglycosylation

Many proteins of interest expressed in higher eukaryotes contain
N-linked or O-linked glycans that are added co- or post-translationally
as proteins traffic through the endomembrane system. Depending
on the application of one’s particular recombinant protein, it
may be important to determine whether the recombinant protein
is glycosylated and to characterize the glycan moieties. Because
glycans can vary in the number of sugars present at a particular site
and whether a consensus site (e.g., the N-X-S/T motif for N-linked
glycosylation) is occupied, glycoproteins often exhibit size heterogeneity (commonly seen as “fuzzy” bands on SDS-PAGE). We
typically use enzymatic deglycosylation as an initial tool to confirm
the presence of N-linked glycans and to assess the number of sites
that are glycosylated. In this procedure (described below), the
purified protein is incubated with specific endoglycosidases at
multiple concentrations (or for various periods of time) and the
protein sizes with and without glycosidase are compared. An
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N-linked glycan (6–11 sugars) can contribute about 2 kDa of mass
to the protein and a deglycosylation time-course can reveal a “ladder”
of products indicting the number of sites that are occupied (e.g.,
Fig. 5). Some protein structures and some sugars provide more
recalcitrant substrates for specific glycosidases. For example, complex
plant glycans containing xylose and/or fucose are often not efficiently
cleaved by PNGase-F and may be more effectively cleaved by
PNGase-A (endo A) (20).
An endoglycosidase-mediated change in molecular size, as
described below and in Fig. 5, establishes that the recombinant
protein is glycosylated. For some applications (e.g., as research
reagent), an estimate of the average proportion of the product that
is protein and carbohydrate may be included in the product specification. This may be important for enzymes whose activity may be
affected by the presence or size/composition of glycans that are
added in a particular expression system (21). The composition of
N-linked glycans can differ among proteins expressed in plant,
mammalian, fungal, and insect cells. For certain human proteins,
the presence or composition of the glycans can have significant
impacts on bioactivity and/or pharmacokinetics. Thus, for most
plant-made pharmaceutical glycoproteins, preclinical studies
establishing the specific composition of the glycans will be required.
This can involve determination of the total sugar composition (glycan
are acid hydrolyzed and the amount and proportion of each sugar
is determined) or determination of the glycan structure (typically
involving sequential exoglucosidase digestions). Unless these analyses
are routine within one’s laboratory or institution, we recommend
using a well-established center (e.g., the Complex Carbohydrate
Center at the University of Georgia, Athens, GA, USA) or commercial entity. If the presence or absence of specific glycans impacts
in vivo efficacy, batch-to-batch variation will need to be established
and documentation of the glycan content will likely be instituted as
part of the QA/QC parameters for lot release. The following
protocol describes the digestion of ChIL-12 HIS with peptideN-glycosidase F (PNGase F) and was used to confirm that the
plant-derived product was glycosylated and determine how many
sites were modified.
1. Denaturation step: Prepare the following denaturation reaction,
mix 200 ng of purified ChIL-12HIS with 1× Glycoprotein
Denaturing Buffer (included in the kit) in a final volume of
5 μL.
2. Denature the sample by boiling for 10 min.
3. PNGase-F digestion step: The PNGase-F stock we used had a
concentration of 500 U/μL. Prepare enzymatic deglycosylation reactions with 0, 0.1, 1, 10, 100, and/or 250 U of
PNGase-F as shown in Table 1 (see Note 32). Keep samples in
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Table 1
Reaction components for enzymatic deglycosylation
0 Units 0.1 U

1U

10 U

100 U

250 U

5 μL

5 μL

5 μL

5 μL

5 μL

5 μL

10× G7 buffer 1 μL

1 μL

1 μL

1 μL

1 μL

1 μL

10% NP40

1 μL

1 μL

1 μL

1 μL

1 μL

1 μL

PNGase

0 μL

0.2 μL (from
dil 1/1,000)

2 μL (from
2 μL (from
2 μL (from 0.5 μL (from
dil 1/1,000)
dil 1/100)
dil1/10)
stock)

dH2O

3 μL

2.8 μL

1 μL

1 μL

1 μL

2.5 μL

Final volume

10 μL

10 μL

10 μL

10 μL

10 μL

10 μL

Denaturation
reaction

ice while preparing and add all components except enzyme to
all samples.
4. To initiate reaction, add enzyme and incubate at 37°C for
1 min. Incubate at 100°C for 5 min to stop the reaction.
5. Digests are resolved by reducing SDS-PAGE and analyzed by
either Western analysis using the anti-6× His antibody or silver
staining described in Subheadings 3.2.2, 3.2.3, and 3.5.1,
respectively.

4. Notes
1. Although the manufacturer recommends 20 mM imidazole in the “Ni Equilibration buffer” and 40 mM imidazole
concentration in the “Ni Wash buffer”, we have used a single
“Ni Equilibration/Wash buffer” with no imidazole to avoid
potential loss of precious protein.
2. Use a highly pure low-absorbance imidazole that is designated
for liquid chromatography applications (e.g., Fisher, Product
No. BP 305-50).
3. Matrix selection is based on strong light absorption at the
wavelength of the laser flux. CHCA matrix is used for
peptides < 10 kDa. This matrix is light sensitive, so a brown
tube or aluminum foil should be used to protect the matrix.
4. NuPAGE Pre-Cast Gel System is a polyacrylamide gel system
for high performance gel electrophoresis using specially
optimized buffers and a low operating pH during electrophoresis, which results in sharper band resolution and longer shelflife. An aliquot of 4× NuPAGE sample buffer can be stored at
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RT, as this is a very viscous reagent and needs to be brought to
RT before use.
5. Use MOPS SDS running buffer for better separation of proteins ranging from >200 kDa to 14 kDa. MES-SDS running
buffer is better suited for resolving proteins in the range of
60–2.5 kDa. Be sure to check for leaks after adding running
buffer to the chamber.
6. Before running your samples, add 0.5 mL antioxidant (NuPAGE®
Antioxidant; Invitrogen) to the upper chamber if running SDSPAGE under reducing conditions. This helps keep the samples
reduced as the gel runs (the DTT in the sample does not migrate
in neutral pH gels as it does in Tris-glycine gels).
7. In some cases the higher amounts of SDS can impact the band
resolution or protein separation behavior on the gel (narrowing/
band smearing). If your protein of interest is of sufficient
concentration for detection, we recommend using 3.3 μL
sample plus 2.5 μL of water to create the 6.5 μL of sample.
This reduces the SDS to “2×” before gel loading and should
eliminate these gel artifacts.
8. In crude plant extracts, attaining a fully reduced total soluble
protein fraction is not always accomplished due to the complexity of the mix. While we routinely use the 10× NuPAGE®
Sample Reducing Agent for reduction, be aware of the shelf
life as the reducing agents can break down over time. If you
begin to notice that samples do not appear fully reduced, use
freshly made DTT (recipe in Subheading 2).
9. The 15-well comb gel can hold a total of 15 μL; the 12-well
comb can hold a total of 20 μL; and the 10-well comb can
hold a total of 25 μL.
10. We run gels at a constant voltage of 200 V, for approximately
60 min to obtain best separation of the bands for detection of
ChIL-12HIS. Running time may need to be adjusted depending
on the size of your protein of interest.
11. When opening the cassette, the gel will likely adhere to one of
the cassette plates. Carefully remove and discard the plate without the gel allowing the gel to remain on the other plate for
further manipulations. Remove gel wells with a knife to establish the upper boundary of the gel that will define the top of
the membrane.
12. For sandwich setup, it is important to remove bubbles using a
roller or glass pipette rolling over the surface. Although the
manual indicates two gels can be processed at the same time, we
have noticed repeatedly that the second gel does not transfer as
well as the first. We recommend running one gel at the time.
13. To avoid overheating of the unit during transfer, do not overfill
the sandwich blot chamber with transfer buffer.
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14. Use dH2O instead of transfer buffer in the outer buffer
chamber to avoid salts precipitation in the chamber.
15. In the blotting step, the SNAP i.d. protein detection system
(Millipore) can be used as an alternative to conventional
diffusion-based blotting. In general, following short incubations, a vacuum is used to actively drive reagents (antibodies,
wash solutions, blocking agents) through the membrane. This
novel method allows you to optimize your blotting conditions
in 25–30 min for maximum results. However, we have observed
that while SNAP i.d. is very useful for purified proteins,
increased background is observed with plant crude extract and
when re-using the cassette several times. In addition, the utility
of this vacuum format western immunoblotting system is
protein dependent as we have observed poor detection of
some larger complex glycoproteins. If detection of the protein
is lower than expected, one can check whether the protein was
effectively transferred to the membrane by post-staining the gel
after the transfer step to determine if any proteins remain in the
gel. Alternatively, if you used a stained molecular weight standard on your gel, you can monitor these to determine if there
was a good transfer to the membrane at all molecular sizes.
16. The mouse anti-6×HIS(C-term)-alkaline phosphatase conjugated antibody will only detect proteins where the HIS-tag has
been added to the C-terminus and will not detect the HIS-tag
added in N-terminus or internal positions of a protein; an
alternate antibody is needed to detect the latter.
17. More time may be required for the sample to thaw following
this process. Allow the sample to completely thaw prior to
transferring the sample to a 1.5 mL tube. The thawing time
varies depending on the buffer used.
18. In the elution step of endotoxin removal column, it is best to add
more buffer to elute (approx 4.0 mL instead 1.5 mL), collect
1 mL fractions, and test each fraction to determine the fraction(s)
that contain your target protein. In our experience we have found
our ChIL-12HIS protein present in the entire 4 mL effluent
volume. If the final endotoxin level is above the desired endotoxin level, repeat the endotoxin removal procedure by reloading the sample onto a regenerated column. The column can be
reused up to five times for the same protein. Do not reuse the
column for samples containing different recombinant proteins. For endotoxin removal of larger sample sizes, consider
the less costly resins from BioRad (FPLC-compatible Affi-prep
Polymixin Cat#156-0010) or Sigma (Polymixin B-agarose,
Cat#P1411).
19. When concentrating protein using a centrifugal filter device
system, some protein becomes trapped in the membrane,
which must be considered in final recovery estimates.
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20. Reconstitute Limulus Amebocyte Lysate (LAL) and
Chromogenic Substrate immediately before adding to your
samples. The absorbance of the ToxinSensorTM Chromogenic
LAL Endotoxin Assay is read at 545 nm in a spectrophotometer
using either cuvettes or in a 96-well microplate format. In order
to read samples in the latter format, at the last step of this assay
transfer 300 μL of each reaction to a well in a 96-well plate.
21. Slices are used in order to provide better access of the trypsin
to the protein in the gel. Additional details on in-gel trypsin
digestion is provided in Chapter 4.
22. Manufacturer’s guidance suggests using ZipTips for sample
cleanup. We have found that this process can result in sample loss for some proteins so we often skip this step without
an apparent loss in peptide detection. Also, for sample preparation, be aware of possible contaminants present (salts, buffer,
glycerol). Maximum tolerated buffer concentrations are 20,
30, and 50 mM for phosphate, ammonium bicarbonate, and
Tris–HCl buffers, respectively.
23. Ions produced by the laser could be [M + H]+, [M + 2 H]2+
(double charge), [2 M + H]+ (dimer). Peaks are isotopically
resolved and appear as multiple peaks separated by a 1-Da mass
difference. Use the mass of the first monoisotope for analysis.
24. Resolution of the instrument higher than 10,000 is highly recommended. This resolution is checked by dividing the MW of
ACTH by its peak width at half the peak height. Having a
higher peak resolution will result in better mass accuracy.
25. For sequencing analysis, samples need to be purified and run
using PDVF membranes, and not nitrocellulose. Avoiding the
introduction of contaminants greater than 10% is critical as this
may result in an ambiguous sequence. For N-terminal sequencing
it is important to use pre-cast gels to help eliminate any N-terminal
blockage due to unpolymerized acrylamide in the gel. Samples
can also be sent out for sequencing in liquid form if they are free
of salts, buffers, amines, etc., and contain a single protein.
26. It is important to use high-grade methanol for this procedure.
27. For silver stain, the fixing step can be completed as quickly as
20 min to overnight with no adverse effects.
28. Purified protein samples are accurately quantified using this
ELISA format. Conversely we have found that crude plant
protein extracts produce high background and thus, this ELISA
is not suitable for ChIL-12HIS detection in crude extracts.
29. The coating step of an ELISA can be done as short as 2 h at
RT; however, it is important to empirically establish this for
each target protein to be tested.
30. Bring TMB Substrate Solution to room temperature 15–30 min
before use.
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31. It is better to read the ELISA plate at 450 nm within 30 min
after addition of the stop solution.
32. To deglycosylate a native glycoprotein, longer incubation time
as well as more enzyme may be required.
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Chapter 30
Cell-Free Protein Synthesis as a Promising Expression
System for Recombinant Proteins
Xumeng Ge and Jianfeng Xu
Abstract
Cell-free protein synthesis (CFPS) has major advantages over traditional cell-based methods in the capability
of high-throughput protein synthesis and special protein production. During recent decades, CFPS has
become an alternative protein production platform for both fundamental and applied purposes. Using
Renilla luciferase as model protein, we describe a typical process of CFPS in wheat germ extract system,
including wheat germ extract preparation, expression vector construction, in vitro protein synthesis (transcription/translation), and target protein assay.
Key words: Cell-free protein synthesis, In vitro transcription, In vitro translation, Wheat germ extract,
Renilla luciferase

1. Introduction
Cell-free protein synthesis (CFPS) is based on the demonstration that
cell integrity is not necessary for protein translation (1). Instead of
relying on living cells, CFPS is carried out in an artificial buffer
supplemented with a crude cell lysate, an energy supply, amino
acids, and an exogenously mRNA or DNA template.
Compared with cell-based systems, the biggest advantage is
that CFPS offers the quickest way to link a phenotype (protein) to
a genotype (gene); protein synthesis and functional assays can be carried
out in a few hours (1). In the postgenomic era, CFPS has the
potential to become one of the most important high-throughput
technologies for functional genomics and proteomics (2–4). Moreover,
CFPS is independent of host cells, thus able to produce special
proteins, including membrane proteins (5), cell-toxic proteins (6),
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isotope-labeling proteins (7), and novel proteins with unnatural
amino acids (8, 9). Furthermore, the recent advance in improving
cell-free translation efficiency, such as the development of continuousflow CFPS system, has resulted in protein yields that exceed
1 mg/mL, making CFPS a competitive alternative to the current
cell-based methods for productive purposes (10–12).
CFPS systems are often prepared from the cell extracts of
Escherichia coli, wheat germs, and rabbit reticulocytes (1); all these
crude extracts containing the macromolecular components (70S or
80S ribosomes, tRNAs, aminoacyl-tRNA synthetases, initiation,
elongation and termination factors, etc.) are necessary for translation.
Alternatively, the whole translational mechanism could be reconstituted from individually purified macromolecular components
(13). In this chapter, the wheat germ-based CFPS systems are
used to express a model protein Renilla luciferase (Rluc) because
(1) they are low cost; (2) they are eukaryotic systems, and thus
more suitable for the expression of eukaryotic proteins (14). Four
procedures necessary for CFPS are outlined, including: (1) preparation
of wheat germ extract; (2) preparation of DNA template; (3) preparation of reactions for protein synthesis; and (4) characterization
of expressed protein.

2. Materials
2.1. Preparation
of Wheat Germ
Extract (see Note 1)

1. Flotation solvent: Cyclohexane and carbon tetrachloride
(240:600, v/v) (see Note 2).
2. Extraction buffer: 40 mM HEPES–KOH, pH 7.8, 100 mM
KOAc, 1 mM Mg(OAc)2, 2 mM CaCl2, and 4 mM DTT.
3. Column buffer: 40 mM HEPES–KOH, pH 7.8, 100 mM
KOAc, 5 mM Mg(OAc)2, and 4 mM DTT.
4. 100 mM spermidine.
5. 500 mM creatine phosphate (CP).
6. 0.5% (w/v) Nonidet P-40.
7. G-25 (fine) column (1 × 30 cm).
8. Ultracentrifuge.
9. Sterile Milli-Q (or double distilled) H2O.

2.2. Preparation
of Expression Vector

1. pIVEX1.3WG expression vector with a T7 promoter (Roche).
2. pRL-Null plasmid containing Rluc cDNA (Promega).
3. DNA Miniprep Kit (QIAprep Spin Miniprep Kit, Qiagen).
4. DNA Gel Extraction Kit (QIAEXII Gel Extraction Kit, Qiagen).
5. PCR thermal cycler.
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6. Thin-wall PCR tubes.
7. PCR 2× Master Mix (New England BioLabs).
8. Luria-Bertani (LB) medium: Add 1.5% (w/v) agar for solid
medium.
9. Competent E. coli Top10 (Invitrogen).
10. T4 DNA Ligase: 2–3 U/mL (Promega).
11. Restriction enzymes: NcoI, XmaI, EcoRI (New England BioLabs).
12. 1,000× ampicillin: 50 mg/mL in water (use at a final concentration of 50 mg/mL).
13. 1% (w/v) agarose gel.
14. Ethidium bromide.
15. Electrophoresis apparatus.
16. TAE buffer 10× stock: 40 mM Tris–HCl, pH 8.0, 1 mM
EDTA–NaOH, and 11.42 mL/L glacial acetic acid.
17. Microcentrifuge.
18. Phenol/chloroform extraction solution: Phenol:chloroform:
isoamyl alcohol (25:24:1 v/v).
19. Nuclease-free H2O.
2.3. Cell-Free Protein
Synthesis

1. Transcription buffer (5×): 200 mM HEPES–KOH, pH 7.8,
30 mM Mg(OAc)2, 10 mM spermidine, and 50 mM NaCl.
2. Energy-generating buffer (10×): 40 mM HEPES–KOH, pH
7.8, 4 mM spermidine, 12 mM ATP, 3 mM GTP, 180 mM CP,
and 5.5 mg/mL creatine phosphokinase (CPK).
3. Translation premix (20×): 500 mM HEPES–KOH, pH 7.8,
30 mM DTT, 5 mM spermidine, 20 mM ATP, 8 mM GTP,
and 320 mM CP.
4. Transcription–translation premix (20×): 500 mM HEPES–KOH,
pH 7.8, 30 mM DTT, 9 mM spermidine, 20 mM ATP, 8 mM
GTP, 8 mM CTP, 8 mM UTP, and 320 mM CP.
5. Amino acids mixture: 1 mM each of 20 amino acids.
6. Total yeast tRNA (or deacylated tRNA prepared from wheat
embryos): 2 mg/mL in 25 mM HEPES–KOH, pH 7.8.
7. Ribonucleotide solution mixture (rNTP): 80 mM each of four
ribonucleotides in 20 mM Tris–HCl, pH 7.8, 10 mM DTT.
8. T7 RNA polymerase: 50 U/mL.
9. Ribonuclease inhibitor (RNasin): 40 U/mL (Promega).
10. CPK: 10 mg/mL in 40 mM potassium phosphate buffer, pH
7.5, 10 mM 2-mercaptoethanol, and 50% glycerol (v/v).
11. Nuclease-free H2O.
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2.4. Characterization
of Protein

1. Renilla Luciferase Assay System kit (Promega). Prepare the
Rluc assay reagent by adding 1 volume of Rluc substrate (100×)
to 100 volumes of Rluc assay buffer (see Note 3).
2. Siliconized polypropylene tube.
3. Luminometer: Modulus™ System with Luminescence Module
(Turner Biosystems).
4. Mini-PROTEAN gel-casting chamber (Bio-Rad).
5. Vertical mini gel electrophoresis apparatus (Bio-Rad).
6. Mini Trans-Blot electrophoretic transfer cell (Bio-Rad).
7. Acrylamide/bis solution (see Note 4): 30% (w/v) acrylamide,
0.8% (w/v) bisacrylamide. Filter the solution with a 0.45-mm
filter and store at 4°C in the dark.
8. Separating buffer (4×): 1.5 M Tris–HCl, pH 8.8, and 0.4%
SDS. Store at 4°C.
9. Stacking buffer (4×): 0.5 M Tris–HCl, pH 6.8, and 0.4% SDS.
Store at 4°C.
10. H2O-saturated isobutanol (see Note 5).
11. Running buffer (5×): 125 mM Tris, 960 mM glycine, 0.5%
(w/v) SDS. Store at room temperature (RT).
12. SDS loading buffer (5×): 125 mM Tris–HCl, pH 6.8, 500 mM
DTT, 5% (w/v) SDS, 25% (v/v) glycerol, and 0.1% (w/v) bromophenol blue.
13. N,N,N¢,N¢-Tetramethyl-ethylenediamine (TEMED).
14. Ammonium persulfate: 10% (w/v) (see Note 6).
15. Prestained protein ladder.
16. Coomassie Blue stain solution (1×): 0.1% (w/v) Coomassie
Brilliant Blue R-250, 50% (v/v) methanol, and 10% (v/v) glacial
acetic acid.
17. Destain solution: 10% (v/v) acetic acid.
18. Transfer buffer: 25 mM Tris, 192 mM glycine, and 20% (v/v)
methanol. Store at 4°C.
19. Tris-buffered saline with Tween (TBS-T, 10×): 200 mM Tris–
HCl, pH 7.6, 1.37 M NaCl, and 0.5% (v/v) Tween-20.
20. Blocking buffer: 5% (w/v) bovine serum albumin (BSA) in
1× TBS-T.
21. Nitrocellulose transfer membrane.
22. Antibodies: Primary antibody, rabbit anti-Rluc (MBL
International), and secondary antibody, goat anti-rabbit IgG
(H + L), conjugated with peroxidase (Jackson Immuno Research
Laboratories).
23. Rluc standard (NanoLight Technology).
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24. SuperSignal® West Pico Chemiluminescent Substrate (Thermo
Scientific).
25. X-ray film; darkroom and film developer.
26. Filter paper.
27. Polyvinyl-chloride wrap.

3. Methods
3.1. Preparation
of Wheat Germ Extract

3.1.1. Preparation
of Wheat Embryos

Procedures described here are based on the early publication of
Erickson and Blobel (15) with modifications suggested by Madin
et al. and Shirokov et al. (14, 16).
1. Grind wheat seeds using a blender with four grinding pulses of
2 s each for every portion of seeds (2–3 g of embryos are
obtained from 1 kg of seeds).
2. Sieve the ground material to select embryo fractions (710- to
850-mm mesh).
3. Add the sieved embryos into the flotation solvent at a ratio
of 50 mg/mL in a fume hood. Stir gently with a glass rod.
The damaged embryos and contaminants should sediment
while intact embryos float. After a 2–3-min separation, collect
the floating embryos and dry them overnight in the fume hood
at RT.
4. Weigh up the embryos and wash them three times with sterile
Milli-Q H2O (10 mL per gram of embryos) under vigorous
stirring to remove contaminating endosperm (see Note 7).
5. Sonicate the embryos for 3 min in the Nonidet P-40 solution.
6. Wash once more in the sonicator with sterile Milli-Q H2O.
7. Immediately transfer the washed embryos into liquid nitrogen
or store them at −80°C as small aliquots.

3.1.2. Preparation
of Wheat Germ Extract
(Fig. 1) (see Note 8)

1. Grind 5 g of the embryos into a fine powder in liquid nitrogen
(see Note 9).
2. Add 5 mL of extraction buffer to the frozen powder and
thoroughly mix to saturate powder with buffer. Allow frozen
powder/buffer mix to thaw before further grinding it to a
homogeneous paste.
3. Transfer the mixture into centrifuge tubes, vortex briefly, and
centrifuge at 30,000 × g at 4°C for 30 min.
4. Collect the liquid phase between the floating lipid layer and
pellet (see Note 10).
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Fig.1. Flowchart of the procedure to prepare wheat germ extract.

5. Measure the volume of the extract obtained and load it onto
the G-25 (fine) column equilibrated with column buffer. After
sample absorption, elute with two volumes of column buffer
and collect the eluate in about 15 fractions in Eppendorf tubes.
Combine the most opaque fractions to obtain a solution with
approximately equal volume to the extract loaded onto the
column.
6. Centrifuge the solution at 30,000 × g at 4°C for 10 min and
collect the supernatant.
7. Adjust the concentration of the extract to 200 A260/mL with
column buffer, aliquot, and store at −80°C immediately.
3.2. Preparation
of Expression Vector

The pIVEX1.3WG vector containing optimized 5¢- and 3¢-UTRs
for protein expression in wheat germ-based CFPS systems is used
(Fig. 2). Standard molecular cloning procedures are followed to
subclone the Rluc gene into the pIVEX1.3WG vector, which are
not described in detail here due to space limitations. Briefly, the
Rluc gene is amplified from plasmid pRL-null by PCR, and then
subcloned into the pIVEX1.3WG vector as a NcoI/XmaI fragment
to generate pIVEX1.3RL (10, 11). The plasmid pIVEX1.3RL is
then linearized with EcoRI and purified with phenol/chloroform
extraction before used as a template in CFPS systems.

3.3. Cell-Free Protein
Synthesis

CFPS can be performed in three modes: (1) uncoupled transcription/
translation (Fig. 3a); (2) coupled transcription/translation (Fig. 3b);
and (3) continuous-exchange cell-free (CECF) system (Fig. 3c).
The protocols for each mode of CFPS are shown below.

3.3.1. Uncoupled
Transcription/Translation

1. Prepare the in vitro transcription mixture as directed in Table 1
and incubate at 37–40°C for 1 h.
2. Prepare the in vitro translation mixture as directed in Table 2
(see Note 11) and incubate at 25–30°C for 1–2 h.
3. Store the reaction mixture at −80°C for protein characterization.
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Fig. 2. Map of pIVEX1.3WG vector (a) and functional elements of pIVEX1.3-RL plasmid (b). The pIVEX1.3-RL plasmid is
generated by subcloning the Rluc gene into the pIVEX1.3WG vector at the NcoI and XmaI sites.

Fig. 3. Schematic illustrations of different CFPS modes. (a) Uncoupled in vitro transcription/translation; (b) coupled in vitro
transcription/translation system; (c) CECF mode.
3.3.2. Coupled
Transcription/Translation

1. Prepare the transcription/translation mixture as directed in
Table 3 (see Note 11) and incubate at 30°C for 1–2 h.
2. Store the reaction mixture at −80°C for protein characterization.

3.3.3. ContinuousExchange Cell-Free
System

The main limitation of the batch-formatted reactions is their short
lifetimes (<1 h) and consequently low yields. This is due to the
rapid depletion of the high-energy phosphate pool and the accumulation of free phosphates which inhibit protein synthesis (17).

Table 1
In vitro transcription reaction
Components

Volume (mL)

5× transcription buffer

4

100 mM DTT

2

40 U/mL RNasin

1

8 mM rNTP

1.25

0.5–1 mg/mL linearized plasmid

1

50 U/mL T7 RNA polymerase

0.4

Nuclease-free H2O

10.35

Total

20

Table 2
In vitro translation reaction
Components

Volume (mL)

Wheat germ extract

10

10× energy-generating buffer

2

1 mM amino acid mixture

3.2

40 U/mL ribonuclease inhibitor

1

2 mg/mL tRNA

0.5

0.1–0.5 mg/mL mRNA

1

Nuclease-free H2O

2.3

Total

20

Table 3
Coupled transcription/translation reaction
Components

Volume (mL)

Wheat germ extract

10

10× energy-generating buffer

2

50 U/mL T7 RNA polymerase

0.5

1 mM amino acid mixture

1.6

40 U/mL RNasin

0.4

0.5–1 mg/mL linearized plasmid

1

Nuclease-free H2O

4.5

Total

20
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Table 4
Continuous-exchange cell-free (CECF) reaction
Compartments

Components

Volume (mL)

Feeding solution

20× transcription–translation premix
100 mM Mg(OAc)2
2.5 M KOAc
1 mM amino acid mixture
Nuclease-free H2O
Total

50
30
28
100
792
1,000

Reaction solution

20× transcription–translation premix
100 mM Mg(OAc)2
2.5 M KOAc
1 mM amino acid mixture
40 U/mL RNasin
10 mg/mL CPK
50 U/mL T7 RNA polymerase
0.5–1 mg/mL linearized plasmid
Wheat germ extract
2 mg/mL tRNA
Nuclease-free H2O
Total

2.5
1
0.8
5.0
1
0.5
2.4
2.5
25
1.5
7.8
50

CECF system overcomes this problem with continuous exchange
of substrates and by-products (Fig. 3c) (1).
1. Prepare the reaction solution and feeding solution as directed
in Table 4 (see Note 12).
2. Add the feeding solution into the feeding compartment.
Transfer the reaction solution into the reaction compartment.
Close the compartments with adhesive film.
3. Shake at 900 rpm and 24°C for up to 24 h.
4. Store the reaction mixture at −80°C for protein characterization.
3.4. Characterization
of Protein

1. Dilute the sample (1:10 or 1:100) with the lysis solution of the
Renilla Luciferase Assay System kit.

3.4.1. Rluc Functional
Assay

2. Add 5 mL of diluted sample into a siliconized polypropylene
tube.
3. Add 45 mL of Rluc assay reagent to the tube and mix quickly
by flicking the tube with a finger (1–2 s).
4. Place the tube in a luminometer to measure the relative luminescence units (RLUs).

3.4.2. SDS-Polyacrylamide
Gel Electrophoresis

1. Assemble the glass-plate sandwich of the Mini-Protean
gel-casting chamber according to manufacturer’s instructions
(see Note 13).
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2. Prepare separating gel solution (see Note 14) by mixing 4.8 mL
of acrylamide/bis solution, 3 mL of separating buffer,
4.2 mL of H2O, 40 mL of ammonium persulfate, and 10 mL of
TEMED in a 50-mL centrifuge tube. Swirl gently to mix and
use immediately.
3. Pour the separating gel solution to the sandwich, leaving space
for a stacking gel (~0.5 cm), and gently cover the top of the gel
with a layer (~0.5 cm thick) of H2O-saturated isobutanol.
Allow the gel to polymerize in about 30 min at RT.
4. Pour off the isobutanol and rinse the top of the gel extensively
with distilled water (see Note 15).
5. Prepare stacking gel solution (see Note 14) by mixing 520 mL
of acrylamide/bis solution, 1 mL of stacking buffer,
2.44 mL of H2O, 20 mL of ammonium persulfate, and 5 mL of
TEMED in a 15-mL centrifuge tube. Swirl gently to mix and
use immediately.
6. Pour the stacking gel solution onto the separating gel until
overflows and insert the comb. Allow the stacking gel solution
to polymerize in about 30 min at RT (see Note 16).
7. Carefully remove the comb without tearing the edges of the
polyacrylamide wells. Rinse wells with 1× running buffer (see
Note 17).
8. Arrange the gel sandwich in the vertical mini gel electrophoresis apparatus. Add the running buffer to the upper and lower
chambers of the gel unit.
9. Prepare protein samples by mixing 12 mL of the reaction mixtures with 3 mL of 5× SDS loading buffer in 1.5-mL centrifuge
tubes and placing the tubes in the boiling water bath for
5 min.
10. Load the samples on the polyacrylamide gel. Include one well
for prestained molecular weight markers.
11. Run the gel at 100 V until the bromophenol blue tracking dye
enters the separating gel. Then, increase the voltage to 150 V
until the bromophenol blue tracking dye reaches the bottom
of the separating gel.
12. Stain the gel in 10 volumes of Coomassie Blue stain solution
for at least 30 min at RT.
13. Destain the gel in 10 volumes of destain solution at room
temperature long enough so that the background is clear (see
Note 18).
14. Take a picture of the gel image (Fig. 4) or dry the gel to keep
a record.
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1. Cut the nitrocellulose transfer membrane and filter paper to
the dimensions of the gel (see Note 19). Submerge the gel,
membrane, filter paper, and fiber pads in transfer buffer for
15 min to 1 h.
2. Transfer the proteins from the polyacrylamide gel to the nitrocellulose membrane at 100 V for 1 h using a Mini Trans-Blot electrophoretic transfer cell following manufacturer’s procedures.
3. Incubate the membrane in 10 mL of blocking buffer for 1 h at
RT on a rocking platform.
4. Discard the blocking buffer. Add 8 mL of TBS-T, 2 mL of
fresh blocking buffer, and the primary antibody (1:5,000 v/v),
mix thoroughly, and incubate for 1 ~ 3 h at RT on the rocking
platform.
5. Discard the solution and wash the membrane three times for
15 min each time with 100 mL of TBS-T solution.
6. Add 8 mL of TBS-T, 2 mL of fresh blocking buffer, and the
secondary antibody (1:15,000 v/v), mix thoroughly, and incubate for 1 h at RT on the rocking platform.
7. Discard the solution and wash the membrane three times for
15 min each time with 100 mL of TBS-T solution.
8. Place the membrane with the protein side facing up on a polyvinylchloride wrap. Mix the two chemiluminescent substrate
solutions with equal volume (each 750 mL) in a 1.5-mL centrifuge tube. Apply the mixture evenly on to the membrane.
Immediately cover the membrane with the second sheet of the
polyvinyl-chloride film to spread the substrate evenly and without air bubbles over the membrane. Incubate for 5 min at RT.
9. Squeeze out excess liquid and seal the edges of the film.
10. Expose to the X-ray film for 10 s to 10 min (Fig. 4) (see Note 20).

3.4.4. Quantification
of Expressed Protein

The total amount of produced Rluc is measured by Western
blotting. The Rluc standard is used to construct the calibration
curve, and electrophoresed at the same gel with the samples. Then,
the concentration of the expressed Rluc in the samples can be
determined by the comparison of band intensities and the calibration curve (11). The active amount of Rluc is determined as in
Subheading 3.4.1. The measured RLU is converted to weight
concentration according to a calibration curve which can be
obtained with the Rluc standard (11). The yields of Rluc produced
from three CFPS modes are summarized in Table 5. CECF can
produce protein yields 7- to 16-fold higher than those produced
from the batch-formatted reactions.
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Fig. 4. SDS-PAGE (top) and Western blotting (bottom) analysis of the Rluc protein expressed in wheat germ-based CFPS
systems. In the SDS-PAGE image (top): Lane 1, molecular marker; Lane 2, Rluc expressed in uncoupled transcription/
translation mode; Lane 3, Rluc expressed in CECF mode; Lane 4, Rluc expressed in coupled transcription/translation mode;
Lane 5, negative control (coupled transcription/translation solution without DNA template). In the Western blotting image
(bottom): Lane 1, negative control; Lane 2, Rluc expressed in CECF mode; Lane 3, Rluc expressed in uncoupled transcription/translation system.

Table 5
Yields of Rluc expressed in different CFPS modes
CFPS modes

Total protein
(mg/mL)

Active protein
(mg/mL)

Percentage of
active protein

Uncoupled transcription/translation

0.065

0.024

36

Coupled transcription/translation

0.15

0.052

35

CECF

1.08

0.32

30

4. Notes
1. Make solutions with Milli-Q (or double distilled) H2O and
sterilize by filtration through 0.22-mm filter. Store at −20°C.
2. Stir until no schlieren mixing lines are visible.
3. The Rluc assay reagent is stable for 12 h at RT, 2 weeks at
−20°C, or 1 month at −70°C.
4. Acrylamide monomer is neurotoxic. Wear mask when weighing
acrylamide powder. Wear gloves while handling the solution.
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5. H2O-saturated isobutanol is made by shaking equal volumes of
H2O and isobutanol in a glass bottle and allowing the solution
to separate. Collect the top layer and store at RT.
6. This solution should be frozen in single-use aliquots at −20°C.
7. Mechanical or manual stirring rather than magnetic stirring
bar should be used to avoid damaging the embryos.
8. All these procedures should be carried out in the minimum
amount of time in a 4°C cold room; all the solutions and glassware are required to be sterilized to minimize contamination
of the extract by RNases.
9. The mortar and pestle should be chilled with liquid nitrogen
or in −80°C freezer before use. Do NOT let the powder thaw
during grinding process.
10. Care should be taken to avoid transferring the floating lipid
layer into the tube.
11. Additional potassium can be added into the translation mixture.
The optimal concentrations of potassium vary from 50 to
200 mM, corresponding to different wheat germ extract preparations or different DNA or mRNA used.
12. The optimal concentrations of magnesium and potassium may
vary with different wheat germ extract preparations or different
DNA or mRNA used, which can be determined by carrying
out a set of batch reactions at different salt concentrations.
13. It is critical that the glass plates for the gels are scrubbed clean
with a rinsable detergent after use and rinsed extensively with
distilled water. They can be kept clean until use in a plastic rack
in 30% nitric acid (use caution when removing). They just need
rinsing (distilled water and then 95% ethanol) to remove the
acid and air dry.
14. The recipes are adequate for producing two gels of dimensions
7 cm × 8 cm × 0.75 mm, each gel consisting of 12 mL of separating gel and 4 mL of stacking gel.
15. Residual isobutanol can reduce resolution of the protein bands;
therefore, it must be completely removed. The isobutanol
overlay should not be left on the gel longer than 2 h.
16. A sharp optical discontinuity is visible around wells on
polymerization.
17. The rinse removes unpolymerized monomer; otherwise, the
monomer will continue to polymerize after the comb is removed,
creating uneven wells that interfere with sample loading and
subsequent separation.
18. Destaining can be lasted for long periods as long as there is
solution remaining in the plate. A piece of foam or paper towel
may be added to the solution to speed up the destaining
process.
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19. Always wear gloves and use tweezers when handling
membranes to prevent contamination.
20. Multiple exposures can be taken to achieve the desired signal
strength.
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Part VI
Animals and Animal Cells

Chapter 31
The Use of Bacterial Artificial Chromosomes
for Recombinant Protein Production in Mammalian
Cell Lines
Leander Blaas, Monica Musteanu, Beatrice Grabner,
Robert Eferl, Anton Bauer, and Emilio Casanova
Abstract
The choice of an expression vector is a critical step in the field of recombinant protein production in
mammalian cells lines. Most expression vectors used in the field are sensitive to the surrounding chromatin
to their integration site into the host genome cell. This so-called chromatin positional effects influences the
expression levels of the transgene and tends to silence its expression over time. Bacterial artificial chromosomes (BACs) are vectors that can accommodate inserts of up to 400 kb. Due to the large cloning capacity,
BACs can harbour an entire locus with all or most of the regulatory elements controlling the expression of
a gene. Therefore, BACs contain their own natural chromatin domain and are subjected to chromatin
positional effects to a lesser extend or not at all. This makes cell lines generated with BAC-based expression
vectors more predictable in terms of protein production and stability. In this chapter, we explore the use
of BACs as expression vectors for recombinant protein production in mammalian cells.
Key words: Rosa26 locus, Chromatin positional effects, Homologous recombination, Cassette
exchange

1. Introduction
Recombinant protein production in mammalian cells constitutes
an important topic in biology and economics, consequently a lot of
research has been undertaken to develop efficient methods for
protein production. Several key aspects, such as cell hosts, expression
vectors, transfection, selection, and metabolic engineering, have
been investigated (1, 2). In this chapter, we focus on the design
and use of bacterial artificial chromosomes (BACs) as expression
vectors for recombinant protein production in mammalian cells.

Argelia Lorence (ed.), Recombinant Gene Expression: Reviews and Protocols, Third Edition,
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Generation of stable mammalian cell lines producing high levels
of a specific protein is typically a cumbersome and time-consuming
procedure (2). In the simplest approaches, stable cell lines are
generated by random integration into the genome of the host cell
of an expression vector containing a promoter, a gene of interest, a
polyadenylation signal, and a selection marker. Although this
method is straightforward, stochastically integrated vectors in the
host cell genome are greatly affected by the so-called chromatin
positional effects (3). Chromatin surrounding the integration site
may negatively influence expression levels of the transgene or
silence its expression over time. This makes the screening for clones
with high and stable expression an onerous process. To overcome
this problem, expression vectors can be flanked by DNA sequences
that may protect against undesired chromatin effects, such as
insulators (4), matrix attachment regions (5), chromatin opening
elements (6), antirepressor elements (7), and others. Another
attractive strategy relies on targeting the expression vector to an
endogenous locus, which is not subjected to chromatin effects (8).
However, since homologous recombination is a rare event in
somatic cells, the target cell line needs to be pre-engineering (for
example, targeting the locus with the necessary elements to perform cassette exchange with the gene of interest), thus limiting the
flexibility of this system. On the other hand, in this system only a
single copy of the expression vector is integrated, thus limiting the
level of expression prior to gene amplification.
Ideally, an expression vector should have three features: (1) it
should not be affected by the chromatin surrounding its integration site, (2) expression levels should correlate with the number of
integrated copies, and (3) expression levels should be maintained
over time. Interestingly, scientists working in the mouse transgenic
field have faced similar problems to those working on recombinant
protein production (3). Transgenic mice generated by random
integration of “conventional expression vectors” (promoter, gene
of interest, and polyadenylation signal) can have mosaic expression
(some cells express the transgene, others not), expression may be
silenced over time, or they may not express the transgene at all (3).
It is established that these problems are due to unwanted chromatin
positional effects. Because of this, the mouse transgenic field
progressively withdrawn from the use of “conventional expression
vectors” and increasingly employs large vectors (up to several hundreds of kilobases), which are able to accommodate a desired locus.
Such large vectors include most, if not all, of the regulatory elements required for the transcription of a gene, thus carrying their
own chromatin context and leaving them protected against chromatin positional effects. Large vectors, such as yeast artificial chromosomes (YACs), BACs, and P1-derived artificial chromosomes
(PACs), are currently widely use in the transgenic field. They confer
faithful expression of a gene of interest, expression levels correlate
to the number of copies integrated, expression is maintained over
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time and independent of the genomic integration site (i.e. they are
not influenced by the surrounding chromatin) (3). Therefore, these
vectors fulfil the above mentioned criteria of an ideal expression
vector applicable to recombinant protein production.
Although YACs, BACs, and PACs have been used in the mouse
transgenic field, BACs have obvious advantages for the recombinant protein expression field: well-characterized BAC libraries
exist, BACs can accommodate up to 400 kb and, in contrast to
YACs, BACs are very simple to manipulate. The advantage of BACs
as expression vectors lies in their capacity to carry on their own
chromatin environment, thus in terms of designing an expression
vector for mammalian cells, it is very important to choose the right
locus present in the BAC. In this context, genes, which are highly
transcribed in the host cells, or the so-called open chromatin loci
are good candidates to drive the expression of the gene of interest.
In our earlier work, we have shown that the combination of a BAC
containing the Rosa26 locus and an artificial promoter (CAGGS)
increased recombinant protein production by a factor of 10 (9).
Recently, another report using a BAC containing the dihydrofolate
reductase locus has confirmed and extended our results (10). The
Rosa26 locus contains a gene of unknown function which is
accepted to be expressed ubiquitously, it is widely used to express
transgenes in mice and is considered to be an open chromatin
region (11). This Rosa26 locus-containing BAC improves protein
production due to its position-independent and copy numberdependent expression. Other open chromatin loci containing
BACs, which might be a good candidate for expression vectors are
the b-actin gene of ribosomal proteins, such as Rpl23a (a gene that
is high expressed in HEK293 cells (12)).
Possibly, for scientists who are not familiar with the BAC field
the biggest challenge would be the modification of a BAC in order
to express a gene of interest. Due to their large size, BACs cannot
be modified by classical cloning procedures like digestion with a
restriction enzyme, ligation, etc., because restriction enzymes like
EcoRI may have numerous recognition sites within a BAC. BACs
can be modified in one of two ways: by homologous recombination
in Escherichia coli (“recombineering”) (13, 14) or by recombinasemeditated cassette exchange in a previously customized BAC (15).
Either way, modification of BAC is straightforward and can be
performed in a regular molecular biology laboratory. Nowadays, it
is even performed in high-throughput approaches (16, 17).

2. Materials
1. Luria-Bertani medium (LB, LB agar).
2. 50 mg/mL Ampicillin stock in water. Store at −20°C.
3. 50 mg/mL Kanamycin stock in water. Store at −20°C.
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4. 12.5 mg/mL Chloramphenicol stock in ethanol 96%. Store at
−20°C.
5. 2 mg/mL Neomycin (G418) stock in water. Store at −20°C.
6. 5 mg/mL Tetracycline stock in ethanol 96%. Store at −20°C
protected from light.
7. Electroporation cuvettes, 0.2 cm gap.
8. Gene pulser apparatus (BioRad).
9. 20% L(+)-Arabinose stock in water, freshly prepared.
10. 10% Glycerol.
11. P1 buffer: 50 mM Tris–HCl pH 8.0, 10 mM EDTA, 100 mg/mL
RNase A. Store at 4°C.
12. P2 buffer: 200 mM NaOH, 1% SDS. Store at room temperature (RT).
13. P3 buffer: 3 M Potassium acetate pH 5.5. Store at 4°C.
14. TE buffer: 10 mM Tris–HCl, pH 7.5, and 1 mM EDTA.
15. Isopropanol.
16. 70% Ethanol.
17. 3 M sodium acetate, pH 5.2.
18. Lipofectamine 2000 (Invitrogen).
19. HEK cells (American Type Culture Collection).
20. DH10B E. coli strain cells (Invitrogen).

3. Methods
Modification of a BAC with a gene of interest: The first step
consists of the identification of a BAC containing an appropriate
locus. In our previous work, we have chosen a 200 kb murine BAC
containing the Rosa26 gene (Thumpd3) because this locus is considered to be an open chromatin region. As mentioned before,
other interesting genes are b-actin or ribosomal proteins. Murine
and human BACs can be mapped and identified in the National
Center for Biotechnology Information (NCBI, http://www.ncbi.
nlm.nih.gov/) or Ensembl (http://www.ensembl.org/), and they
can be purchased in the BACPAC Resource Center (BPRC) at the
Children’s Hospital Oakland Research Institute in Oakland
(CHORI, http://bacpac.chori.org/). For a detailed explanation
on how to identify and purchase BACs, see ref. 18. When using a
BAC as an expression vector for recombinant protein production
there are at least two options: (1) Insertion of the gene of interest
(GOI) under the control of an “ectopic” promoter (CAGGS,
SV40, etc.) in the BAC, i.e. a Rosa26 locus containing BAC, thus
taking only the advantage of the BAC chromatin context or
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Fig. 1. Schematic representation of FC31-mediated cassette exchange in the Rosa26amp BAC. A BAC containing the Rosa26
locus has been previously adapted for FC31-mediated cassette exchange by introducing an ampicillin cassette flanked by
attP sites in the exon 2. The incoming construct contains a promoter (e.g. CAGGS promoter) a gene of interest (GOI), an
internal ribosomal binding sequence (IRES), an eGFP followed by and SV40 polyadenylation signal and a selection cassette
containing the phosphoglycerate kinase promoter (PGK), a bacterial promoter (EM7), and the neomycin resistance gene.
This selection cassette confers resistance to kanamycin in prokaryotes and to neomycin in eukaryotes. The incoming
construct is flanked by two attB sites and upon expression of the FC31 integrase, the attP and attB sites recombine,
exchanging the ampicillin gene for the incoming construct into the BAC. White rectangles describe non-coding regions of
the Rosa26 locus (Thumpd3 ) and black rectangles correspond to coding regions.

(2) placement of the GOI into the BAC under the control of an
endogenous promoter of a highly transcribed gene present in the
BAC, for example the b-actin gene/promoter. Although we have
only explored the first possibility experimentally, it may be useful
to discuss both options. We describe a method for the modification
of a BAC containing the Rosa26 locus with an ectopic promoter
using FC31-mediated cassette exchange, and the modification of a
BAC containing the b-actin locus using homologous recombination in E. coli (“recombineering”) to express the GOI under the
endogenous b-actin promoter.
3.1. Generation
of a Rosa26 BACBased Expression
Vector Using FC31Mediated Cassette
Exchange
3.1.1. Generation
of Rosa26Amp BAC DH10B
Electrocompetent Cells
and Electroporation of the
pSC101-BAD-FC31-int
Plasmid

1. Streak E. coli DH10B harbouring the Rosa26Amp BAC (15)
(Fig. 1) on LB-agar plates containing 12.5 mg/mL chloramphenicol and 50 mg/mL ampicillin. Incubate overnight at
37°C (see Note 1).
2. Pick a single colony and grow it overnight at 37°C in 2 mL of
LB medium containing 12.5 mg/mL chloramphenicol and
50 mg/mL ampicillin.
3. Transfer 1 mL of the culture into 50 mL of fresh LB
media supplemented with 12.5 mg/mL chloramphenicol and
50 mg/mL ampicillin. Grow at 37°C until the optical density
at 600 nm (OD600) reaches 0.5.
4. Incubate the cells on ice 15 min.
5. Centrifuge the cell suspension for 10 min at 2,000 × g at 4°C
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6. Discard the supernatant and resuspend the pellet in 50 mL of
ice cold water.
7. Repeat steps 5 and 6 twice. Resuspend the last pellet in 1 mL
of ice cold water (see Note 2).
8. Use 50 ng of the pSC101-BAD-FC31-int plasmid (15) to
electroporate 100 mL of cells in a BioRad Gene Pulser (conditions:
2.5 kV, 25 mF and 200 W using 0.2 cm gap electroporation
cuvettes).
9. After cell electroporation, add 1 mL of LB medium without
antibiotics, incubate 90 min at 30°C and plate the cells on
LB-agar plates containing 12.5 mg/mL chloramphenicol,
50 mg/mL ampicillin, and 5 mg/mL tetracycline (see Note 3).
3.1.2. Performing
FC31-Mediated Cassette
Exchange into the
Rosa26Amp BAC

1. Grow a colony harbouring the Rosa26Amp BAC and the
pSC101-BAD-FC31-int plasmid in 2 mL of LB media containing 12.5 mg/mL chloramphenicol, 50 mg/mL ampicillin
and 5 mg/mL tetracycline overnight, at 30°C.
2. Transfer 1 mL of the overnight culture into 50 mL of LB
medium containing 12.5 mg/mL chloramphenicol, 50 mg/mL
ampicillin, and 5 mg/mL tetracycline. Grow the culture at
30°C until the OD600 reaches 0.2. Add L-arabinose at 0.2%
final concentration and shift the culture at 37°C until the
OD600 reaches 0.5. Prepare electrocompetent cells as described
above (Subheading 3.1.1, steps 4–7).
3. Electroporate 100 ng of linearized incoming construct
(Fig. 1) using the same conditions as in Subheading 3.1.1,
step 8 (see Note 4).
4. Add 1 mL of LB medium to the electroporated cells (without
antibiotics), incubate 90 min at 37°C, plate on LB agar plates
containing 12.5 mg/mL chloramphenicol, 25 mg/mL kanamycin, and incubate overnight at 37°C (see Note 5).
5. Screen the colonies for cassette exchange performing replica
plates. Pick 20–30 colonies and streak each one on an LB-agar
plate containing 12.5 mg/mL chloramphenicol, 50 mg/mL
ampicillin and on a replica LB-agar plate containing 12.5 mg/
mL chloramphenicol, 25 mg/mL kanamycin. Clones that
underwent cassette exchange and harbour the recombined
Rosa26 BAC should be resistant to kanamycin and sensitive to
ampicillin (see Note 6). A flow chart of FC31-mediated cassette exchange into the Rosa26Amp BAC is described in Fig. 2.

3.1.3. Confirm the
FC31-Mediated Cassette
Exchange into the Rosa26
BAC at the Molecular Level

BAC DNA extraction (alkaline lysis mini-prep).
1. Grow 6–12 colonies (kanamycin resistant, ampicillin sensitive)
in 2 mL LB medium containing 12.5 mg/mL chloramphenicol, 25 mg/mL kanamycin at 37°C overnight (see Note 7).
2. Transfer the culture into an Eppendorf tube; centrifuge 5 min
at 1,000 × g.
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Fig. 2. Flow chart of the FC31-mediated cassette exchange in a BAC. Step 1: Electroporate the plasmid encoding the
FC31 integrase into E. coli harbouring the Rosa26amp BAC. Step 2: Induce the expression of the FC31 integrase with
L-arabinose and make electrocompetent cells. Step 3: Electroporate the linearized incoming construct. Step 4: Select for
colonies that underwent cassette exchange in chloramphenicol/kanamycin plates. Step 5: Confirm the cassette exchange
event by performing replica plates. Bacteria, which have recombined the incoming construct into the BAC should be resistant
to kanamycin and sensitive to ampicillin.

3. Remove the supernatant; resuspend the pellet by vortexing in
300 mL of P1 buffer.
4. Add 300 mL of P2 buffer, mix gently, and incubate at room
temperature for 5 min.
5. Add 300 mL of ice-cold P3 buffer mix gently, incubate 5–10 min
on ice; at this point, some debris should be visible.
6. Centrifuge at 13,500 × g for 15 min at 4°C.
7. Transfer the supernatant (approximately 700 mL) to a fresh
Eppendorf tube.
8. Add 1 volume (700 mL) of ice cold isopropanol, mix gently,
and incubate 15 min at −20°C.
9. Centrifuge at 13,500 × g, 15 min at 4°C.
10. Discard the supernatant and wash the pellet with 1 mL of 70%
ethanol.
11. Discard the supernatant, let the pellet dry 5–10 min at room
temperature, and resuspend in 20 mL of TE (see Note 8).
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3.1.4. Confirm the
Presence of the Incoming
Construct in the BAC Using
a PCR Strategy or Southern
Blot

3.2. Generation of a
b-Actin BAC-Based
Expression Vector
Using Homologous
Recombination
in E. Coli

Design two primers hybridizing to the Rosa26 BAC and to the
incoming construct as described in Fig. 3a (P1 and P2). Perform a
PCR reaction using 1 mL of BAC DNA described above. The presence of a PCR product will indicate that the incoming construct is
correctly recombined in the Rosa26 BAC. Alternatively, the
correct recombination of the incoming construct in the Rosa26
BAC can be confirmed using a Southern blot approach as described
in the Fig. 3b (see Notes 9 and 10).
1. Transform the pSC101-BAD-gba-tet plasmid (19) by electroporation in cells harbouring the b-actin BAC as described in
Subheading 3.1.1 (see Notes 11 and 12).

Fig. 3. Confirmation at the molecular level of the FC31-mediated cassette exchange into the Rosa26 BAC. (a) Strategy
used to analyze the correct recombination events. A simple PCR analysis using two pairs of primers, one annealing to the
Rosa26 BAC (P1) and a second one to the incoming construct (P2) will rapidly identify positive recombined clones. Only
clones that underwent recombination of the incoming construct into the BAC should give a band. Alternatively, a Southern
blot strategy can be designed. Perform a Southern blot with a probe located in the Rosa26 BAC (black rectangle ). Digest
the BAC DNA with an appropriate enzyme (in the example, EcoRI) that generate DNA fragments of different sizes in the
case of the original BAC (Rosa26amp BAC, 5 kb in the example) and the recombined BAC (Rosa26Expression BAC, 4.5 kb, in
the example). Fractionate the DNA in an agarose gel, blot it, and hybridize with a probe in the Rosa26 BAC. (b) Example of
a Southern blot identifying a cassette exchange event. DNA from BACs was digested with EcoRI, fractionated in a 0.8%
agarose gel, blotted, and hybridized with a probe in the Rosa26 BAC. The original BAC shows a corresponding band at 5 kb
(c) while BACs that underwent cassette exchange show a band at 4.5 kb (1, 2 and 3). M: DNA molecular marker.
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Fig. 4. Generation of a b-actin BAC-based expression vector using homologous recombination in E. coli. A BAC containing
the b-actin locus is modified via homologous recombination in E. coli (“recombineering”) in order to express the gene of
interest under the b-actin endogenous promoter. An incoming construct containing 5¢and 3¢ 200 bp homologous regions
(5¢HR, 3¢HR) to the exon 2 harbouring the initiation codon of the b-actin gene, a gene of interest (GOI), a polyadenylation
signal (pA) and a PGKEM7 neo selection cassette is recombined into the b-actin locus. The 5¢homology region design allows
translation of the gene of interest from the endogenous initiation codon of the b-actin gene, thus allowing the control of
transcription and translation of the GOI under the regulatory elements of the b-actin gene. White rectangles describe noncoding regions and black rectangles correspond to coding regions of the b-actin gene.

2. Grow a culture from a colony containing the b-actin BAC and
the pSC101-BAD-gba-tet plasmid, induce the expression of
the plasmid with arabinose and perform electrocompetent
cells as in Subheading 3.1.2.
3. Electroporate 100 ng of the linearized incoming construct
(Fig. 4, see Note 13).
4. After cell electroporation add 1 mL of LB medium without
antibiotics, incubate 90 min at 37°C and plate the cells on
LB-agar plates containing 12.5 mg/mL chloramphenicol, and
25 mg/mL kanamycin. Incubate the plates at 37°C overnight.
Check the correct homologous recombination event by PCR
or Southern blot as described in Subheading 3.1.3.
3.3. Generation
of an HEK-293 Stable
Culture Using BACBased Vectors

1. Prepare BAC DNA using NucleoBond BAC 100 Kit (Clontech)
according to manufactures instructions (see Note 14).
2. For the transfection of a 10 cm Petri dish digest 24 mg of BAC
DNA with NotI, use 100 U in a final volume of 300 mL, digest
6 h or overnight (see Note 15).
3. Precipitate the DNA by adding 30 mL of 3 M sodium acetate,
pH 5.2 and 750 mL of 96% ethanol. Mix gently. At this point,
the DNA pellet should be visible. Let the pellet sink to the
bottom of the tube, remove the supernatant, wash the pellet
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Fig. 5. Example of a stable culture generated from a BAC-based vector. (a) HEK 293-cells were transfected with a Rosa26
BAC expressing the Fc fragment of the constant region of human IgG1 as gene of interest from the CAGGS promoter
(Rosa26 Fc BAC). (b) After neomycin selection, we established two bulk cultures: Parental culture (initial bulk culture without
any further manipulation) and sorted culture (eGFP FACS sorted culture enriched twice for eGFP expression). (c) Copy
number analysis of the Rosa26 Fc BAC. We measured the number of BAC integrated copies in both the cultures, parental
and sorted (enriched twice according to the eGFP expression). The average number of Rosa26 Fc BAC copies was 7 in the
parental versus 14 in the sorted culture, thus suggesting that an increase in the BAC copy number correlates with
the increase in eGFP expression and more importantly, with the levels of expression of Fc: 5 pcd (picogram/cell/day) in the
parental culture versus 10 pcd in the sorted culture (d).

with 1 mL of 70% ethanol, remove the supernatant, let it dry
at room temperature and resuspend with 50 mL of TE buffer
(see Note 16).
4. Transfect a 10 cm Petri dish containing 80% confluence HEK293 cells with 50 mL (24 mg) of linearized BAC DNA with
Lipofectamine 2000, according to the manufacturer’s instructions (see Note 17).
5. Two days later, start the antibiotic selection by adding to the
medium neomycin (800 mg/mL, final concentration); 1 or 2
weeks later neomycin-resistant colonies should appear. Expand
the culture and analyze the expression of your GOI as illustrated in Fig. 5 (see Note 18).
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4. Notes
1. The Rosa26Amp BAC has previously been prepared for FC31mediated cassette exchange. It is resistant to chloramphenicol
and contains an ampicillin cassette flanked by two attP sites.
2. Electrocompetent cells can be stored in aliquots at −80°C. For
this purpose, use ice cold glycerol 10% (v/v) in the last wash
instead of water, resuspend the pellet in 10% glycerol, make
aliquots, and snap-freeze in liquid N2.
3. The pSC101-BAD-FC31-int is a tetracycline resistance plasmid that expresses the FC31 integrase upon induction with
L-arabinose. It contains an origin of replication, which is temperature sensitive and should be grown at 30°C.
4. The incoming construct in this example consists of an ectopic
promoter (CAGGS, Sv40, etc.), a gene of interest, an internal
ribosome entry sequence, an eGFP as fluorescent marker and a
PGK/EM7 neomycin cassette conferring resistance to kanamycin from the EM7 promoter in prokaryotes and to neomycin (G418) from the PGK promoter in eukaryotes. These
elements are flanked by two attB. In the presence of FC31
integrase, the attB sites from the incoming construct will
recombine with the attP sites present in the Rosa26amp BAC
and the incoming construct will be integrated into the BAC.
Finally, our incoming construct contains a unique NotI recognition site that allows the linearization of the plasmid.
5. The pSC101-BAD-FC31-int plasmid does not replicate at
37°C, and it will be lost at this step in the absence of tetracycline.
Cells, which underwent FC31-mediated cassette exchange,
lose ampicillin resistance (originally present in the BAC) and
become kanamycin resistant (present in the incoming construct).
6. Routinely, we get 80–90% kanamycin resistant/ampicillinsensitive colonies; however, in some experiments we have
found a significant number of colonies resistant to both antibiotics, this is mainly due to incomplete linearization of the
incoming construct.
7. If needed, volumes can be scale up.
8. The alkaline lyses DNA mini-prep is a rather crude method
that yields BAC DNA with enough purity for PCR analysis and
enzymatic restriction analysis. For sequencing BAC DNA, we
suggest the use of NucleoBond BAC 100 Kit (Clontech).
9. Initially, we always confirmed the correct insertion of the
incoming construct using both PCR and Southern blot
approaches. However, we observed that all the colonies resistant to kanamycin and sensitive to ampicillin were correctly
recombined, thus we now only perform a PCR analysis.
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10. Positive colonies can be stored at −80°C as glycerol stocks.
11. For a detailed description of finding and purchasing the BACs,
see ref. 18. In general, we tend to choose BACs in which the
GOI is located in the middle, harbouring enough upstream
and downstream sequence to ensure the presence of most
regulatory elements of the locus. In case of the b-actin gene,
the gene is rather compact (2.9 kb, Fig. 4) and for example the
BAC RP23-9701 might be a good candidate.
12. The pSC101-BAD-gba-tet is a plasmid containing an origin of
replication, which is temperature sensitive (grows at 30°C but
not a 37°C), and allows to perform homologous recombination in E. coli upon addition of L-arabinose and is tetracycline
resistant. It should be handled as mentioned for the pSC101BAD-FC31-int. Antibiotic selection is done in the presence of
chloramphenicol and tetracycline (but not ampicillin).
13. The incoming construct contains 200 bp upstream and downstream homologous regions to the target location into the
BAC (Fig. 4). As 5¢homology region, we usually use 200 bp
upstream of the initiation codon fused to the gene of interest.
As 3¢homology region, we use 200 bp downstream of the initiation codon. The aim is that the GOI is translated from the
endogenous initiation codon present in the BAC, in order to
remain as close as possible to the endogenous configuration.
The minimal incoming construct contains the gene of interest,
a polyadenylation signal and a resistance cassette that allows
double selection in eukaryotes and prokaryotes, for example
the PGKEM7 neomycin (neomycin in eukaryotes, kanamycin in
prokaryotes), other features can be also included (IRES-eGFP,
etc.). A more detailed protocol describing the modification of
a BAC via homologous recombination can be found in (20).
14. In our experience, the NucleoBond BAC 100 Kit gives satisfactory yields and high-quality BAC DNA. From a 500 mL
overnight culture, 50–100 mg of BAC DNA are expected.
15. In order to generate stable cell lines, it is convenient to linearize the BAC; linearization increases the number of stably transfected cells. The BAC vector backbone contains two NotI
recognition sites flanking the insert, thus NotI digestion
releases the insert. Alternatively, if NotI recognition sites are
present in the insert, the BAC can be linearized with PI-SceI, a
homing endonuclease derived from yeast, whose recognition
sequence (about 27 bp) is present in the BAC backbone.
16. Linearized BACs are fragile, treat them gently and do not
freeze them, store at 4°C. Do not let the BAC DNA pellet dry
too long; otherwise, it will be difficult to dissolve it.
17. Linear BAC DNA tends to be viscous. In order to mix it with
the medium, it might be necessary to pipette up and down. Do
it gently with a cut off 1 mL tip.
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18. The use of BAC is not restricted to HEK cells; other cell lines
like CHO can also be used. Other transfection methods, such
as electroporation can also be used. From the transfection of a
10 cm Petri dish, we typically obtain 200–300 antibiotic resistant colonies.
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Chapter 32
Engineering the Chaperone Network of CHO Cells for Optimal
Recombinant Protein Production and Authenticity
Lyne Jossé, C. Mark Smales, and Mick F. Tuite
Abstract
All proteins fold into a defined three-dimensional shape that is compatible with the cellular role and/or
biological activity of those proteins. Molecular chaperones are a family of proteins whose role is to assist
the folding and targeting of proteins in both normal and stressed cells. The rational manipulation of chaperone
levels in a cell line engineered to produce a defined recombinant protein (rP) can significantly improve
both the achievable steady-state levels and authenticity of a wide range of recombinant proteins. Here, we
describe the methodology associated with expressing a variety of molecular chaperones in Chinese hamster
ovary (CHO) lines in order to improve their recombinant protein production capacity. These chaperones
include both those that facilitate the folding of the polypeptide chain (i.e. Hsp70, Hsp40) and those that
can re-fold proteins that have misfolded in the cell (i.e. ClpB/Hsp104). This latter property is particularly
important given the propensity for highly expressed recombinant proteins to misfold in the “foreign” cellular
environment.
Key words: Chinese hamster ovary cells, Molecular chaperone, Protein folding, Luciferase, Protein
aggregation, Hsp104, Hsp70, Hsp40, Recombinant antibody

1. Introduction
The last few years have seen rapid progress being made in the field
of recombinant protein (rP) production in a wide range of cell
types, including cultured mammalian cells. This progress largely
reflects the significant advances made in cell line optimisation and
transfection methodologies. Yet a number of challenges remain
before we can be satisfied that we have the best-possible expression
options for a wide range of recombinant proteins. Foremost
among these challenges is protein aggregation. The accumulation
of aggregation-prone misfolded proteins in cells can be a consequence
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of exposure of the cells to physical or chemical stress, but also can
be due to engineered overexpression of recombinant proteins that
can compromise cellular fitness (1).
Insoluble protein aggregates are linked to human pathologies,
such as Alzheimer’s, Parkinson’s, and Creutzfeldt Jakob’s disease,
cataracts (2), and cystis fibrosis, but are also a significant problem
for the biotechnology industry because aggregation can influence
properties, such as protein stability or immunogenicity (3). To
safeguard protein homeostasis, cells have evolved a quality control
network to ensure that newly synthesised proteins are folded into
their correct three-dimensional shape. As part of this control,
proteins unable to reach or retain their active conformation are
routed to a degradation pathway or sequestered in discrete cellular
structures, such as aggresomes or Russell bodies (4, 5).
While aggregated recombinant proteins can be refolded
in vitro, this is costly and not an economical solution for large-scale
protein production. Hence, we need to seek solutions that prevent
protein aggregation in the cell. One such solution is to rationally
manipulate the cellular levels of certain molecular chaperones.
Molecular chaperones are a diverse group of proteins central to the
quality control network of both prokaryotic and eukaryotic cells.
They assist the folding of a wide range of “client proteins”, but also
more generally facilitate the re-folding of stress-denatured proteins
and thus can prevent the accumulation of protein aggregates.
Consequently, chaperones have become the focus of research strategies
designed to combat aggregation disorders, but more recently in
biotechnology as a strategy to increase recombinant protein
production and authenticity in prokaryotic and eukaryotic cells.
Molecular chaperones are highly conserved at the amino acid
sequence level through evolution and include the heat-shock proteins
(Hsps) and the oxidoreductase protein families (Table 1). Hsp
chaperones are categorised according to their molecular weight
with the Hsp70 and Hsp90 families being the most abundant.
They also include two families of high-molecular-weight proteins:
the Hsp105/110 family members – a diverged subgroup of the Hsp70
family – and the Hsp104/ClpB multimeric chaperones, such as
ClpB (in bacteria, such as Escherichia coli), Hsp104 (in fungi, such
as the yeast Saccharomyces cerevisiae), and Hsp101 (in plants, such as
Arabidopsis thaliana) (6–9). Members of the Hsp70, Hsp90, and
Hsp104/ClpB families typically work synergistically with accessory
factors called co-chaperones which largely belong to the Hsp40
and small Hsp (sHsp) families. Other important chaperones
include the protein disulphide isomerases (PDIs) that can catalyse
thiol-disulphide oxidation, reduction, and isomerisation in addition
to a basic chaperone function, and the lectin chaperones calnexin
and calreticulin which bind monoglucosylated N-glycans in the
endoplasmic reticulum (ER), but also work in cooperation with oxidoreductases, such as Erp57 (10).

32

Engineering the Chaperone Network of CHO Cells for Optimal…

597

Table 1
The major classes of eukaryotic molecular chaperones and their cellular functions
Molecular chaperones

Function

References

Hsp105 interacts with BIP; nucleotide exchange
factor for Ssa1 and Ssb1
Stress response, thermotolerance

(15, 16)

(17)
(18, 19)

Grp170/Lhs1

Protein folding, cell signalling, tumour repression
mRNA translation, translocation, folding,
degradation
De novo folding, regulation of cytoskeletal, and
cell cycle network
Co-chaperones of Hsp70s
Stabilise unfolded proteins in an ATP-independent
manner and prevent their aggregation until the
proteins are refolded by ATP-dependent chaperones
Protein import in ER, nucleotide exchange factor

Oxidoreductases
PDI, PDIp, ERp44, ERp57,
ERp72

Catalyse disulphide bond formation, breakdown,
and isomerisation

(27)

Calcium-binding proteins, glycoprotein maturation
in the ER

(28)

Heat-shock proteins
Hsp110/SSE family
(Hsp105 a,b; Sse1-2)
Hsp104/ClpB (Hsp104,
ClpB)
Hsp90
Hsp70 (e.g. Ssa1p, Kar2p,
BIP/Grp78)
Hsp60 (CCT)
Hsp40 (Ydj1, Hdj1)
Small Hsps (e.g. Hsp26,
Hsp27, Hsp42)

Lectin chaperones
Calnexin, calreticulin

(8)

(19–21)
(22)
(23, 24)

(25, 26)

The ever-growing demand for large-scale production of therapeutic recombinant proteins for the pharmaceutical industry has
prompted further studies on protein folding and in particular on
the optimisation of the chaperone network. These manipulations
are in addition to optimisation of culture techniques, engineering
high-efficiency expression vectors, screening for cell lines with
enhanced production of target proteins, and improvement of transfection procedures. The need for co-expression of “modulating”
factors, such as molecular chaperones, must now also be added to
list.
Recent advances in recombinant protein production have led
to improved efficiency of transcription and translation and increased
solubility of recombinant proteins. Among eukaryotic host expression systems, Chinese hamster ovary (CHO) cells are generally the
preferred option being widely used for transfection, expression,
and large-scale recombinant protein production in a wide variety of
contexts. Here, we provide an overview of the technology required
to engineer the transient expression of both homologous and
heterologous molecular chaperones as part of an overall strategy
for increasing the productivity and authenticity of recombinant
proteins in CHO cell lines.
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2. Materials
2.1. Cell Cultures

1. 96-well cell culture plate, sterile, with lid (Greiner Bio-One
CELLSTAR).
2. CHO cell lines: CHOK1, an adherent cell line obtained from
Lonza Biologics. CHOD6, an adherent cell line with a stably
integrated cDNA expressing firefly luciferase from the CMV
promoter. LB01, a suspension cell line engineered to stably
express IgG4. This is a high-yielding monoclonal antibody cell
line derived from the CHOK1 variant, CHOK1SV, developed
by Lonza Biologics, and all CHOK1SV clones carry the glutamine
synthase system (11).
3. DMEM/F12 (1:1) nutrient mix (Invitrogen) supplemented
with the following: 100 mM MEM non-essential amino acid
solution (Invitrogen), 400 mM L-glutamic acid and L-asparagine,
20 mM adenosine, guanosine, cytidine and uridine, 10 mM
thymidine, 6 mM L-glutamine, and 10% (v/v) heat inactivated
foetal calf serum (Lonza Biologics).
4. CD CHO medium (Invitrogen).
5. Methionine sulphoximine (MSX) (Sigma–Aldrich).

2.2. Transfection
of Chaperones
in CHO Cell Lines

1. Chaperones cDNAs were cloned into the mammalian expression
vector pcDNA4/myc-His A in the absence of the hexa-histidine
tag (Invitrogen).
2. pCDNA3/enhanced green fluorescent protein (EGFP) (a gift
from Dr Matt Smith, University of Kent, UK) is used as a transfection control.
3. Lipofectamine 2000 (Invitrogen).
4. 1× Opti-MEM I reduced serum medium with GlutaMAX I
(Invitrogen).
5. FuGENE HD transfection reagent (Roche).
6. 1× CD-CHO medium (Invitrogen).

2.3. Preparation of Cell
Extracts for Analysis

1. 10× PBS: 80 g NaCl, 2 g KCl, 14.4 g Na2HPO4, and 2.4 g
KH2PO4; pH 7.4.
2. 1× Trypsin/EDTA solution (Invitrogen).
3. Reporter Lysis Buffer (RLB) (Promega).
4. Soniprep 150 ultrasonic disintegrator (MSE).

2.4. SDS-PAGE
and Western
Blotting Analysis
of Chaperones

1. 5× SDS gel-loading buffer: 250 mM Tris–HCl, pH 6.8, 500 mM
DTT, 10% SDS, 0.5% bromophenol blue, and 50% glycerol.
2. 5× Tris–glycine running buffer: 25 mM Tris, 250 mM glycine,
and 0.1% SDS.
3. 4–20% Tris–glycine gel (Invitogen).

32

Engineering the Chaperone Network of CHO Cells for Optimal…

599

4. Gel running apparatus: XCell Sure Lock gel system (Invitrogen).
5. Nitrocellulose membrane (Immobilon-PSQ) (Millipore).
6. Extra thick filter paper (Bio-Rad).
7. 1× transfer buffer: 48 mM Tris base, 39 mM glycine, 0.037%
SDS, and 20% methanol; pH 8.3.
8. Gel transfer apparatus: Trans Blot SD, Semi dry transfer cell
(BioRad).
9. Primary antibodies used: Anti-TorsinA rabbit polyclonal antibodies
were a gift from Dr Lisa Swanton (University of Manchester,
UK). Anti-Hsp104 polyclonal rabbit antibodies (SPA-400).
Anti-Hsp70 polyclonal rabbit antibodies (SPA-812). AntiHsp40 polyclonal rabbit antibodies (SPA-10400). Anti-Hsp27
polyclonal rabbit antibodies (SPA-803). Anti-firefly luciferase
polyclonal rabbit antibodies (L0159, Sigma). Anti-Gaussia
luciferase polyclonal rabbit antibodies (E8023S, New England
Biolabs).
10. Secondary antibodies: For ECL detection, the secondary antibodies
were either horseradish peroxidase (HRP)-conjugated anti-rabbit
(DAKO) or anti-mouse (DAKO). For immunofluorescence,
the secondary antibodies used for fluorescence reading were
either fluorescein isothiocyanate (FITC)-conjugated anti-rabbit
(Sigma–Aldrich) or anti-mouse (Sigma–Aldrich) antibodies.
11. ECL detection reagents. Prepare mix 1 and 2. For mix 1 (10 mL):
100 mL luminol (250 mM in DMSO), 44 mL coumaric acid
(90 mM in DMSO), 1 mL 1 M Tris–HCl, pH 8.5, and 8.856 mL
H2O. For mix 2 (10 mL): 6.4 mL H2O2, 1 mL 1 M Tris–HCl,
pH 8.5, and 8.894 mL H2O.
12. X-ray film (Amersham Hyperfilm ECL, GE Healthcare).
2.5. Luficerase
Reporter Activity
Assay

1. pGL3 vector (Promega, UK) was used for transient expression
of firefly luciferase.
2. pCMV-GLUC-1 vector (Nanolight Technology) was used for
transient expression of Gaussia luciferase.
3. For measurement of the firefly luciferase activity, we use the
Steadylite Plus™ reagent (Perkin Elmer).
4. For measurement of the Gaussia luciferase activity, we use the
Gaussia Luciferase Assay Kit (New England Biolabs).
5. White opaque 96-well assay plates (Perkin Elmer).
6. Wallac 1450 MicroBeta Trilux liquid scintillation counter
(Perkin Elmer).

2.6. Quantifying
Protein Levels

1. An anti-EGFP mouse monoclonal antibody (clone EGFP-3E1)
was a gift from Professor Bill Gullick (University of Kent,
UK).
2. Anti-b actin mouse monoclonal antibodies (clone AC-15)
(Sigma–Aldrich).
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3. Methods
Manipulation of the expression of the various and diverse classes of
molecular chaperones has proved to be challenging mainly because
the product titres can vary so greatly depending on the chaperone,
host cell system, and targeted recombinant product (Table 2 ).
A more recent approach is the co-expression of a panel of cooperative chaperones rather than individual chaperones (12). Aside from
the choice of chaperone, a key consideration must be the choice of
transfection and expression strategies. The type of cell line, scale of
the transfection, and stability of the resulting transgenic line are
also parameters that need to be considered prior to transfection. In
addition, the composition of the DNA:reagent complex solution
can greatly influence the transfection efficiency of CHO variants,
be they adherent or suspension adapted. Commonly used transfection
reagents rely on the addition of CaPO4 complexes, polycations
polyethylenimines (PEIs), and liposomes.

Table 2
Examples of the reported effect of overexpressing molecular chaperones
on recombinant protein (rP) titre in CHO cells

a

Engineered molecular
chaperone

rP/product titrea

References

Hsp27

Firefly luciferase/+

(12)

Hsp27

Human interferon-g/+

(29)

Hsp70

Human interferon-g/+

(29)

BIP

Antibody/−

(30)

Grp170

Antibody/−

L Jossé and CMSmales, unpublished data

Hsp104

Firefly luciferase/+

(12)

ERp57

Thrombopoietin/+

(31)

PDI

Antibody/+

(30)

PDI/BIP

Antibody/−

(30)

PDI/Ero1

Antibody/variable

(32)

Calnexin/calreticulin

Thrombopoietin/+

(33)

BIP/ERdj3

Antibody/−

Feary M and CM Smales, unpublished data

TorsinA

Antibody/+

(12)

Product titre is indicated by +, increased levels: 0, no effect: −, reduced levels
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Combining osmotic shock with polycation treatment and glucose
or NaCl with PEIs can increase the uptake of DNA by the cell. PEIs
work independently of serum, and for transient transfection and
short-term recovery of CHO cell lines they result in greater DNA
delivery compared to the polycation-based method (13). PEIs
indirectly protect the DNA that is taken up by the cell, from
degradation, by destabilising the endosome (14). Interestingly,
while PEIs seem to deliver DNA to more cells than CaPO4, the
expression level per cell appears to be greater with the latter (13).
DNA integration events occur more frequently in the presence of
CaPO4 and the specific productivity of the resulting recombinant
cell lines is higher (13). However, whether the reagent is sourced
commercially or is available as a laboratory stock reagent, the scale
of the transfection reaction and the cell type usually determine the
transfection method. It is, therefore, important to carry out one or
more pilot experiments to determine the most suitable transfection
method to use for a given application and cell line. Table 3 shows
different transfection protocols based on our own findings and
those of others.
Below, we describe in more detail the small-scale transfection
procedure we use for CHO cells for the transient expression of cDNAs
encoding molecular chaperones. The effect of heterologous chaperone
expression is monitored by measuring the luminescent activity of
cytoplasmic firefly or secreted Gaussia luciferase reporter proteins.
The luciferase activity usually accurately reflects the overall cell
transfection efficiency. Normalisation of the luminescence signal is
described in the data handling (Subheading 3.6) and an illustration
of typical Western blot analyses of chaperone expression in CHOK1 cells is presented in Fig. 1.
3.1. Cell Cultures

1. CHOD6 and CHOK1 cell lines are routinely cultured in
DMEM/F12 (1:1)-based nutrient mix.
2. LB01 cells are cultured in CD-CHO medium. MSX is added
at a final concentration of 50 mM.
3. Cells are maintained as adherent (CHOK1) or suspension
(LB01) cultures at 37°C in a 5% CO2-humidified atmosphere.

3.2. Transfection
of Chaperones
in CHO Cell Lines

1. The CHOD6 and CHOK1 cells are seeded in 2 mL supplemented DMEM/F12 at 2.5 × 105 cells/mL (or 0.5 × 106 cells)
24 h prior to transfection. The growth medium is replaced by
fresh medium prior to transfection.
2. To each 2 mL well, a standard transfection mixture typically
containing 1 mg of DNA of each vector together with 10 mL of
Lipofectamine 2000 in 500 mL of serum-reduced Opti-MEM
I is added. Luciferase activity is measured 24 h post transfection
using the assay described in Subheading 3.4.

DMEM/F12 based

CD-CHO (Invitrogen)

DMEM/F12 based
RPMI 1640 based
ProCHOD5 CDMb (Cambrex)

DMEM/F12 based
RPMI 1640 based
ProCHOD5 CDMb (Cambrex)
DMEM/F12 based

DMEM/F12 based

CHO K1/adherent/transient
6-well plates
0.5 × 106 cells/mL

CHO K1/suspension/transient
6-well plates
1 × 106 cells/mL

CHO-DG4/suspension/transient
12-well plates
2 × 106 cells/mL

CHO-DG44/suspension/transient
BR 3, 5, 20,150 L
2 × 106 cells/mL

CHO-DG44/adherent/transient and
integrated
12-well plates
3 × 105 cells/mL

CHO-DG44/suspension/semi-stable
60-mm Petri dishes
2 × 104 cells/mL

GFP

GFP
IgG4 (linearised DNA)

IgL/IgM

GFP
IgL/IgM

GFP
IgL, IgM

GFP
Luciferase

Target protein

PEI polyethylenimine, BR bioreactor
a
Density on day of transfection
b
ProCHOD5 CDM performed better in Muller et al. study
c
PEI has been reported to be cytotoxic to endothelial cells and L929 fibroblasts (15, 16)
d
The use of PEI is serum independent (17)
e
22 days post injection, only 3–4% of cells were recombinant

Transfection medium

Cell lines/format/densitya

Roche (12)

Invitrogen (12)

Manufacturer/
references

Microinjection

CaPO4

(24)e

(13)

PEIc, d linear 25 kDa.
(20–23)
DNA:PEI ratio 1:2 to
1:4 (DNA 2.5 mg/mL).
150 mM NaCl

1. Lipofectamine 2000
Invitrogen (20–23)
2. PEIc,d linear 25 kDa.
DNA:PEI ratio 1:2 to
1:4 (DNA 2.5 mg/mL).
150 mM NaCl

Fugene HD

Lipofectamine 2000

Transfection
reagent/method

Table 3
Small- and large-scale transfection procedure for adherent and suspension cell lines
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Fig. 1. Detection of various molecular chaperones and protein markers in CHO cells by
Western blot analysis. (a) CHOD6, with integrated firefly luciferase, co-transformed with
torsinA (chaperone), and enhanced green fluorescent protein (EGFP, transfection control)
were probed first with mouse anti-b-actin and anti-EGFP mouse monoclonal antibodies.
The membrane was then re-probed with anti-firefly luciferase and anti-torsinA rabbit
polyclonal antibodies. Lanes 1–3: Biological replicates. (b, c) Detection of the indicated
Hsps following transient transfection. Immunoblots show pairwise detection of chaperones using the relevant rabbit polyclonal antibodies. Lanes 1–3: Biological replicates.

3. LB01 cells are seeded in 2 mL CD-CHO at 2 × 106 cells/mL
(or 4 × 106 cells) on the day of transfection. FuGENE HD
Transfection Reagent:DNA ratios of 3 mL to 1 mg of DNA are
diluted in 100 mL Opti-MEM I and added to each 2-mL well
and samples processed within 24 h post transfection.
4. Successful transfection can be readily verified by assessing
co-transfection of the marker EGFP. This is done using fluorescence microscopy by looking in each well at the percentage of
cells that display green fluorescence. Quantitation of the level
of GFP is further refined using Western blot analysis (described
in Subheading 3.6).
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3.3. Preparation of Cell
Extracts for Analysis

1. CHOD6 or CHOK1 adherent cells are detached as follows.
Each well is washed once with 1× PBS, and then 200 mL of
trypsin/EDTA is added and left for 2–3 min at 37°C. The
trypsin can then be inactivated by the addition of 1 mL
DMEM/F12-based medium.
2. Detached or suspension cells (LB01) should be transferred to
a 1.5-mL Eppendorf tube, the cells harvested by centrifugation at 1.06 × g for 1 min at 4°C, and then washed once in 1×
PBS.
3. Cell lysates can be prepared using RLB. This buffer contains
detergent, reducing and chelating agents, and is compatible
with the measurement of both firefly and Gaussia luciferase
activity (see Note 1). One Complete Protease Inhibitor Cocktail
mini-tablet should be added per 5 mL RLB. To shear DNA
contaminants and reduce viscosity, cells are typically sonicated
twice for 10-s bursts at full power (see Note 2).

3.4. SDS-PAGE
and Western Blotting
Analysis of
Chaperones

Expressed chaperones or luciferases can be readily detected using
standard SDS-PAGE in conjunction with Western blot analysis, as
follows.
1. Approximately 8 × 105 CHO cells should be harvested (~200 mg
of total protein) and resuspended in 50 mL of lysis buffer.
10 mL of 5× SDS gel-loading buffer is then added and the samples
can be frozen at −20°C at this stage. We suggest using 6 mL
(~20 mg of total protein), where one wants to detect highabundance proteins, and 15 mL (~50 mg of total protein),
where one is looking for low-abundance proteins. Protein samples
are separated by SDS-PAGE on a 4–20% Tris–glycine gradient
gel in 1× running buffer for 90 min at 150 V.
2. Following electrophoresis, proteins should be transferred to an
Immobilon-PSQ (Millipore) membrane using transfer buffer
and then blocked for 15 min with 5% milk in 1× PBS. The blocked
filter is then incubated overnight (12–16 h) with the required
primary antibody, followed by five sequential washes in 1× PBS
(see Note 3). The membrane is then incubated with a suitable
secondary antibody for 1 h and then washed five times in 1× PBS.
3. Chaperone expression is assessed using either enhanced luminolbased chemiluminescent (ECL) or immunofluorescence (see
Note 4).
4. For ECL analysis, 2 mL of mix 1 and 2 are combined just before
and added to the membrane just before exposing the membrane
to X-ray film. For immunofluorescence, the signal can be detected
directly by a fluorescence scanner, such as the FujiFilm FLA5100 plus.
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5. To confirm that chaperones are expressed post transfection,
the only option is to use Western blot analysis (see Note 5),
whereas for luciferase protein levels these can be measured
either by Western blot or by an activity assay (see
Subheading 3.5).
3.5. Luciferase
Reporter Activity
Assay

Luciferase activity should be determined in biological triplicate
using white, opaque, 96-well assay plates in the following protocol.
For measurement of the firefly luciferase activity, the Steadylite
Plus™ reagent should be used according to the manufacturer’s
instructions. 50 mL of the Steadylite Plus™ reagent is added to the
culture supernatant obtained from the equivalent of 5 × 104 to
1 × 105 cells.
1. Gaussia luciferase activity is measured using the Gaussia
Luciferase Assay Kit, but with the following modification
according to the manufacturer’s protocol: The reconstituted
Gaussia Luciferase solution (1×) is further diluted 1:10 v/v
with 1× PBS and 25 mL of this added to the cell culture supernatant (equivalent to 2,500 cells).
2. For both luciferase assays, the luminescence is best measured
after a 10-min equilibration period using a Wallac 1450 MicroBeta
Trilux liquid scintillation counter.

3.6. Quantifying
Protein Levels

1. The protein GFP expressed from the co-transfected plasmid
pCDNA3/GFP can be used as a transfection marker. The levels
of b-actin detected by Western blotting can be used as an indirect
measure of the cell number (see Note 6).
2. For each combination of chaperone tested, the activity of firefly
luciferase can be calculated relative to the actual level of EGFP
(transfection) and b-actin (cell density). The levels of EGFP
and b-actin are determined by Western analysis in conjunction with the application of Image J software (http://rsbweb.
nih.gov/ij) and the intensity of the luciferase activity (Wallac
1450 MicroBeta Trilux liquid scintillation counter) corrected
for the EGFP and b-actin values. For each chaperone combination tested, triplicate biological samples should be analysed in
order to assess how their expression affects recombinant protein
production. Results are compared to cells carrying the backbone vector pcDNA4.
3. Statistical significance is evaluated using a one-way analysis
variance (ANOVA) test and data plotted using the Minitab statistical analysis software. A P-value £ 0.05 is usually accepted as
statistically significant.
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4. Notes
1. Alternatively, the following buffers can be used. RIPA buffer:
50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% SDS. L buffer: 250 mL
0.1% Triton X100, 20 mM HEPES, pH 7.2, 100 mM NaCl,
one Complete Protease Inhibitor Cocktail mini-tablet per
5 mL buffer, and 0.2 mM PMSF.
2. Alternatively, cells can be shredded using a cell preparation kit,
such as the QIAshredder homogenizer (Qiagen).
3. In order to reduce non-specific binding, an extra high-salt
wash (10 mM Tris–HCl, pH 7.4, 1 M NaCl, and 0.1% Tween
20) can be performed.
4. Quantification of the chemiluminescent signal can be done by
scanning densitometry of the films. Alternatively, the protein
levels can be measured using immunofluorescence using FITCconjugated secondary antibodies and capturing the signal digitally with an instrument, such as the FujiFilm FLA-5100 plus.
5. Where possible, we aim to detect two different proteins on the
same blot using the required combination of antibodies (see
Fig. 1 for an example). For membrane re-probing, the blotting
membrane is stripped of bound antibodies using Restore™
Plus Western Blot Stripping buffer (Thermo Scientific).
6. Alternatively, cell density can also be assessed by counting cell
number manually (10 mL of cell suspension) using a haemocytometer (Neubauer, depth 0.1 mm, 1/400 mm2) or semiautomatically (100 mL of cells) using a cell analyser, such as the
Vi-Cell (Beckman Coulter). Both methods rely on using trypan
blue dye exclusion on detached cells to determine cell viability.
One volume of 0.4% trypan blue is added to one volume of
cells. Only dead cells take up the dye.
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Chapter 33
High-Throughput Baculovirus Expression in Insect Cells
Richard B. Hitchman, Robert D. Possee, and Linda A. King
Abstract
Historically, it has been proved difficult to adapt the traditional baculovirus expression systems to an
automated platform because of the complexity of the processes involved. One of the major bottlenecks is
the selection of recombinant from parental viruses. We have developed a bacmid vector (flashBAC™) that
does not require any form of selection pressure to separate recombinant virus from nonrecombinant parental
virus. The method relies on homologous recombination in insect cells between a transfer plasmid containing
the gene of interest and a replication-deficient bacmid. The gene of interest replaces the bacterial replicon
at the polyhedrin locus, simultaneously restoring a virus gene essential for replication, and as only recombinant virus can replicate, no further separation techniques are required. This chapter describes methods
for producing and expression testing multiple recombinant baculoviruses on automated platforms using
the flashBAC system.
Key words: Baculovirus, High-throughput, Insect cells, Protein expression, flashBAC, Automated,
Robot

1. Introduction
Automation of the baculovirus expression system has been described
previously in the literature, but in these instances they almost
always refer to bacmid DNA transformation of bacterial cells (1–7).
The advantage of this method is that it can utilize well-established
bacterial expression protocols for robotic systems, which are easily
adapted and modified toward making recombinant baculoviruses.
Implementing an automated system for making recombinant
viruses by homologous recombination in insect cells has traditionally been much more challenging. This is mainly due to the purification process required for the selection of recombinant viruses
away from a parental background. Plaque purification is a skilled
and time consuming technique that is difficult to adapt to an automated platform, although several companies have commercial
Argelia Lorence (ed.), Recombinant Gene Expression: Reviews and Protocols, Third Edition,
Methods in Molecular Biology, vol. 824, DOI 10.1007/978-1-61779-433-9_33, © Springer Science+Business Media, LLC 2012
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Fig. 1. Schematic showing steps in making a recombinant virus using flashBAC™. The
flashBAC DNA (1) is mixed with a transfer vector (2) to generate a recombinant virus (3)
via homologous recombination in insect cells. Reproduced from Expression Systems,
Methods Express 2007 Chapter 9, 149–168 with permission from Scion Publishing Ltd.

systems that can do this. However, the costs of these robotic platforms are generally outside the range of most academic research
and also many industrial laboratories. Recently, we have developed
a system of producing recombinant viruses in insect cells by homologous recombination using a bacmid vector (8). This unique system (flashBAC™) combines the advantages of rapid virus production
in insect cells with the flexibility of a bacmid-based system, removing the need for plaque purification and facilitating the development of an automated process that can be carried out using a
standard liquid handling robot (Fig. 1). This chapter describes the
use of flashBAC and associated technologies, for the production of
multiple recombinant viruses on robotic platforms.

2. Materials
2.1. Insect Cell Culture

1. Spodoptera frugiperda 9 (Sf 9) insect cells: These can be
obtained from multiple sources including the Health Protection
Agency in the UK, Sigma, Invitrogen, or the American Type
Culture Collection.
2. EX-CELL™ 420 serum-free insect cell culture medium (SAFC
Biosciences).
3. 125-mL Shaker flasks and 5-mL T-flasks (Corning Life Sciences).
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4. Incubator shaker (110–130 rpm) set at 27–28°C.
5. Tissue culture hood.
6. Inverted phase-contrast microscope.
7. Neubauer counting chamber or automated cell counter (e.g.,
Countess and disposable counting chambers) (Invitrogen).
8. 0.4% (w/v) Trypan blue (Invitrogen).
9. Sodium dodecyl sulfate (SDS) (Sigma).
2.2. Recombinant
Baculovirus
Production in 24-Well
Plates

1. CAS 1200 (Qiagen) or similar robotic workstation situated
within a sterile environment, e.g., a Class II microbiological
cabinet.
2. Carbon coated filtered tips for liquid level sensing (50 and
200 μL volume) (Alpha Laboratories).
3. 24-well tissue culture plates (Fisher).
4. Inverted phase-contrast microscope.
5. flashBAC kit (Oxford Expression Technologies) containing
flashBAC DNA (100 ng per cotransfection) and positive
control transfer plasmid (pAcRP23.lacZ; 500 ng per
cotransfection).
6. Transfer plasmid DNA (500 ng per cotransfection) containing
your gene of interest with suitable tag for expression testing
(e.g., 6× histidine tag). Keep DNA sterile.
7. Sterile bijoux (Scientific Laboratory Supplies), or similar.
8. Sf 9 cells from a culture in log phase growth (require 2 × 105
cells/well).
9. EX-CELL™ 420 serum-free insect cell culture medium (SAFC
Biosciences).
10. Transfection reagent, e.g., Nanofectin (PAA Laboratories),
Lipofectin, or Cellfectin® (Invitrogen).
11. Incubator set at 27–28°C.
12. 1% Virkon (Amtec) or other suitable disinfectant.

2.3. Recombinant
Protein Expression
in 24-Well Plates

1. CAS 1200 (Qiagen) or similar robot situated within a sterile
environment, e.g., a Class II microbiological cabinet.
2. Carbon coated filtered tips for liquid level sensing (50 and
200 μL volume) (Alpha Laboratories).
3. 24-well tissue culture plates.
4. Inverted phase-contrast microscope.
5. Recombinant baculoviruses (Subheading 3.2).
6. Sf 9 cells from a culture in log phase growth (require 4 × 105
cells/well).
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7. EX-CELL™ 420 serum-free insect cell culture medium (SAFC
Biosciences). Store in the dark at 4°C.
8. Incubator set at 27–28°C.
9. 1% Virkon (Amtec) or other suitable disinfectant.
2.4. SDSPolyacrylamide Gel
Electrophoresis of
Recombinant Protein

1. Mini-PROTEAN gel system and gel assembly apparatus
(BioRad), or similar.
2. Vacuum pump connected to side arm flask with bung.
3. Boiling water bath.
4. 10-well combs (1 mm width) or 15-well combs (0.75 mm
width).
5. 1.5 M Tris–HCl pH 8.8: Mix Tris base 181.5 g with 100 mL
distilled water. Adjust to pH 8.8 with 6N HCl. Make to
150 mL with distilled water and autoclave to sterilize.
6. 1 M Tris–HCl pH 6.8: Mix 121.1 g Tris base with 700 mL of
distilled water and adjust the pH at 6.8 by adding 118 mL
concentrated 6N HCl and then fine adjust if needed with acid.
Add distilled water until final volume is 1 L and autoclave to
sterilize.
7. 10% SDS: Add 10 g SDS in 90 mL water. Stir gently to dissolve. Make to 100 mL.
8. Ultra Pure Protogel 30% (w/v) acrylamide (National
Diagnostics). This is a neurotoxin when unpolymerized and so
care should be taken not to receive exposure.
9. N,N,N,N ¢-Tetramethyl-ethylenediamine (TEMED, Sigma).
Store at 4°C.
10. Ammonium persulphate: Prepare a 10% (w/v) solution in
water and immediately freeze in single use (200 μL) aliquots
at −20°C.
11. 50% (v/v) Water saturated n-butanol: Mix 250 mL n-butanol
with 250 mL distilled water in a glass bottle and allow to
separate. The top layer contains water-saturated n-butanol.
Store at room temperature (RT).
12. 10× SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
running buffer: Mix 900 mL of distilled water with 144 g
glycine, 36.3 g Tris base, and 10 g SDS. Dilute 100 mL of this
stock into 900 mL distilled water (1:10) to make 1× SDSPAGE running buffer. Store at RT.
13. 4× SDS-PAGE loading buffer: Mix 12.5 mL 0.5 M Tris–HCl
pH 6.8, 10 mL glycerol, 2 mL 2-mercaptoethanol, 0.8 g SDS,
and 0.04 g bromophenol blue. Store frozen at −20°C.
14. PageRuler™ Prestained Protein Ladder Plus molecular weight
markers (Fermentas Life Sciences), or similar.
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1. Phosphate-buffered saline with Tween (PBST): Prepare 10×
stock with 80 g NaCl, 2 g KCl, 14.4 g Na2HPO4, 2.4 g
KH2PO4, 10 mL Tween-20 in 800 mL distilled water. Adjust
to pH 7.2 and add distilled water to 1,000 mL.
2. Blocking buffer: Mix 5% (w/v) nonfat dried milk in PBST.
3. Primary antibody: Mouse anti-His antibody (AbD Serotec).
4. Secondary antibody: Antimouse IgG conjugated to horse radish peroxidase (e.g., AbD Serotec).
5. Enhanced chemiluminescent (ECL) Western Blotting Substrate
(Pierce).
6. Typhoon 8600 Variable Mode Imager with ImageQuant™
software (Molecular Dynamics) with X-ray film and cassettes
(or similar phosphoimaging device).

2.6. Amplification
of Recombinant
Viruses in 24 DeepWell Plates

1. Sf 9 cells (0.9 × 106 cells/dish) from a culture in log phase
growth.
2. EX-CELL™ 420 serum-free insect cell culture medium (SAFC
Biosciences).
3. Incubator set at 27–28°C.
4. 1% Virkon (Amtec), or other suitable disinfectant.
5. Inverted microscope.
6. Plastic box to house dishes in the incubator.
7. Sterile bijoux or similar.
8. Selection of sterile pipettes (1–10 mL).
9. Virus from Subheading 2.3.

2.7. Quantification
of Recombinant
Baculovirus by
Quantitative PCR

1. Stock of virus to be titrated (require 200 μL of virus).
2. baculoQUANT™ Kit (Oxford Expression Technologies) containing the following: Forward primer 2.5 μM (CGGCGTGAGTA
TGATTCTCAAA), reverse primer 2.5 μM (ATGAGCAGAC
ACGCAGCTTTT), dual labeled probe 2.5 μM (FAMAAAAGTCTACGTTCACCACGCGCCAAA-TAMRA), DNA
standard (25 ng/μL), and baculoQUANT™ Manual.
3. High Pure Viral Nucleic Acid Kit (Roche Molecular
Diagnostics).
4. A QPCR mastermix, i.e., ABsolute Blue QPCR Low ROX Mix
(ABgene).
5. Applied Biosystems 7500 Real-Time PCR Sequence Detection
System.
6. Optical 96-well plates and plate seals (Applied Biosystems).
7. Filter pipette tips (Alpha Laboratories).
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3. Methods
3.1. Insect Cell Culture

When working with insect cells aseptic technique must be used at
all times and manipulation should be carried out in a microbiological safety cabinet or around a flame. Carry out any cell culture
work prior to handling virus. It is very important that the insect
cells used for the production of recombinant viruses and proteins
are of the highest quality, i.e., taken from log phase cultures, not
growing in clumps and with >95% viability. This is achieved by
subculturing cells before they become overgrown, e.g., before
reaching stationary phase, and by using cells that have been subcultured no more than 30 times from frozen stocks. The insect cells
used are Sf 9 cells (9), a clonal isolate of IPLB-Sf21AE cells (10)
originally derived from the pupal ovarian cells of S. frugiperda (fall
army worm). The optimal temperature for cell growth and infection for Sf 9 cells is considered to be 27–28°C. Insect cell culture
medium utilizes a phosphate buffering system, as opposed to the
carbonate-based buffers used for mammalian cells, meaning that
CO2 incubators are not required.

3.1.1. Subculturing Insect
Cells in Adherent Cultures

Cells can be obtained from a number of sources including The
Health Protection Agency Culture Collections in the UK. Follow
the manufacturer’s protocol to raise the cells from liquid nitrogen.
However, when reviving cells from liquid nitrogen, we often thaw
the cells directly into a shake flask (following the supplier’s protocol) and then remove 5 mL into a T-flask as a backup. The maintenance of cells in monolayer culture does not normally require
counting of cell densities. Cells are observed using an inverted
microscope until they become confluent when they are subcultured by diluting with fresh medium.
1. Observe the health and confluency of the cells using an inverted
microscope (×10, ×20 and ×40 objectives) (see Note 1).
2. In a microbiological cabinet, when the cells are ~80% confluent,
remove and discard the medium and floating cells from the T25
flask into 5% SDS or an autoclavable discard container. Replace
an equal volume (5 mL) of fresh medium into the T25 flask.
3. Dislodge the cells from the surface of the flask by banging
down firmly on a solid surface (see Note 2). Do not hold the
neck of the flask when carrying out this operation and try to
minimize foaming.
4. Using a graduated pipette, gently pipette the culture up and
down to break up clumps of cells into a single cell suspension.
Avoid causing bubbles and frothing in the culture.
5. Add 0.5 mL of this culture into a new T-flask containing
4.5 mL of fresh medium (1:10 dilution of cells to fresh medium)
(see Note 3).
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6. The following information should be recorded on each
T-flask: (a) cell line, (b) passage number, (c) date of each
passage, (d) density the culture has been split to (i.e., 1:5),
and (e) medium used.
7. Keep the old flask on the bench as a backup flask and return
the new flask to the 28°C incubator.
8. Routinely observe the cell growth and repeat subculturing
procedure when cells reach ~80% confluency.
3.1.2. Cell Counting
and Viability

When passaging cells in suspension culture, it is important to know
the correct cell density to seed subsequent shake flasks and to
calculate working cell numbers.
1. In a microbiological cabinet, remove a sample of cells from a
culture using a sterile pipette and place into a bijou, avoiding
rapid pipetting, which can cause foaming.
2. Place a glass cover slip over the Neubauer counting chambers
and using a Pasteur pipette (or other pipette) load approximately 10 μL of this sample onto each side of the slide and
allow it to fill the chamber by capillary action.
3. Count all of the cells within the 5 × 5 square grid on the counting chambers, using an inverted microscope (×10 objective).
Count cells touching the triple line on the top and left of the
squares. Do not count cells touching the triple lines on the
bottom or right side of the squares (see Note 4).
4. If necessary, repeat the count to give a more statistically correct
estimate of cell density.
5. Calculate the number of cells in 1 mL of culture; by multiplying the average number of cells from the 5 × 5 square by 104
(see Note 5). If the cells were diluted before counting, also
multiply by the dilution factor.
6. To assess cell viability, mix 0.5 mL volumes of cell suspension
and 0.5 mL 0.4% Trypan blue (see Note 6) (2% w/v) (1 in 2
dilution of cells) and incubate for 1–2 min, but no longer than
5 min.
7. Load the cells into a counting chamber and count the unstained
(viable) and stained (nonviable) cells separately in the
hemocytometer.
8. To obtain the total number of viable cells per milliliter, multiply
the total number of viable cells by 2 (the dilution factor for trypan
blue). To obtain the total number of cells per milliliter, add up the
total number of viable and nonviable cells and multiply by 2.

3.1.3. Subculturing Insect
Cells in Suspension
Cultures

1. Determine cell number and viability of the cells grown in a
T-flask (or a shake culture) as described above in
Subheading 3.1.2. Ideally Sf 9 cells grown in shake cultures
should not be grown beyond 6 × 106 cells/mL.
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2. Calculate how much of the existing culture needs to be diluted
in fresh medium to obtain the required cell density and volume
for the new culture. We generally maintain a 50 mL stock culture of Sf 9 cells and these are split to a density of 0.3 × 106
cells/mL when they reach a density of ~3 × 106 cells/mL, generally twice a week (e.g., on a Monday and a Thursday). To do
this pipette 45 mL prewarmed media into a fresh flask and then
add 5 mL of cells (see Note 3).
3. Record the following information on the flask that the cell culture maintained in: (a) Cell line, (b) passage number, (c) date
of each passage, (d) density the culture has been split to, and
(e) medium used.
4. Also keep a separate record of liquid nitrogen batch and the date
and passage when cells were first raised from liquid nitrogen.
5. Discard any unused cells into SDS or an autoclavable discard
container.
3.2. Recombinant
Baculovirus
Production in 24-Well
Plates

Prior to making recombinant viruses the gene of interest need to
be transferred into a suitable transfer vector. There are many ways
to do this from traditional cut and paste ligation to recombination
and ligation independent cloning (LIC) methods. In our hands,
the StarGate™ (IBA) system has proved to one of the most powerful in terms of ease of cloning and range of available combinations
of plasmids and sequences (tags, signals, etc.). The method
described below assumes that the user has already produced a
library of recombinant transfer plasmids that are compatible with
the flashBAC system, e.g., which have sequences for homologous
recombination with flashBAC in insect cells.
1. Confirm the health and viability of the insect cells to be used
under an inverted microscope and prepare a stock of Sf 9 cells in
EX-CELL 420 medium at a cell density of 5 × 105 cells/mL.
Design a simple liquid handling program for the robot (see Note
7) with the following steps: (a) Cell seeding, (b) cotransfection
mixture preparation, and (c) aliquoting the cotransfection mixture into the 24 wells containing the seeded cells (see Note 8).
2. Use the robot to aliquot 400 μL (2 × 105 cells/well) into each
well of a 24-well tissue culture plate. Allow the cells to settle
and attach for 1 h before use at RT.
3. During the 1 h incubation period, program the robot to prepare
24 cotransfection mixes in the wells of a 96-well plate (made
from polystyrene) and with U- or V-shaped well (see Note 9).
4. Dispense the following to each of 24 wells of a 96-well plate in
the following order to give a final volume of 20 μL:
8 μL EX-CELL 420 medium
2 μL transfection reagent (e.g., Lipofectin™ or Nanofectin™)
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Fig. 2. Production of recombinant viruses in a 24-well plate. (a) 24-well plate containing
20 recombinant baculoviruses expressing β-galactosidase. Four mock infected controls
are also shown in lanes A1–A4 corresponding to mock-infected cells, bacmid DNA only,
transfer vector DNA only and transfection reagent only, respectively. (b) Plaque assay
titers (pfu/mL) are shown for eight of the cotransfections carried out in the 24-well plate
shown in (a) (light gray bars), and plaque assay titers (pfu/mL) for the same eight recombinant viruses after amplification in shake flasks (dark gray bars ). Error bars, s.d. n = 3.
Reproduced from (8) with permission from Wiley.

5 μL flashBAC DNA (100 ng)
5 μL transfer plasmid DNA (500 ng) containing the gene of
interest (include one reaction containing the pAcRP23.lacZ
positive control transfer plasmid containing lacZ, a mocktransfected reaction, e.g., minus transfer plasmid DNA, and
a nontransfected control).
5. Mix the reagents by gentle pipetting (dispense and aspirate
three times at slow speed).
6. Dispense the 20 μL cotransfection mix to the appropriate wells
of the 24-well plate containing the cell monolayers (see Note
10).
7. Replace the lid and seal with parafilm to prevent evaporation.
Incubate at 28°C for 5 days.
8. After 5 days, check the cells have grown and appear healthy in
the mock and nontransfected control wells using an inverted
microscope. Program the robot to harvest the culture medium
containing recombinant virus from each well (or do this manually) and store at 4°C in the dark.
9. Add 100 μL media containing 5 μL X-gal (20% w/v) to the
cells cotransfected with the pAcRP23.lacZ positive control
transfer plasmid. LacZ expression should become apparent by
the blue coloration produced by the β-galactosidase protein,
confirming the presence of recombinant virus (Fig. 2).
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3.3. Recombinant
Protein Expression
in 24-Well Plates

When making large numbers of recombinant viruses it is useful to
screen at an early stage for the presence of the protein being
expressed. Inoculating a second 24-well plate provides a rapid test
of expression.
1. Prepare 10 mL of Sf 9 cells in serum-free medium at a cell density of 5 × 105 cell/mL (see Note 11).
2. Use the robot to aliquot 400 μL (4 × 105 cells/well) into each
well of a 24-well tissue culture plate. Allow the cells to settle
and attach for 1 h before use.
3. During this incubation period, prepare the robotic system to
dispense an aliquot of the recombinant viruses (generated in
Subheading 3.2) directly onto these cells using standard liquid
handling protocols (see Note 12).
4. Add 100 μL of each virus into each of the wells of the 24-well
plate, allowing a well for a noninfected control and a well for a
positive control virus containing lacZ.
5. Replace the lid and seal with parafilm to prevent evaporation.
Incubate at 28°C for 48–72 h.
6. After 48–72 h, check the cells have grown and appear healthy
in the noninfected control well using an inverted microscope.
Harvest the culture medium and cells from each well into individual sterile containers.
7. For secreted proteins, the culture medium can be removed
using the robot (or manually) and used directly for testing, for
example, by SDS-PAGE and Western blot (Subheading 3.4);
however, you may need to remove any floating cells by centrifugation prior to analysis.
8. The remaining cell monolayer can be lysed directly in the wells
by the addition of 100 μL lysis buffer and medium speed
repetitive pipetting. This cell lysate can then be removed and
processed for SDS-PAGE and Western blot analysis.
9. Add 100 μL media containing 5 μL X-gal (20% w/v) to the
cells cotransfected with the pAcRP23.lacZ positive control
transfer plasmid and incubate at RT. LacZ expression should
become apparent by the blue coloration produced by the
β-galactosidase protein. Alternatively, this sample can be processed for Western blot analysis of lacZ protein (Fig. 3).

3.4. SDSPolyacrylamide Gel
Electrophoresis of
Recombinant Protein

Polyacrylamide gel electrophoresis (PAGE) is the most widely
used method for analyzing protein mixtures qualitatively. The
technique is based on determining the molecular mass of a protein. In order to do this, it is necessary to carry out the electrophoresis in the presence of the anionic detergent SDS. This
detergent unfolds the protein and interacts with the unfolded
chain such as to give a constant charge density. This means that

33

High-Throughput Baculovirus Expression in Insect Cells

619

Fig. 3. Protein expression screening in 24-well plate. (a) A CAS-1200™ was used for plate
to plate transfer of virus inoculum (1) onto insect cells (2) for protein expression.
(b) Corresponding Western blot of supernatants from (a): Thy-1 (lane 1 ), rat Thy-1 (lane
2 ), CD7 (lane 3 ), CD200 receptor (lane 4 ), CD200 (lane 5 ), endothelial cell adhesion
molecule (lane 6 ), CADM3 (lane 7 ), CD96 (lane 8 ), CEACAM8 (lane 9 ), PDL2 (lane 10 ),
CRACC (lane 11 ), CD58 (lane 12 ), SLAM (lane 13 ); molecular weight markers (kDa).
Reproduced from (8) with permission from Wiley.

separation is only based upon molecular mass. Calibration of the
gel with marker proteins of known molecular mass allows us to
estimate the molecular mass of unknown proteins. The method
described below is a discontinuous buffer system, where the buffer in the reservoirs has a different pH and ionic strength from the
buffer that casts the gel. Proteins are loaded on a stacking gel,
where they can be concentrated into a sharp band before they
enter the main separating gel.
These instructions assume the use of the mini-PROTEAN gel
system (Bio-Rad) but they are easily adaptable to other minigel
systems. It is critical that the glass plates for the gels are cleaned
and rinsed extensively with distilled water. The casting stand gaskets must not be soaked for extended periods of time as they will
swell up.
1. Assemble the unit according to the manufacturer’s instruction,
ensuring that the glass plates are flush and spacer plates are
correctly orientated to avoid leaks.
2. Prepare a 0.75-mm thick, 12% resolving gel monomer by mixing 3.8 mL of 1.5 M Tris–HCl pH 8.8, 6 mL 30% acrylamide/
bis solution, 4.9 mL water, and 150 μL 10% SDS.
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3. Degas the solution under vacuum. Fill the vacuum pump cold
trap with fresh water and then add some ice until the level
reaches just below the overflow hole. Pour the mixture from
step 2 into a side arm flask, replace the bung and attach via the
side arm to the vacuum pump. Turn on the vacuum and degas
the solution for 10–15 min, until no more bubbles are formed.
Turn off the vacuum and empty the water from the cold trap.
4. Add 150 μL ammonium persulfate solution (APS) (see Note
13) and 6 μL TEMED. Mix by gently swirling.
5. Pour the gel smoothly to prevent it from mixing with air, leaving
space for a stacking gel (1 cm below the comb teeth), and
overlay with water-saturated isobutanol or water (see Note
14). The gel should polymerize in about 35–45 min.
6. Pour off the isobutanol and rinse the top of the gel twice with
water or running buffer. At this point, the resolving gel can be
stored at RT overnight; however, overlay with 5 mL of a 1:4
dilution of 1.5 M Tris–HCl pH 8.8 buffer to keep it hydrated.
7. Prepare the stacking gel by mixing the following: 0.38 mL of
1 M Tris–HCl pH 6.8, 0.5 mL 30% acrylamide/bis solution,
2.1 mL water, 30 μL 10% SDS. Then, degas the solution under
vacuum for 15 min before adding 30 μL APS and 3 μL
TEMED. Use about 0.5 mL of this to quickly rinse the top of
the gel and dry with filter paper. Then, pour the stacker until it
reaches the top of the short plate and insert the comb. The
stacking gel should polymerize within 30 min.
8. Prepare the running buffer by diluting 100 mL of the 10× running buffer with 900 mL of water in a measuring cylinder and
then add it to the upper and lower chambers of the gel unit.
9. Once the stacking gel has set, carefully remove the comb and
use a syringe fitted with a 22-gauge needle to wash the wells
with running buffer or water.
10. Prior to electrophoresis add 4× loading dye to each sample and
boil at 100°C for 3–5 min.
11. Load 15 μL of each sample in a well using a pipette or a
Hamilton syringe. Include one well for prestained molecular
weight markers. If samples overspill into another well, rinse
out carefully with running buffer before loading the next sample; however, this can be avoided by using a Hamilton syringe
to load the wells. Rinse the syringe between samples.
12. Complete the assembly of the gel unit and connect to a power
supply. The gel can be run at 200 V for approximately
35–45 min. Continue until the dye fronts are just running off
the end of the gel.

33

3.5. Western Blotting
of Recombinant
Proteins

High-Throughput Baculovirus Expression in Insect Cells

621

This protocol briefly describes the use of the iBlot™ Dry Blotting
System (Invitrogen) to rapidly transfer the recombinant protein
from the SDS-PAGE to a nitrocellulose membrane and is taken
from the manufacturer’s instructions.
1. Remove the gel from the cassette after completion of electrophoresis. If required wash the gel briefly in deionized water to
remove any small gel pieces attached to the gel.
2. Use the appropriate gel transfer stacks, e.g., regular for blotting several mini gels and Mini for a single gel (see Note 15).
3. Open the iBlot system lid and remove the iBlot anode stack,
Bottom (see iBlot manual) from the package. Keep the stack in
the clear tray and place on the blotting surface of the iBlot and
align it to the right hand side gel barriers.
4. Place the prerun gel on the transfer membrane of the anode stack
and then overlay with iBlot Filter paper presoaked in distilled
water and remove air bubbles using a roller (see Note 16).
5. Remove the cathode stack, Top (see iBlot manual) from its
package and place over the filter paper with the electrode side
facing up and aligned to the right hand edge. Roll again to
remove air bubbles.
6. Place a disposable sponge with the metal contact in the upper
right hand corner of the lid and close.
7. Select iBlot program 2 (P2), 23 V for 6 min.
8. After the program is complete, remove the nitrocellulose membrane from the stacks using forceps. Discard the stacks and the
sponge.
9. The colored molecular weight markers should be clearly visible
on the membrane.
10. Block membrane for 60 min with 10 mL blocking solution
(PBST, 0.1% Tween® 20, and 5% skimmed milk) at RT on a
rocking platform (transferred proteins-side upward).
11. Wash the membrane in 10 mL PBST for 5 min at RT on a
rocking platform.
12. Dilute the mouse anti-His antibody 1:5,000 (v/v) in 10 mL
blocking solution and incubate at RT on a rocking platform for
60 min.
13. Remove the primary antibody solution and wash the membrane in 10 mL PBST for 10 min. Repeat four times in total.
14. Incubate the membrane for 60 min in 10 mL horseradish peroxidase conjugated secondary antibodies diluted in blocking
solution, according to manufacturer’s instructions.
15. Remove the secondary antibody solution and wash the membrane in 10 mL PBST for 10 min. Repeat four times in total.
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16. Finally, rinse the membrane in 20 mL water for 2 min and
repeat this wash.
17. In a dark room, add 1 mL ECL Reagent 1 to 1 mL ECL
Reagent 2 (both from Amersham ECL™ kit) and then immediately add to the blot for 1 min on a rocking platform to
ensure even coverage. Use 0.125 mL Working Solution per
cm2 of membrane.
18. After 1 min remove the reagent mix, blot with Kim-Wipes, and
then place between the leaves of an acetate sheet protector that
has been cut to the size of an X-ray film cassette. Press out any
bubbles from between the sheets.
19. The acetate containing the membrane is then placed in an
X-ray film cassette with film for a suitable exposure time, typically 5–45 min.
20. Scan the film using the Typhoon 8600 Variable Mode Imager
and analyze with ImageQuant™ software (or with other suitable
device), according to the manufacturer’s instructions. If the signal is too intense, try reducing the exposure time (see Note 17).
3.6. Amplification
of Recombinant
Viruses in 24 DeepWell Plates

1. Growth of insect cells and viruses in 24 deep-well blocks has
been described previously (11, 12) and is a rapid method for
amplifying multiple viruses for future work. This method may
also be used for protein expression and is especially useful for
optimization of expression parameters where multiple viruses
are being tested in different cell lines, at different moi, over time
and can also be used to produce a high titer stock of virus which
can be used to directly inoculate cells for protein production, for
example 1 L of High-Five™ cells at m.o.i. 1. Alternatively, it can
be used as a master stock of virus to produce subsequent batches
for use in protein production (Fig. 4).

Fig. 4. 24 deep-well block. Lanes 1 and 6 show wells containing Sf 9 cells infected with a
recombinant virus expressing β-galactosidase. Lanes 2 and 5 show wells containing
mock-infected Sf 9 cells. Lanes 3 and 4 are empty wells. Image supplied by E. Locanto
(Oxford Expression Technologies Ltd).
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2. Observe health and viability of cells under an inverted microscope (see Note 18).
3. Set up 50 mL cultures at low density, e.g., 0.5 × 106 Sf 9 cells/
mL and allow the cells to grow to the required density for
approximately 48 h. Monitor cell growth using an inverted
microscope
and
hemocytometer
as
described
in
Subheading 3.1.2 or using a cell counter.
4. When the cells reach the correct density (2 × 106 Sf 9 cells/mL)
add 4.5 mL to each well of a 24 deep-well plate.
5. Add 0.05 mL of the recombinant virus seed stock (from
Subheading 3.2) to 1 well, repeat up to 24 wells and seal the
plate with a breathable membrane. Incubate with shaking at
350 rpm on a shaking incubator until the cells appear well
infected (normally 4–5 days) (see Note 19).
6. After 4–5 days, remove the cells by centrifugation at low speed
(e.g., 3,000 × g), at 4°C for 15 min.
7. Decant the clarified culture medium aseptically using the robot
either into individual bejoux or a fresh 24 deep-well block and
store the recombinant viruses in the dark at 4°C (see Note 20).
3.7. Titration
of Recombinant
Baculovirus by
Quantitative PCR

Prior to using the viruses produced in Subheading 3.5, it is important to determine their titers. A rapid and highly reproducible titration method (baculoQUANT) based on real-time quantitative
PCR (qPCR) has been developed in our laboratory (13), which
offers the versatility to titrate not only single viruses but also multiple viruses in a semiautomated high throughput format. qPCR
uses a target-specific probe tagged with a reporter fluorescent dye
(FAM) at its 5¢ end and a quencher dye (TAMRA) at the 3¢ end
which anneal between two primer sites. Fluorescent resonance
energy transfer (FRET) inhibits the reporter dye until it is cleaved
by the 5¢–3¢ exonuclease activity of Taq polymerase during PCR
amplification. This produces a fluorescence signal which increases
in intensity proportional to the amount of PCR product produced.
The increase in fluorescence can be quantified in real-time using
the Cycle threshold (Ct) of the reaction: The point at which the
fluorescence intensity rises above the background-noise baseline at
the most exponential phase of the PCR reaction. By comparing
this Ct value to a standard curve of virus titers, it is possible to
establish an accurate titer, which can be converted to equivalent
plaque forming units per milliliter (qpfu/mL), using an equation
derived from linear regression analysis. The baculoQUANT titration method is described below.
1. Remove 200 μL of culture media from your recombinant baculovirus stock (from Subheading 3.5) and isolate the viral
DNA using the High Pure Viral Nucleic Acid Kit, following
the manufacturer’s instructions. Elute the viral DNA from the
column in a final volume of 50 μL.
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2. Prepare a log series of tenfold dilutions of the DNA standard
supplied in the baculoQUANT kit in final volumes of 10 μL
(25, 2.5, 0.25, 0.025, 0.0025 ng/μL). 2 μL of each of the
diluted standards will then be used in each DNA standard reaction (see step 5).
3. Prepare QPCR reactions as a master mix, according to how
many viruses you need to titrate. Each virus sample, along with
the control sample and each of the five standard DNA samples
(step 2), should be analyzed in triplicate. Control reactions
contain water in the place of DNA.
4. Aliquot 23 μL of master mix into the appropriate number of
wells in a 96-well plate. Each reaction will be carried out in
triplicate, i.e., 3 × 5 wells for standards, 3 wells for water control, and 3 wells per unknown virus.
5. Add 2 μL of your purified viral DNA from step 1 or 2 μL DNA
standards/water, giving a final volume of 25 μL per reaction.
6. Dispense each 25 μL reaction into a 96-well plate, making a
note of their locations on the plate.
7. Enter the position of each reaction into the ABI Sequence
Detection System (ABI-SDS) software along with the fluorescent dyes used and the standard DNA dilutions.
8. Carry out DNA amplification following the manufacturer’s
instructions, e.g., ABI Quantitative Analysis using the ABISDS default cycling conditions (see Note 21).
9. At the end of the qPCR cycle, export the Cycle threshold (Ct)
values into an Excel spreadsheet and calculate the mean Ct
value for each virus. Using the login and password information
provided with the kit enter the Ct values in to the conversion
software on the OET Web site (http://www.oxfordexpressiontechnologies.com/). This will convert the qPCR derived
titer to its plaque assay equivalent (Qpfu/mL).

4. Notes
1. Healthy cells attach well to the bottom of a T-flask forming a
monolayer and double every 18–24 h. Loosely attached cells or
cells floating in the medium are frequent in cultures that are overgrown, whereas in healthy cultures only a few will be visible.
2. Trypsin and other enzymes are not recommended to dislodge
insect cells as they may damage the cells. Cell scrapers can also
cause cell damage and should be used only if absolutely
necessary.
3. Each time a culture is split, its passage number increases by 1.
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4. Healthy cells look bright, round and refractile and many should
be in the process of dividing into daughter cells.
5. The 5 × 5 square gives the number of cells present in 0.1 μL of
culture.
6. Nonviable cells adsorb the dye and appear blue, live and healthy
cells exclude the blue-colored dye. Healthy, log-phase cultures
should contain more than 95% unstained, viable cells. However,
viable cells will adsorb Trypan blue over time, and this can
affect counting and viability results.
7. The CAS-1200 robot software is simple to use and once a program is designed it can be stored for future use. It is also useful
to carry out a virtual run prior to starting the experiment to
test the program. Most robotic software will operate along
similar principles but some useful guides include setting the
pipette mode to reuse where possible to avoid pipette tip wastage and reducing the pipetting speed to avoid frothing of the
media and cell damage.
8. Plasticware used to prepare the transfection mixture must be
made from polystyrene and not from polypropylene, which can
bind the DNA–lipofectin complexes.
9. There is no need to change the medium, simply add the cotransfection mix to the medium and mix by gentle pipetting.
10. It is recommended to prepare 10% more than required to
reduce the likelihood of the robot failing to detect the cells in
the dispense tubes when the volume becomes low.
11. Each manufacturer’s robot will have different operating protocols, but these generally follow a similar format.
12. Ensure the TEMED and APS are fresh or gels may take longer
to polymerize.
13. Do not leave isobutanol for longer than 1 h or the alcohol will
dehydrate the top of the gel.
14. It is important to wear gloves when handling the gel, 3 MM
papers and nitrocellulose filter, as oils and secretions from the
skin will prevent transfer of proteins from the gel to the filter.
It is also important that the blotting paper is not larger than
the gel, as the overhanging edges of the paper and the filter will
contact around the gel, and provide the current with an
alternate route, thereby making transfer inefficient.
15. Take great care to remove all air bubbles between the sandwich
layers by rolling them out with a 10 mL pipette.
16. Quantification of data can be done by scanning densitometry of
the films, provided that care is taken to ensure that the signal
has not saturated. It is important to wear gloves when handling
the gel, 3 MM papers and nitrocellulose filter, as oils and
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secretions from the skin will prevent transfer of proteins from
the gel to the filter. It is also important that the blotting paper
is not larger than the gel, as the overhanging edges of the paper
and the filter will contact around the gel, and provide the current with an alternate route, thereby making transfer
inefficient.
17. Take great care to remove all air bubbles between the sandwich
layers by rolling them out with a 10-mL pipette.
18. Using a low ROX master mix will allow the system to automatically set the Ct threshold which helps ensure consistency
between runs. The use of a high ROX master mix will result in
the system being unable to detect the Ct threshold and the
operator will be required to set it manually.
19. It is important that the cells are healthy and have good viability
to ensure that virus replication occurs efficiently to amplify
high titer stocks of virus for subsequent use in expression
studies.
20. Virus-infected cells will appear uniformly rounded and grainy
with distinct enlarged nuclei.
21. The virus inoculum may be stored for 6–12 months or longer
in the dark at 4°C. The titer of the virus will start to decrease
over time, but the addition of serum (2–5%) will slow this process down considerably.
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Chapter 34
Recombinant Protein Expression in Milk
of Livestock Species
Zsuzsanna Bösze and László Hiripi
Abstract
Producing complex recombinant proteins in the milk of transgenic animals offers several advantages: large
amounts of proteins can be obtained, and in most cases, these proteins are properly folded, assembled,
cleaved, and glycosylated. The level of expression of foreign genes in the mammalian gland cannot be
predicted in all cases, and appropriate vectors must be used. The main elements of these vectors are as follows:
a well-characterized specific promoter, the coding region of the gene of interest, preferably with a homologous or heterologous intron, to improve transcription efficiency, and an insulator or boundary element to
counteract the chromosomal position effects at the integration site. Once high expression levels are
achieved, and the recombinant protein is purified, an essential step in the analysis of the final product is
determining its degree of glycosylation. This is an important readout because it can affect among other
parameters the stability and immunogenicity of the recombinant protein.
Key words: Recombinant proteins, Milk, Expression vectors, Transgenic animals, Posttranslational
modifications, Purification

1. Introduction
Recombinant protein expression in milk has been extensively
studied in the last 25 years. During the past decade, this approach
has experienced significant improvement both from the methodological point of view and in terms of products reaching the market. The US Food and Drug Administration (FDA) issued its first
approval for ATryn, a biological product produced by genetically
engineered animals on February 6, 2009. ATryn (human antithrombin III) is a protein useful to treat a rare clotting disorder. In
addition to FDA approval, this product has been also approved
by the European Medicines Agency for use in the prevention of
clotting conditions during surgical procedures in patients with
Argelia Lorence (ed.), Recombinant Gene Expression: Reviews and Protocols, Third Edition,
Methods in Molecular Biology, vol. 824, DOI 10.1007/978-1-61779-433-9_34, © Springer Science+Business Media, LLC 2012
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hereditary antithrombin deficiency. These patients are at high risk
of blood clots during medical interventions, such as surgery, and
before, during, and after childbirth. ATryn is a therapeutic protein
derived from the milk of goats and is manufactured by GTC
Biotherapeutics Inc. The amount of ATyrn obtained per year from
transgenic goats is equivalent to that obtained from 90,000 human
blood samples. The product Ruconest has been approved in the
EU for the treatment of hereditary angioedema. This protein is
produced by the Pharming Group NV in the milk of transgenic
rabbits and is the second transgenic animal derived drug on the
market. Other pharmaceutical proteins produced in bovine, goat
or rabbit milk are currently at different phases of clinical trials (1).
This success story underlines the importance and safety of engineered mammary-gland-derived products and makes milk from
transgenic animals a viable alternative production platform for
recombinant proteins.
The methods for developing genetically modified livestock
animals are numerous, their efficiency varies from one species to
the other and they are continuously evolving. Therefore, for
details in pronuclear microinjection and for the classic somatic cell
cloning, we refer the reader to previous reviews and laboratory
manuals (2–5).
In this chapter, we first review the available vectors for
mammary-gland-specific transgene expression, and then we focus
on the special requirements and methods in transgenic vector
design for recombinant protein expression in milk. Last, we present an overview of the methods to isolate and characterize the
milk-born recombinant proteins.

2. Main
Advantages
and Challenges
of Recombinant
Protein Production
in Milk

The advantage of transgenic livestock animals to produce recombinant proteins lies in the high level and quality of the product
obtained at a relatively low cost compared to other production
systems. The specific features and limitations of the different
production systems, including their capacity in proper posttranslational modifications have been summarized in a recent review (1).
The gross composition of the transgenic milk including fat,
total protein, lactose, and dry matter should be determined and
potential side effects of the transgene expression considered for
each established transgenic line. Casein micelle size determination
and measurement of viscosity could be also informative parameters
to consider (6). A general purification protocol for recombinant
proteins expressed in milk involves removal of lipids and caseins,
followed by different chromatographic methods, depending on
the molecular mass, the level of expression, and the specific
properties of the expressed protein. The characterization of the
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recombinant proteins should include determination of the molecular
mass, the glycosylation pattern, and other posttranslational modifications, if adequate. Determining the degree of glycosylation of
recombinant proteins is an important issue because it can affect
among other parameters their stability and immunogenicity.
Glycoproteins exist as a population of glycoforms due to macro
and micro heterogeneity. Species specificity in the glycosylation of
proteins such as the case of IgG underscores the importance of
choosing the appropriate species for producing fully functional
recombinant proteins (7). One of the main challenges for the
production of recombinant therapeutic glycoprotein is ensuring
the consistency in the glycoforms. To date, only restricted number
of publications exists with detailed structural analysis of the N- and
O-glycans produced in transgenic animal bioreactors: the recombinant human antitrombin III and erythropoietin produced in transgenic goats (8, 9), the recombinant human lactoferrin produced in
transgenic cows (10), the recombinant human protein C and acid
a-glucosidase produced in the milk of transgenic rabbits (11, 12),
and the recombinant human Factor IX purified from transgenic pig
milk (13). Those analyses were performed with different combination of capillary electrophoresis, anion exchange, normal phase
and high performance liquid chromatography, mass spectrometry
methods. The biological activity of the recombinant protein should
be individually evaluated on a case-by-case basis.

3. Vectors for
Mammary-GlandSpecific Transgene
Expression

3.1. BACs Versus YACs
Driven Expression?

To achieve significant accumulation of recombinant proteins highly
efficient, mammary-gland-specific expression vectors are preferable. General rules for vector construction to generate animals in
which there is mammary-gland-specific expression have been established, yet the optimal vector should be designed on a case-by-case
basis. For biotechnological applications the main elements of a
mammary-gland-specific vector are the following: (a) a wellcharacterized mammary-gland-specific promoter, (b) the coding
region of the gene of interest, preferably with a homologous or
heterologous intron, to improve transcription efficiency, and (c) an
insulator or boundary element to counteract the chromosomal
position effects at the integration site (Fig. 1).
Transgenes expressed in bacterial artificial chromosomes (BACs)
achieve expression at physiological levels with the same developmental timing and expression patterns as endogenous genes. BACdriven transgene expression tends to be copy number dependent
and integration site independent. High expression level of heterologous milk proteins, namely, the human and goat alphalactalbumin (14, 15), and the porcine whey acidic protein (16) in
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Mammary gland specific promoter
Recombinant protein gene
Poly-A Poly-A signal

Intron
Insulator or boundary element
Fig. 1. Design of basic type mammary-gland-specific vectors. (a) The coding region of the
recombinant protein gene (preferably a genomic clone) placed under a mammary-glandspecific promoter and supplemented with a homologous or heterologous poly-A tail. (b) The
minigene consists of the cDNA of the recombinant protein, plus a homologous or heterologous intron to increase transcription efficiency, placed under a mammary-gland-specific
promoter. (c) The constructs described under (a) and (b) flanked by a boundary element,
which shields the construct from undesired chromosomal position effects.

transgenic mice and recently the human lactoferrin in transgenic
cattle (17) has been achieved by either YAC or BAC transgenesis.
Yeast artificial chromosomes (YACs), such as BACs, belong to
the class of large genomic constructs and ensure optimal transgene
expression. However, the growing number of easily accessible BAC
libraries and the availability of recombineering methods, makes
BAC transgenesis more attractive compared to YACs. BAC clones
can be grown and modified in Escherichia coli, and this technology
offers a fast alternative to the knockout technology in embryonic
stem cells. The coding sequence of a milk protein can be replaced
through homologous recombination by the coding sequence of
the recombinant protein of interest within a couple of days.
Homologous recombination could be also used to inactivate genes,
which are also present on the selected BAC clone, but their expression in the transgenic animal is not desirable.
3.2. Mammary-GlandSpecific Promoters

Efficient promoters of the following milk protein genes are well
characterized: Bovine as1-, and goat b-casein, rabbit and mouse
whey acidic protein, and the ovine b-lactoglobulin (18). All of
them are patent-protected and exclusive rights to use them for
commercial aims have been granted to various biotechnology
companies. As an example, transgene constructs under the rabbit
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whey acidic protein promoter for gene expression in the milk
of transgenic rabbits is protected by worldwide patents and has
been exclusively licensed to BioProtein Technologies.
The commercially available pBC1 vector (pBC1 Milk
Expression Vector Kit, Invitrogen) is based on the b-casein
promoter. Its efficiency albeit at relative low levels was proven
among others in recombinant hirudin expressing transgenic mice
(19) and in a patent application for expressing human erythropoietin in milk.
Alternative choices of promoters are the equine b and k-casein
(20) or ovine aS1-casein (21), which have not been used yet to
create transgenic animals. Those and other milk protein promoters
have been characterized in vitro in mammary gland cell lines.
The combination of lentiviral vectors and indicator genes
provides an efficient tool to perform the quick in vivo analysis of
the tissue specificity and activity of the selected milk protein gene
promoters in transgenic mice (22). It is important to note that the
milk protein promoter of choice should not necessarily arise from
the same species in which the recombinant protein is going to be
produced. Examples that illustrate this concept are the expression
of the acid a-glucosidase under the bovine as1-casein promoter in
transgenic rabbits and the expression of the rabbit kappa casein
under the rabbit whey acidic promoter in transgenic mice (23, 24).
3.3. Boundary
Elements to Improve
Expression of
Transgenic Constructs

Insulators or boundary elements are genomic regulatory elements
that serve to organize the expression of the loci they protect from
neighboring DNA sequences. Boundaries are defined functionally
in tests that measure their capacities to enhance, block and counteract chromosomal position effects. Therefore, our knowledge of
how they work at the mechanistic level is still limited. The first
identified and best characterized insulator is the 5¢HS4 site at the
5¢end of chicken b-globin locus (25). Its functional parts have been
already dissected: the nuclear factor CTCF binding site is associated
with enhancer-blocking capacity and its role in several insulator
elements have been underlined (reviewed in ref. 26). The “barrier
activity”, the protection from chromosomal position effects was
correlated with the USF1 binding sites in the 5¢HS4 insulator
element and its associated chromatin remodeling activities, which
contribute to the establishment of active chromatin and prevention
of adjacent condensed and inactive chromatin (27, 28). The histone hyperacetylation status of chromatin around transgenes
flanked with 5¢HS4 element is thought to counteract the DNA
hypermethylation of promoter elements seen in unprotected transgenes
(29). The chicken 5¢HS4 element has been successfully used to obtain
homogeneous gene expression in transgenic mice (30, 31).
Scaffold or matrix attachment regions (S/MARs) show insulator
properties, and their utility to improve gene expression in transgenic mice has been also demonstrated. The S/MARs are A + T

634

Z. Bösze and L. Hiripi

rich sequences defined based on their capacity to interact with the
nuclear matrix (32). The best example is the chicken lysozyme
MAR element, which has been successfully used to improve gene
expression in transgenic mice (33). However, not all S/MAR
sequences are able to improve transgene expression. It is thought
that there are tens of thousands S/MARs in the genome of higher
eukaryotes. There is a category of S/MARs that function as boundary
element, when they separate a gene from other gene’s regulatory
modules (34). Computer prediction of S/MARs is a highly significant task; however, while a number of S/MAR predictors have
been developed, their accuracy still needs to be improved (35).
Members of families of DNA retrotransposon-like short repetitive elements (SINE, Alu) have also been found to participate in
the establishment of functionally distinct domains within the
mammalian genome. A new insulating mechanism has been
described in detail in the murine growth hormone locus (36).
There a SINE2b element, with a 190 bp long consensus sequence
contains two promoters transcribing in opposite directions. Upon
activation of the RNA polymerase II promoter, chromatin modification is triggered, and results in decondensation of the locus, its
transfer to euchromatin, and this allows interaction with nuclear
factors. Another retrotransposon-like element, a 323 bp long Alu
sequence identified in the 5¢ region of the human keratin-18 gene
conferred position-independent and copy number dependent
expression of two heterologous transgenes (37).
Locus control regions (LCRs) contrary to insulators are tissue
specific regulatory elements. They have strong and specific enhancer
activity and contribute to open chromatin structure (38). The
principal restriction for the use of LCRs in recombinant gene
expression is their tissue specificity. The best well-characterized
human b-globin locus LCR provides strong erythroid specific gene
expression (39).
Recently, high throughput approaches have allowed the identification and characterization of novel insulator sequences and
authors have demonstrated that insulator sequences from mouse
and chicken maintain their insulator capacity in the remote vertebrate zebrafish (40).

4. From the BAC
Clone to Preparing
DNA for
Microinjection
4.1. Selection
and Characterization
of a BAC Clone

For mammary-gland-specific expression, a BAC clone that harbors
a milk protein gene should be selected from a BAC library. The
ideal BAC clone harbors the milk protein gene of interest including most if not all its validated regulatory elements. BAC libraries
from livestock animals are publicly available from different
sources and available for the academic scientific community on a
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cost-recovery basis (see Note 1). For human and mouse the two
major commercially available BAC libraries are the CITB and the
RPCI. Four distinct human BAC libraries have been developed by
the California Institute of Technology. Research Genetics offers
three of these libraries. The RPCI libraries also commercially
available were originally constructed by the Roswell Park Cancer
Institute.
The number of BACs validated for use to direct mammarygland-specific expression of a transgene is limited. So far, the whey
acidic protein BAC transgenes are the best characterized (41). In
case of not characterized BAC clones, the use of comparative
genomic approaches is highly recommended in the genomic
environment of the gene of interest to identify the conserved
regulatory elements among homologous loci in different species
(41). The basis of using and alignment analysis of the genomic
information from different species is the observation that evolutionarily conserved DNA sequences retained high percentage of
homology in noncoding regions (42, 43). Regulatory regions of
the milk specific kappa casein gene were compared from six
different species and highly conserved mammary-gland-specific
transcription factor sites were identified (44).
4.2. Homologous
Recombination Based
on BAC Modification
in E. coli

This technique relies on homologous recombination between
cloned or synthesized genomic fragments and the cognate BAC
locus, resulting in the insertion of the heterologous sequences or
the deletion of endogenous ones. The first method originally
developed by Heintz et al. is based on bacterial recombinase A for
the recombination of homologous fragments of approximately
1 kb (45, 46), whereas the method developed by Stewart et al. is
based on l phage DNA repair enzymes to induce recombination of
homologous fragments as short as 50 nucleotides (47). There are
also commercially available kits based on l-mediated Red/ET
recombination (see Note 2).

4.3. Purification
Methods for BAC DNA

The most common methods to purify high quality BAC DNA are
the alkaline lysis method, a combination of the alkaline lysis method
plus a CsCl gradient, and size exclusion chromatography. The
efficiency to generate transgenic animals using BAC DNA purified
by various methods was recently compared by Van Kuren and collaborators (48). Examination of transgenic efficiency (the number of
transgenic founders produced per microinjected eggs) showed no
difference between the different purification methods.
Several manufacturers offer commercially available kits for
BAC purification based on the alkaline lysis method. In our experience the NucleoBond BAC 100 Kit (Clontech) gives the best compromise of volume management and size (capacity) (see Note 3).
The reader should take into account that measuring DNA concentration by UV spectrometry is not very reliable and may not be

636

Z. Bösze and L. Hiripi

meaningful, since there can be absorbing contaminants as well as
significant amounts of E. coli DNA. The same is true for flurometry
due to the presence of E. coli DNA. In our experience a good choice
is to evaluate the integrity, quality, and quantity of the BAC DNA by
pulsed-field gel electrophoresis using linearized DNA (see Note 4).
A combination of the alkaline lysis and CsCl gradient can be
also used for BAC DNA isolation; however, the protocol is more
time-consuming and requires an ultracentrifuge.
Although circular BAC DNA can be used for microinjection,
linearized DNA is preferable. Separation of the BAC backbone is
not necessary but can be beneficial. Separation and purification of
the microinjection fragment can be achieved by sepharose 4B-CL
chromatography or pulsed field gel electrophoresis followed by gel
isolation of the fragment (see Note 5).

5. Purification and
Characterization of
the Recombinant
Protein

Milk collection methods vary depending on the species. Milk of
transgenic cows is collected and tested during hormonal induction
of lactation at first, while in other livestock species in which the
generation time is much shorter milk is collected during normal
lactation. Milk is a complex biocolloid system composed of three
phases: dispersed lipid phase, aqueous serum phase, and casein
micellar phase, which contains 70–80% of milk proteins. The
majority of recombinant proteins are naturally secreted and found
in the aqueous phase of the milk, which is the milk fraction remaining after the eliminations of lipids and caseins. However, in special
cases when the recombinant protein is hydrophobic, it will be
found concentrated in the milk fat globules (49, 50). In case of the
recombinant human alkaline phosphatase, which was secreted with
the milk fat globules, a single phase extraction procedure of whole
milk samples was performed with 8% (v/v) butanol at room
temperature, with constant shaking for 1 h at 100 rpm to extract
the recombinant alkaline phosphatase (51).
To induce lactation in transgenic cows, we recommend that at
6–8 months of age an intramuscular injection of medroxyprogesterone acetate (25 mg/kg/day) and estradiol benzoate (7.5 mg/
kg/day) for 7 days is administered (17). After milking, the whey
could be obtained by ultracentrifugation at 100,000 × g 1 h and
20°C to precipitate casein and discard the fat.
In the case of transgenic goats, the first milking can take place
2 h after kidding. After that, animals can be milked twice daily
either by hand or using a portable milk collector. Milking could
continue until the animals decrease their milk production to less
than 100 g/day for 2 consecutive days (52).
In the case of transgenic pigs, lactating sows should be injected
intramuscularly with 30–60 IU of oxytocin and milking should
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take place after 2–5 min either by hand or machine. Collection of
minimum five daily samples from each sow is recommended.
Immediately after collection, the milk should be diluted 1:1 with
200 mM EDTA pH 7.0 to solubilize caseins and then frozen. Small
aliquots of the milk/EDTA mixture should be taken and centrifuged for 30 min 3,000 × g at 4°C. The fat layer should be
separated and discarded (53).
For transgenic rabbits, mothers should be separated from their
pups overnight, injected with oxytocin (0.5–2 IU), and then hand
milked for 5 min (54). Milk samples could be collected once a day
during the 4 weeks long lactation period. Milk samples should be
diluted with 3 volumes of distilled water, skimmed by centrifugation
at 2,500 × g at 4°C for 20 min, freeze-dried and stored at −20°C.
Primarily characterization of recombinant proteins could be
performed by Western analysis, with species-specific antibodies and
by determining the specific activity of the recombinant protein in
the crude milk extract (blood clotting, enzymatic, antibacterial
etc.). For further purification steps, different chromatographic
methods are available to separate the recombinant protein from all
other milk components. Milk with its complex nature is challenging for chromatographic processing and several approaches have
been reported to reduce the complexity of milk prior processing.
Human myelin basic protein was found associated with the casein
micellar phase in the milk of transgenic cows. A new approach was
developed for the deconstruction of the calcium core of the casein
micelles, which increased the recovery of the recombinant protein
by more than 25% (55).
Further purification can be achieved by anion exchange chromatography (56) and high-pressure liquid chromatography (10).
The molecular mass of the purified recombinant protein could be
determined by matrix-assisted laser desorption-ionization time-offlight (MALDI-TOF) mass spectrometry.
Structural analysis of the specific glycosylated residues of the
recombinant proteins produced in transgenic animal’s milk has
been performed in a handful number of cases as outlined in the
above sections. To perform that kind of detailed examinations consultancy with an expert glycobiologist is recommended. For evaluation the basic glycosylation pattern of a milk born recombinant
protein, deglycosylation with N-glycosidase F and Endo H is suggested as per the manufacturer’s instructions.

6. Conclusions
Multicellular organisms, plants, and animals are the most suitable
for producing large amount of recombinant proteins, which are
biologically active, properly modified posttranslationally and their
production cost is low. Production of recombinant proteins in the
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milk of transgenic livestock animals is in the most advanced stage.
Mammary-gland-specific vectors and efficient methods to create
transgenic animals have been developed. Methods to separate and
characterize the recombinant proteins in milk are also available,
but should be adapted on case-by-case bases to the expressed
proteins. Emerging data reveal species-specific differences in the
glycosylation pattern of the milk-born recombinant proteins, which
might have important consequences in the choice of livestock species for biopharming (1). Pharmaceutical proteins produced for
replacement therapy should consistently recapitulate the complex
posttranslational modifications of the endogenous human protein.
However, variations in the percentage of sialylated glycans and
core fucosylation were reported to depend on the level of transgene expression and the stage of lactation beyond the species specific
variations (13). Those interanimal and daily variations should be
further explored and the availability of production herds of different species facilitates the progress.

7. Notes
1. BAC libraries available on cost recovery bases can be found at
http://bacpac.chori.org/.
2. A kit for homologous recombination can be obtained at
http://www.genebridges.com/.
3. The Transgenic Core facility of the University of Michigan has
developed a robust protocol for purification of BAC DNA
using the NucleoBond BAC 100 Kit (Clontech). This protocol
can be found at http://www.med.umich.edu/tamc/
BACnucleo.html.
4. An alternative option to eliminate contaminating E. coli DNA
is using the Qiagen Large-Construct Kit. This product is
designed for the preparation of up to 50 mg of ultrapure BAC
DNA.
5. A detailed description of a robust protocol to purify BAC DNA
via gel exclusion chromatography can we found at the University
of Michigan Transgenic Core Web page: http://www.med.
umich.edu/tamc/BACcol.html.
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