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Over the past decade the variety of hosts and vector systems 
for recombinant protein expression has increased dramatically.
Researchers now select from among mammalian, insect, yeast, and
prokaryotic hosts, and the number of vectors available for use in
these organisms continues to grow. With the increased availabil-
ity of cDNAs and protein coding sequencing information, it is
certain that these and other, yet to be developed systems will be
important in the future. Despite the development of eukaryotic
systems, E. coli remains the most widely used host for recombi-
nant protein expression. E. coli is easy to transform, grows quickly
in simple media, and requires inexpensive equipment for growth
and storage. And in most cases, E. coli can be made to produce
adequate amounts of protein suitable for the intended application.
The purpose of this chapter is to guide the user in selecting the
appropriate host and troubleshooting the process of recombinant
protein expression.

EXPRESSION VECTOR STRUCTURE
What Makes a Plasmid an Expression Vector?

Vectors for expression in E. coli contain at a minimum, the 
following elements:
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• A transcriptional promoter.
• A ribosome binding site.
• A translation initiation site.
• A selective marker (e.g., antibiotic resistance).
• An origin of replication.

In general, things that affect these can affect the level of protein
expression. At a minimum, transcription promoters in E. coli
consist of two DNA hexamers located -35 and -10 relative to the
transcriptional start site.Together these elements mediate binding
of the about 500kDa multimeric complex of RNA polymerase.

Suppliers of vectors for expression have selected highly active,
and inducible promoter sequences, and there is usually little need
to be concerned until a problem is encountered in expression. A
list of the commonly used promoters and their regulation is shown
in Table 15.1.

Is a Stronger Promoter Always Desirable?
A strong promoter may not be best for all situations. Over-

production of RNA may saturate translation machinery, and 
maximizing RNA synthesis may not be desirable or necessary. A
weaker promoter may actually give higher steady-state levels of
soluble, intact protein than one that is rapidly induced.
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Table 15.1 Characteristics of Popular Prokaryotic Promoters

Regulation/Inducer
Promoter (Concentration) Strength

LacUV5 Lactose operon lacI/IPTG Strong
(0.1–1 mM)

Trp Tryptophan trpR 3- Strong
operon beta-indoleacrylic

acid
Tac Hybrid of -35 lacI/IPTG Strong

Trp and -10 (0.1–1 mM)
lac promoter

PL Phage lambda Lambda cI Strong
repressor/heat

Phage T5 T5 phage lacI (2 operators)/ Strong
IPTG (0.1–1mM)

Arabinose Arabinose AraBAD/arabinose Variable
operon (1 mm–10 mM)

T7 T7 phage RNA lacI/IPTG Very strong
polymerase (0.1–1 mM)



Why Do Promoters Leak and What Can You Do about It?
Most promoters will have some background activity. Promoters

regulated by the lactose operator/repressor will drive a small
amount of transcription in the absence of added inducer (e.g.,
IPTG).To minimize this leakage, 10% glucose can be added to the
medium to repress the lactose induction pathway, the growth tem-
perature can be reduced to 15 to 30°C, and a minimal medium that
contains no trace amounts of lactose can be used. Promoter
leakage is only a problem when the expressed protein is highly
toxic to the cells.

The tightly regulated T7 promoter has very low background due
to the low levels of T7 RNA polymerase made in the absence 
of inducer (in specifically engineered host cells such as BL21
(DE3)/pLysS). It has been estimated that the fold induction of
transcription in the T7 driven pET vector system is greater than
1000, while the magnitude of induction obtained with lac repres-
sor regulated promoters is generally about 50-fold.

What Factors Affect the Level of Translation?
Translation can be affected by nucleotides adjacent to the ATG

initiator codon, the amino acid residue immediately following the
initiator, and secondary structures in the vicinity of the start site.
Most commercially available vectors for expression use optimal
ATG and Shine-Dalgarno sequences. Secondary structures in the
mRNA contributed by the gene of interest can prevent ribosome
binding (Tessier et al., 1984; Looman et al., 1986; Lee et al., 1987).
In addition, the downstream box AAUCACAAAGUG found
after the initiator codon in many bacterial genes can also enhance
translation initiation. Conversion of the amino terminal sequence
of the gene of interest to one that comes close to this consensus
may improve the rate of translation of the mRNA (Etchegaray
and Inouye, 1999).

What Can Affect the Stability of the Protein in the Cell?
One of the first steps in protein degradation in E. coli is the 

catalyzed removal of the amino terminal methionine residue.
This reaction, catalyzed by methionyl aminopeptidase, occurs
more slowly when the amino acid in the +2 position has a larger
side chain (Hirel et al., 1989; Lathrop et al., 1992). When the
methionine residue is intact, the protein will be stable to all but
endopeptidase cleavage. Tobias et al. (1991) have determined 
the relationship between a protein’s amino terminal amino acid
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and its stability in bacteria, that is, the “N-end rule.”They reported
protein half-lives of only 2 minutes when the following amino
acids were present at the amino terminus: Arg, Lys, Phe,
Leu, Trp, and Tyr. In contrast, all other amino acids conferred 
half-lives of >10 hours when present at the amino terminus of 
the protein examined. This suggests that one should examine the
sequence to be expressed for the residue in the +2 position. If 
the residue is among those that destabilize the protein, it may 
be worth the effort to change this residue to one that confers 
stability.

WHICH PROTEIN EXPRESSION SYSTEM SUITS 
YOUR NEEDS?
Track Record

What systems are currently used in the laboratory or by others
in the field? If the protein coding sequence of interest is well 
characterized, and the protein or its close relatives have been
expressed successfully by others in the field, it is wise to try the
same expression system. Go with what has worked in the past.
If nothing else, results obtained using the familiar system will
serve as a starting point. As an example, most of the recombinant
expression of mammalian src homology SH2 protein interaction
domains has been done using the pGEX vector series, and sim-
ilar examples of preferred systems are found in other fields of
research. If little is known about the protein to be expressed, it is
best to take stock of what information there is before entering the
lab. Before beginning any experimentation, it is wise to answer the
following question:

What Do You Know about the Gene to Be Expressed?
Source

In general, simple globular proteins from prokaryotic and
eukaryotic sources are good candidates for expression in E. coli.
Monomeric proteins with few cysteines or prosthetic groups (e.g.,
heme and metals) and of average size (<60kDa) will likely give
good production. Secreted eukaryotic proteins and membrane-
bound proteins, especially those with several transmembrane
domains, are likely to be problematic in E. coli. Solubility of
recombinant proteins in E. coli can also be estimated by a math-
ematical analysis of the amino acid sequences (Wilkinson and
Harrison, 1991).
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Presence of a Start Codon

Some expression vectors provide the start codon for translation
initiation, while others rely on the start codon of the gene you’re
trying to express. Note that in E. coli, 5 to 12 base pairs or less sep-
arate the ribosome binding site and the start codon. So you would
incorporate this requirement into your cloning strategy when the
start codon is provided by the gene you plan to express.

GC Content

Coding sequences with high GC (>70%) content may reduce
the level of expression of a protein in E. coli. Check the sequence
using a DNA analysis program.

Codon Usage

Codon usage may also affect the level of protein expression. If
the gene of interest contains codons not commonly used in E. coli,
low expression may result due to the depletion of tRNAs for the
rarer codons. When one or more rare codons is encountered,
translational pausing may result, slowing the rate of protein 
synthesis and exposing the mRNA to degradation. This potential
problem is of particular concern when the sequence encodes a
protein >60kDa, when rare codons are found at high frequency,
or when multiple rare codons are found over a short distance 
of the coding sequence. For example, rare codons for arginine
found in tandem can create a recognition sequence for ribosome
binding (e.g., _AGGAGG) that closely approximates a Shine-
Dalgarno sequence UAAGGAGG.This may bind ribosomes non-
productively and block translation from the bona fide ribosome
binding site (RBS) at the initiator codon further upstream.
Nonetheless, the appearance of a rare codon does not necessarily
lead to poor expression. It is best to try expression of the native
gene, and then make changes if these seem warranted later. Strate-
gies include mutating the gene of interest to use optimal codons
for the host organism, and co-transforming the host with rare
tRNA genes. In one example, introduction into the E. coli host of
a rare arginine (AGG) tRNA resulted in a several-fold increase
in the expression of a protein that uses the AGG codon (Hua 
et al., 1994). In another case, substitution of the rare arginine
codon AGG with the E. coli-preferred CGU improved expression
(Robinson et al., 1984). Other work has shown that rare codons
account for decreased expression of the gene of interest in E. coli
(Zhang, Zubay, and Goldman, 1991; Sorensen, Kurland, and 
Pederson, 1989). Rare codons may have an even more dramatic
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effect on translation when they occur close to the initiator codon
(Chen and Inouye, 1990). While codon usage is not the only or
most important factor, be aware that it may influence translation 
efficiency.

Secondary Structure

Secondary structures that occur near the start codon may 
block translation initiation (Gold et al., 1981; Buell et al., 1985),
or serve as translation pause sites resulting in premature termi-
nation and truncated protein. These can be found using DNA 
or RNA analysis software. Structures with clear stem structures
greater than eight bases long may be disrupted by site-specific
mutation or by making all or a portion of the coding sequence 
synthetically.

Depending on the size of the gene, and the importance of
obtaining high-expression levels, it may be worth synthesizing the
gene. This has been generally done by synthesizing overlapping
oligonucleotides that when annealed can be extended using PCR
and ligated to form the full-length coding sequence. There are
several examples where this approach has been used to optimize
codon usage for E. coli (Koshiba et al., 1999; Beck von Bodman
et al., 1986). In addition, if one takes on the work and expense of
synthesizing a gene, secondary structures in the predicted RNA
that might stall translation can be removed, and sites for restric-
tion endonucleases can be introduced.

Size of a Gene or Protein

As a rule, very large (>100kDa) and very small (<5kDa) pro-
teins are more difficult to express in E. coli. Small polypeptides
with little secondary structure tend to be rapidly degraded in 
E. coli. Degradation can be minimized by expressing such short
oligopeptides as concatemers with proteolytic or chemical cleav-
age sites in between the monomeric units (Hostomsky, Smrt, and
Paces, 1985). Short peptides are also successfully expressed as
fusion proteins. Fusion with GST, MalB or other larger, well-
folded partners will tend to stabilize a short peptide, making
expression possible and purification relatively simple. One publi-
cation has shown MBP to be superior to other large fusion pro-
teins at stabilizing short polypeptides (Kapust and Waugh, 1999).
At the other extreme, proteins that are above 60kDa are best
made using smaller affinity tags, such as FLAG, his6, or on their
own, without any fusion. While there is no clear upper limit, the
larger the protein, the lower the yield is likely to be.
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What Do You Know about Your Protein?
Cysteines

There are many things that E. coli does not do well, or at all. If
the protein of interest is naturally multimeric, or requires post-
translational modifications for activity, E. coli as an expression
host may be a poor choice. Disulfide bonds, formed between two
cysteines in an expressed protein, are made inefficiently in the
reducing environment of the E. coli cytoplasm (Bessette et al.,
1999; Derman et al., 1993). If the protein is produced, and can be
purified from E. coli, in vitro oxidation of the cysteines may 
be tried (Dodd et al., 1995). Alternatively, the gene of interest can
be cloned in a vector that includes a signal sequence (e.g., OmpA,
geneIII, and phoA) that will direct the recombinant protein to the
relatively oxidizing environment of the periplasm of E. coli, where
disulfide formation is more efficient. Strains of E. coli that are defi-
cient in thioredoxin reductase (trxB) permit proper disulfide 
formation in the cytoplasm (Derman et al., 1993; Yasukawa et al.,
1995). Subsequent work has produced strains that lack both trxB
and glutathione oxidoreductase and give better rates of disulfide
formation than those seen in native E. coli periplasm (Bessette 
et al., 1999).

Membrane Bound

If the protein to be expressed is naturally associated with mem-
brane and/or has at least one transmembrane domain, addition 
of a secretion signal to the amino terminus may help to maxi-
mize expression of functional protein. Signal sequences, about 20
residues long are derived from proteins that naturally are secreted
into the periplasmic space, such as pelB, OmpA, OmpT, MalE,
alkaline phosphatase (phoA), or geneIII of filamentous phage
(Izard and Kendall, 1994). Protein with an amino terminal signal
will be directed to the inner membrane of E. coli, and the carboxy
terminal portion of the protein will be translocated into the
periplasmic space.Depending on the hydrophobicity of the protein
of interest, it may not translocate entirely into the periplasm but
remain associated with the inner membrane. Secretion may help
stabilize proteins from proteolytic attack (Pines and Inouye, 1999),
or at least can reduce aggregation of hydrophobic proteins in the
cytoplasm, and minimize inclusion body formation. Because of the
reducing environment of the periplasmic space, proteins that
contain one or more disulfide bonds are best secreted.

The presence of an N-terminal signal sequence appears to 
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be necessary but not sufficient to direct a target protein to the
periplasm. Translocation across the outer membrane and into the
growth medium is inefficient. In most cases target proteins found
in the growth medium are the result of damage to the cell enve-
lope and do not represent true secretion (Stader and Silhavy,
1990). Translocation across the inner cell membrane of E. coli is
incompletely understood (reviewed by Wickner, Driessen, and
Hartl, 1991), and the efficiency of export will depend on the indi-
vidual target protein. Currently the export cannot be predicted
based on protein sequence, although some generalizations have
been made about the sequence immediately following the signal
peptide (Boyd and Beckwith, 1990; Yamane and Mizushima,
1988). Therefore it is possible to find target proteins in the cyto-
plasm (with uncleaved signal sequence) or in the periplasm in 
partially processed form, in place of or in addition to the expected
periplasmic processed species. In some cases the proportion of
protein that is exported can be increased by lowering the tem-
perature 15 to 30°C during induction.

Post-translational Modification

E. coli does not glycosylate or phosphorylate proteins or 
recognize proteolytic processing signals from eukaryotes, so 
take this into account when designing the cloning strategy. If 
proteolytic processing is needed, it is best to express only the
coding sequences for the fully processed protein. If the protein of
interest requires glycosylation for activity, and full activity is
important in the final use, consider a eukaryotic host, such as
Pichia, insect cells, or mammalian cells.

Is the Protein Potentially Toxic?

Consider whether the protein of interest is likely to have a toxic
effect on the host cell.Where the function of the protein is known,
this can be guessed at with some accuracy. For example, non-
specific proteases, nucleases, or pore-forming membrane proteins
might all be expected to have some toxic effect on E. coli. Expres-
sion of toxic proteins may be very low, and there will be strong
selective pressure on cells to eliminate the gene of interest by
point mutation to change the translation frame, insertion of a stop
codon, or change in an amino acid residue critical to the protein’s
function. Larger deletion of parts of the plasmid may also be seen.
If there is a suggestion that the gene product will be toxic, use an
expression vector with a tightly regulated promoter (e.g., T7, pET
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vectors). Minimize propagation of the cells to avoid opportunities
for mutation and recombination.

Must Your Protein Be Functional?

Each requirement placed on a recombinant protein will affect
the choice of expression system. If a protein is to be used only to
prepare antibody, it need not be soluble or active, and the pro-
duction of inclusion bodies (aggregates of improperly folded
protein) in E. coli may be all that is needed. Alternatively, if a
protein’s biological activity will be assayed, or if it is to be used in
structural studies (NMR, crystallography, etc.), a properly folded
and soluble form will be required.

Will Structural Changes (Additional or Fewer Amino Acids)
Affect Your Application?

Depending on the way that a gene is inserted in an expression
vector, additional sequences may be added to the clone, and these
may lead to extra amino acid residues at the N- or C-termini of
the final expressed protein. In many cases these will have no dele-
terious effect, but if structural studies or precise comparisons to a
native protein are to be done, it is wise to eliminate amino acids
added by cloning steps. PCR amplification is the most commonly
used method to generate inserts for expression, and proper design
of PCR primers can eliminate most or all additional residues in
the protein.

Is the Sequence of Your Protein Recognized by 
Specific Proteases?

If you plan to express your gene in a fusion vector that provides
an internal protease cleavage site for removal of the affinity tag
(discussed below), check that your native protein is not recognized
by the protease. Most proteases are highly specific, but thrombin
has a variety of secondary cleavage sites (Chang, 1985).

Advertisements for Commercial Expression Vectors 
Are Very Promising.What Levels of Expression Should 
You Expect?

There are several systems available for protein expression in
mammalian, insect, yeast, and E. coli. While it is impossible to
predict the yields of protein from these systems for any given
protein, some rough guidelines can be given. For any vector it is
possible that no expression will be seen! Reported yields in stably
transfected mammalian cells are in the range of 1 to 100mg/106
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cells. Insect cell systems will yield between 5 and 200mg/L of
culture (Schmidt et al., 1998), Pichia can produce up to 250mg/L
(Eldin et al., 1997), and reported yields in E. coli range from 
50mg to over 100mg/L. Usually yields of from 1 to 10mg/L can be
expected from E. coli. Higher yields, up to a gram or more per
liter, can be had using fermentation vessels where oxygen and pH
levels can be controlled throughout the cell growth. The above-
mentioned values are guidelines; they are entirely dependent on
the protein to be expressed. It is always best to test one or more
systems in parallel to select the best solution.

Nonbiological synthesis of protein is now possible as an alter-
native to production in a host organism (Kochendoerfer and Kent,
1999). Oligopeptides are synthesized and then assembled by
chemical ligation to give full-length protein. The method has the
potential to synthesize gram quantities of >30kDa proteins, and
such preparations would of course be free of host contaminants
that might interfere with function or use in diagnostic or thera-
peutic applications. Unfortunately, chemical synthesis of proteins
is not widely available.

Which E. coli Strain Will Provide Maximal Expression for 
Your Clone?

The choice of an expression host depends on the promoter
system to be used. Promoters that depend on E. coli RNA poly-
merase can be expressed in most common cloning strains, while
T7 promoter vectors must be used in E. coli that co-express T7
RNA polymerase (e.g., strains that contain the DE3 lysogen)
(Dubendorff and Studier, 1991). Strains that are protease deficient
(Bishai, Rappuoli, and Murphy, 1987) or overexpress chaparones
have been shown to be useful for some proteins (Georgiou and
Valax, 1996; Gilbert, 1994). At a minimum, a recombination defi-
cient strain is advisable. Vendors of the commercially available E.
coli expression vectors generally will recommend a host for use in
expression. As with many questions related to protein expression,
the results will depend on the nature of the protein of interest. A
given gene may give high yields of intact protein in most strains,
while the next would show no product except in a protease 
deficient host.

Why Should You Select a Fusion System?
Increased Yields

There are several reasons that one would choose to use a fusion
system. Translational initiation from the amino terminal fusion
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partner may be more efficient than the start contributed by the
protein of interest, so larger amounts of protein can be obtained
as a fusion. In addition smaller proteins (<20kDa), or sub-
fragments of larger ones often benefit from association with a
stable fusion partner, due in part to improved folding or protec-
tion from proteolysis. Fusion with GST, MBP, and thioredoxin may
be useful for this purpose.

Simplified Purification and Detection

Most of the commonly available fusion partners double as 
affinity tags, and these make isolation of the protein of interest
relatively simple. Protein can often be purified to >90% in a single
step. In contrast to conventional chromatographic techniques,
little or no information about the sequence, pI, or other physical
characteristics of the protein is needed in order to perform the
purification. Novice chromatographers or those who have not
developed methods for purification of the native protein are
advised to begin with an affinity system.

Detection of fusion proteins is a simple matter, since anti-
bodies and colorimetric substrates are available for several of the
more common fusion partners. Thus, if there is no established
method to detect the protein, detection of the fusion partner can
be the most convenient way to assay for the presence of the
protein in cells and throughout purification and assay of the
protein of interest.

When Should You Avoid a Fusion System?
Since affinity tags make purification relatively simple, and tags

can be removed by proteolyic cleavage, use of a tag usually makes
sense. If, on the other hand, a nonfusion vector has been used in
earlier work, and one wishes to compare results with older data,
use the nonfusion system. If there is an established method 
for purification and a biochemical assay or antibody available 
to detect the protein of interest, an affinity partner or tag for
detection may simply be unnecessary. Ask again what use the
protein will be put to. If the end application is likely to be sensi-
tive to the presence of the tag (e.g., NMR, crystallography, thera-
peutics), and other conditions above are met, there is reason to
avoid the tag.

If a fusion affinity tag is desired, several are available.Table 15.2
summarizes some of the characteristics of the most widely used
fusion partners.

472 Bell



E. coli Expression Systems 473

Table 15.2 Commercially Available Fusion Systems

Tag Tag Size Purification Detection Cleavage

Calmodulin/CBP (CBP, 4 kDa) Calmodulin- Biotinylated Thrombin,
agarose calmodulin enterokinase
EGTA for and
elution streptavidin

alkaline
phosphatase

Chitin binding Bacillus circulans chitin beads Anti-CBD Used with intein.
domain (CBD) chitin binding antibody On-column

domain (CBD, cleavage is 
52 amino acid induced at 4°C 
residues) by DTT or 2-

mercaptoethanol.
E-tag 1.4 kDa Anti-E Anti-E NA

sepharose antibodies
FLAG® 1 kDa Anti-Flag Anti-FLAG Enterokinase

resin antibodies
Glutathione 26.5 kDa homodimer Glutathione Anti-GST Thrombin

S-transferase GST forms a 58 kDa sepharose/ antibodies, Factor Xa
GST homodimer with Glutathione CDNB PreScissionTM

two GSH binding Agarose substrate protease
sites. The affinity 
of the enzyme 
for GSH is 
approximately 
0.1 mM.

HA ~1 kDa NA Anti-HA
(hemagglutinin) YPYDVPDYA antibodies

His6 1 kDa NTA-agarose, Anti-His6 Enterokinase, if 
Iminodiacetic antibodies desired
acid-
sepharose

Maltose binding 42.5 kDa Amylose beads Anti-MBP Factor Xa
protein Kd of MBP for 

maltose is 3.5 mM;
for maltotriose,
0.16 mM (Miller 
et al., 1983)

Myc tag 10 amino acids from Anti-Myc Anti-Myc NA
human c-Myc antibody antibodies
EQKLISEEDL resin (9E10)

Nus-tag E. coli NusA protein, NA None Thrombin
495 amino acids

PinpointTM 12.5 kDa peptide Monomeric Avidin/strep Factor Xa
biotinylated in avidin resin tavidin
vivo (Samols et al., (SoftLinkTM conjugates
1988) soft release

avidin resin)
S-tag 15 amino acid S-protein S-protein Thrombin,

peptide (S-tag) agarose beads FITC enterokinase
with strong affinity conjugate
(Kd = 10-9 M) for a 
104 amino acid 
fragment of 



Susceptibility To Cleavage Enzymes

As discussed below, some fusion systems allow for the removal
of the affinity tag by specific proteolytic or chemical cleavage.
Before beginning any experiment, examine the sequence of 
the protein to be cloned and expressed. The protein of interest
may have a binding site for one of the proteases listed in 
Table 15.3, and if so, this site should be avoided, or a different
expression system might be required. Most proteases used 
for cleavage of fusion protein are quite specific, with theoretical
frequencies of 10-6. However, it is best to check as a matter of
course.

Is It Necessary to Cleave the Tag off the Fusion Protein?
For many proteins, cleavage is not needed. If the goal of the

work is to raise an antibody, the whole fusion protein can be used
successfully as antigen—provided that antibodies to the tag do not
interfere in the application. If, on the other hand, the protein is to
be used in structural studies, or where the function of recombi-
nant protein will be compared with native protein, it may be nec-
essary to remove the fusion tag.

Systems have been developed that use chemical (Nilsson et al.,
1985) or specific proteolytic cleavage to separate the protein of
interest from the fusion tag. The proteases have the advantage 
that cleavage is done at near neutral pH and at 4 to 37°C. In 
addition to proteolytic cleavage, the use of self-splicing inteins 
has been developed and commercialized by New England Biolabs.
In this latter case fusion proteins with chitin-binding domain 
are bound to high molecular weight chitin chromatography media
and incubated in the presence of a reducing agent, generally
overnight. Protein splicing takes place, leaving the protein of 
interest in the flow through, while chitin and the spliced peptide
remain bound.
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Table 15.2 (Continued)

Tag Tag Size Purification Detection Cleavage

pancreatic 
ribonuclease A.

Strep-tag A 10 amino acid Streptavidin Streptavidin
sequence that bead conjugates
binds streptavidin

Z-domain Two Z domains add IgG-sepharose Factor Xa
a 14 kDa peptide



Recognition sites for enzymes commonly used to cleave fusion
proteins, and their advantages/disadvanatges are listed in 
Table 15.3

Will Extra Amino Acid Residues Affect Your Protein of
Interest after Digestion?

Depending on the protease, and the way in which the protein
of interest was cloned in the expression vector, there may be one
or more nonnative residues left at the amino terminal of the
protein of interest following cleavage. Whether or not this poses
a problem depends entirely on the protein and the use to which
it will be put. Even the most demanding applications may not be
negatively affected by the presence of extra amino terminal
residues. Wherever possible, it is best to design a cloning strategy
that at least minimizes the number of these residues, and if rela-
tively inoccuous residues (e.g., glycine, serine) can be introduced,
all the better.

WORKING WITH EXPRESSION SYSTEMS
What Are the Options for Cloning a Gene for Expression?

In some cases the protein of interest is already cloned in
another vector, for example, in a clone isolated from a cDNA
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Table 15.3 Characteristics of Popular Fusion Protein Cleavage Enzymes

Protease Cleavage Site Comment

Thrombin ?VPRŸGS secondary Widely used, works at 1 : 1000–1 : 2000 
cleavage sites mass ratio relative to target 
exist; (Chang, protein. Purified from bovine 
1985) sources and may include other 

proteins.
Factor Xa IEGRŸ Leaves defined N-terminus. Works at

protease 1 :500–1 :1000 mass ratio relative to
target protein. Recognition site 
with proline immediately following 
Arg residue will not be cleaved.

Enterokinase DDDDKŸ Leaves defined N-terminus.
Recombinant.

rTEV ENLYFQŸG Recombinant endopeptidase from 
the Tobacco Etch Virus.

Intein-mediated No added protease required. Leaves
self-cleavage defined N-terminus

PreScission LEVLFQŸGP Rhinoviral 3C protease expressed as 
protease GST fusion protein.

Optimal activity at 4°C.



expression library. If the frame of the insertion is known, and 
compatible restriction sites are found in the expression vector(s)
selected, the insert can be cloned directly. In some cases excision
from a lambda vector can generate a plasmid vector ready for
expression of the insert, without any manipulation at all.

More commonly PCR is used to amplify the target sequence
using oligonucleotide primers that have 15 to 20 bases of homol-
ogy with the 5¢ and 3¢ ends of the target. These primers will have
in addition tails that encode restriction enzyme sites compatible
with the expression vector.The PCR products can be digested with
the appropriate restriction enzymes, purified, and ligated into an
appropriately prepared vector.

The efficiency of cloning can be improved if two different
restriction enzyme sites are available. This will allow for direc-
tional cloning of inserts into the vector, and all of the clones
screened should have the insert in the desired orientation. Please
refer to Chapter 9, “Restriction Endonucleases” for a discussion
on double digestion strategies. If PCR is used to generate the
insert, then primers must be designed appropriately. It is impor-
tant to leave 4 to 6 random bases at the 5¢ end of each PCR primer.
These provide a spacer at the ends of the PCR product and allow
the restriction enzymes to digest the DNA more efficiently. While
in vitro ligation is still the most widely used method, ligation inde-
pendent cloning (LIC) (Li and Evans, 1997) has the advantage
that no DNA ligase is required (though an exonuclease activity
is), and efficiencies are comparable to those obtained with con-
ventional ligation with T4 DNA ligase.

Is Screening Necessary Prior to Expression?
There are no guarantees that the gene to be expressed will be

present in the cell after transformation. As discussed above, most
expression vectors are prone to produce small amounts of the
protein even in the absence of inducing agent, which can prove
toxic to the host. Alternatively, host cells can cause deletions and
rearrangements in the expression vector. Either way, it is usually
a very good idea to confirm the presence of the inserted gene prior
to expression experiments.

Unless a library of clones is to be prepared, the efficiency of 
ligation and transformation is rarely an issue. Screening of a dozen
clones for the presence of an insert should be sufficient to iden-
tify one or more positive candidate clones.

The first step is generally to prepare several plasmid DNA
minipreps and digest the DNA with the same enzyme(s) used in
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cloning to generate the insert. Products should be analyzed by
agarose gel electrophoresis to determine if DNA of the predicted
size was inserted in the vector.As an alternative, PCR can be done
using as template a small scraping from a colony on the plate.
Amplification of the plasmid DNA contained in the cells using the
same primers used in cloning, or primers that anneal to flanking
vector sequences, should show a band of the predicted size. This
latter method does not confirm the presence of the restriction sites
used in cloning, but has the advantage of being rapid.

Once the presence of an insert of the correct size is confirmed,
the DNA sequence at the cloning junctions should be determined.
It is not uncommon for a primer sequence to be synthesized with
an error—whether by faulty design or at the hands of the oligo
supplier. DNA sequencing to confirm the cloning junctions should
be done in parallel with a small-scale expression experiment, in
which a 1 to 2ml culture is grown and induced according to a stan-
dard protocol. It is important to include a culture that is trans-
formed with the parent expression vector as a negative control in
this screening experiment. Following centrifugation, the cell pellet
should be suspended in SDS-PAGE loading buffer, and a small
amount loaded on an SDS-acrylamide gel. The viscosity of the
whole cell lysate (caused by the release of genomic DNA) may
make gel loading difficult. However, addition of extra 1¥ loading
buffer, DNaseI (10mg/ml), extended heating of the sample, or 
sonication should alleviate the problem.

After electrophoresis, the gel should be stained (e.g., Coomassie
Blue) to visualize the proteins in the whole cell lysate. If expres-
sion is good, an induced band will clearly be seen at the predicted
molecular weight, and this will be absent in the no-insert control
culture. If no band is visible and the restriction digestion/DNA
sequencing data indicate that all is well, don’t despair. Perform an
immunoblot of an SDS-acrylamide gel. Screen for the presence of
the protein of interest or use an antibody directed against the
affinity or epitope tag if one has been used. Use of both N- and
C-terminal specific antibodies is ideal in troubleshooting. Be sure
to include both positive and negative controls in the immunoblot.
Alternatives to immunblotting include ELISA or specific bio-
chemical assays for the protein of interest.

If an antibody is not available for Western blotting, and you
have a procedure to purify your protein, attempt the purification.
This can visualize a protein that is present in quantities insufficient
to stand out on a PAGE gel of a total cell extract.

Once expression of a protein of the predicted molecular weight
is found, minimize propagation of the cells. Serial growths under
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conditions that permit expression may lead to plasmid loss or
rearrangements.

Once analysis is complete, glycerol stocks of positive clones
should be prepared. This can be done by streaking culture residue
from the DNA miniprep on a plate to get a fresh colony, by reusing
the colony that was originally picked, or by re-transforming 
E. Coli with isolated miniprep DNA. In either case a fresh colony
should be used to prepare a 2 to 4ml log-phase culture for the
purpose of making a glycerol stock. Be sure to keep protein
expression repressed during this step by reduced temperature, use
of minimal medium, or adapting it to the vector in use.

What Aspects of Growth and Induction Are Critical 
to Success?
Aeration, Temperature

The best expression results are had when cultures are grown
with sufficient aeration and positive selection for the plasmid. For
small-scale experiments, use 2ml of medium (e.g., LB, SOC or
2XTY) in a 15ml culture tube.Vigorous shaking (>250rpm) should
be used to maintain aeration. Appropriate antibiotics, such as
ampicillin should be added to recommended levels. At larger
scales, Ehrlenmeyer flasks should be used. Flasks with baffles
improve aeration and 1–8 to 1–2 of the total volume of the flask 
should be occupied by medium. Good results may be obtained
using 250ml to 1L in a 2L baffled flask.

Scaling Up

When scaling up growth, monitor the light scattering at 590 or
600nm. Note that a culture with OD600 of one corresponds to
about 5 ¥ 108 cells/ml, though this number will vary depending 
on the strain of E. coli used. Two rules of thumb are particularly
important: minimize the time in each stage of growth, and monitor
both cell density and protein expression at each stage.

From a colony or glycerol stock, begin a small overnight culture
(e.g., 2–5ml) in a selective medium under conditions that repress
expression. Don’t allow the culture to overgrow. This starter
culture is then used to inoculate a larger volume of medium at a
volume ratio of about 1 :100 (pre-warming the media is a good
idea). Monitor the growth by absorbance at 600nm, and keep the
cell density low (OD600 below 1). Once the growth has been scaled
to give sufficient starter for the final growth vessel, make an inocu-
lum of about 1%. Monitor the OD every 30 minutes or so, and
remove aliquots for analysis by SDS-PAGE, immunoblotting, or
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functional assay. After an initial lag following the inoculation, the
density of the cells should double every 20 to 40 minutes. A graph
of the OD coupled with an immunoblot is very useful in selecting
optimal conditions for the growth. Once the culture reaches a late
log phase (usually about OD600 of 0.8–1.2), induction is done by
the addition of the appropriate inducing agent. Continue to
monitor growth and take aliquots. It is not unusual that cells
expressing a foreign protein will either stop growing or show a
10% to 20% decrease in density following induction. While it is
common to grow for 1 to 3 hours postinduction prior to harvest,
this induction period can vary depending on temperature and
other conditions. So it is best determined empirically.

What Are the Options for Lysing Cells?
E. coli are easily broken by several methods including decavi-

tation, shearing, and the action of freeze–thaw cycles. The choice
of method depends on the scale of growth, and the type of equip-
ment available (reviewed in Johnson, 1998). For most lab-scale
experiments, sonication, or freeze–thaw will be the most practical
choices. Ultrasonic distruptors are available from many vendors,
but all operate on the conversion of electrical energy through
piezoelectric transducers into ultrasonic waves of 18 to 50kHz.
The vibration is transferred to the sample by a titanium tip, and
the energy released causes decavitation and shearing of the cells.
Several models are available that are microprocessor controlled,
programmable, and allow very reproducible cell lysis. It is im-
portant to keep the sample on ice and avoid frothing. This latter
problem is caused by a probe that is not immersed sufficiently in
the sample, or by excessive power. If bubbles begin forming and
accumulating on the surface, stop immediately, reposition the
probe, and reduce output. Once a sample has been turned to foam,
sonication will be ineffective, and there is little to do but start
again. Even if frothing is not seen, treatment beyond that needed
to cause cell lysis can result in physical damage to the protein of
interest. The addition of protease inhibitors to the cell suspension
immediately prior to cell lysis is an important precaution, and
several commercial cocktails are available for this purpose.

Freeze–thaw, particularly in conjunction with lysozyme and
DNase treatment, is one of the mildest procedures to break E.
coli. Cells are simply resuspended in buffer (PBS, Tris-pH 8.0) 
containing 10mg/ml hen egg lysozyme, and the sample is cycled
between a dry ice–alcohol bath and a container of tepid water.
Generally, 5 to 10 cycles is sufficient to break nearly all of the cells.
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As the cells lyse and DNA is liberated, it may be necessary to add
DNase to 10mg/ml to reduce the viscosity of the preparation.
Commercial or homemade detergent preparations including N-
octylamine are also very effective at lysing cells and simple to use.

Whatever method is used, lysis should be monitored. Micro-
scopic examination is the best option. Retain some of the starting
suspension, and compare to the lysate. Phase contrast optics will
permit direct visualization, though staining can be used as well.
Lysis will be evidenced by a slight darkening of the suspension,
or clearing, and under the microscope, cells will be broken with
membrane fragments or small vesicles present.

Other physical lysis methods include the use of a French Press,
Manton-Gaulin, and other devices that place cells under rapid
changes of pressure or shear force. These are very effective and
reproducible, but generally, they are best used when the original
culture volume is >1L, since most of these cell disruptors have
minimum volume requirements.

TROUBLESHOOTING
No Expression of the Protein

If one has checked for small-scale expression as discussed
above, there should have been a detected band on a stained gel
or immunoblot. If neither are seen, sequencing of the cloning junc-
tions and entire insert should be undertaken to confirm that no
frame shifts, stop codons, or rearrangements have occurred. Purifi-
cation can be tried in parallel to see if even very low levels are
made. A slight band on SDS-PAGE of the expected protein will
make clear that the cloning went as planned, but the biology of
expression is at fault. Varying temperature, time of induction, and
the type of plasmid or fusion system can all be tried. In the end
some proteins may not express well in E. coli, and they should be
tried in other organisms.

The Protein Is Expressed, but It Is Not the Expected Size
Based on Electrophoretic Analysis

On SDS-PAGE the net charge on the protein of interest will
affect mobility. Highly charged proteins will tend to bind less SDS
and will have retarded mobility. Proteins rich in proline may also
exhibit dramatically slower mobility in SDS-PAGE. If the protein
has a calculated pI in the range of 5 to 9, and is not strongly biased
in amino acid composition, then a protein that shows multiple
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bands or a strong species far from the predicted molecular weight
is likely due to something other than an artifact of SDS-PAGE.
Probing immunoblots with the appropriate antibodies to N-
and/or C-terminal tags of the protein is particularly useful at this
stage. Try to identify the halves or pieces of the protein on stained
gels and immunoblots to locate likely points in the coding
sequence where proteolytic cleavage and/or translation termina-
tion may occur. Cleavage at the junction between the protein of
interest and the fusion partner (if any) that is used is often seen.
Addition of protease inhibitors should be routine in all work, and
protease-deficient strains should be tried in parallel or as a next
step. If these measures fail, try re-cloning in another vector with
a different fusion tag or tags, and promoter.

The Protein Is Insoluble. Now What?
Many heterologous proteins expressed in E. coli will be found

as insoluble aggregates that are failed folding intermediates
(Schein, 1989). Such inclusion bodies are seen as opaque areas 
in micrographs of E. coli that express the protein of interest.
Depending on the purpose of expression, the production of inclu-
sion bodies may be a welcome occurrence. If for example, the
recombinant protein is to be used solely for the production of anti-
bodies, inclusion bodies may be isolated to high purity by differ-
ential centrifugation and used directly as an antigen. If the protein
is relatively small, the inclusion bodies may be isolated as above,
and refolded with good efficiency. Other (particularly large) pro-
teins will not refold well, and if production of functional protein
is required, then an alternative must be found. Before proceeding,
it is best to answer the following questions.

Are You Sure Your Protein Is Insoluble?

A first consideration is whether the protein is truly insoluble,
or the cells were simply not lysed. Here is where microscopic
examination will be of great use. Examine a cell lysate under phase
contrast microscopy or after staining. Are intact cells visible?
After it sediments, is the pellet large and similar in appearance to
the original cell pellet? Is the post-lysis supernatant clear? Any of
the above may indicate that cells are not completely disrupted.
The protein of interest may be soluble but trapped in intact cells.

If cells are lysed as measured by microscopy, analyze whole cell
lysate, clarified lysate, and post-lysis pellet by SDS-PAGE, fol-
lowed by staining or immunoblotting. If cells are lysed as mea-
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sured by microscopy, and the protein of interest is found in the
post-lysis pellet, it is likely that it is being made in an insoluble
form. While most use a relatively low-speed centrifugation step at
around 10,000 ¥ g, it is best to do a 100,000 ¥ g spin to sediment
all aggregates before drawing any conclusion about insolubility.
Another indication is microscopic examination of cells under high
power (>400¥). If inclusion bodies are being made, and expression
levels are high, optically dense areas in the E. coli cells will be
seen. These inclusion bodies may occupy more than half of the
cell.

Must Your Protein Be Soluble?

The accumulation of proteins in inclusion bodies is not 
necessarily undesirable. Insolubility has three important 
advantages:

1. Inclusion bodies can represent the highest yielding fraction
of target protein.
2. Inclusion bodies are easy to isolate as an efficient first 
step in a purification scheme. Nuclease-treated, washed inclu-
sion bodies are usually 75% to 95% pure target protein.
3. Target proteins in inclusion bodies are generally protected
from proteolytic breakdown.

Isolated inclusion bodies can be solubilized by a variety of
methods in preparation for further purification and refolding. If
the application is to prepare antibodies, inclusion bodies can be
used directly for injection after suspension in PBS and emulsifi-
cation with a suitable adjuvant (e.g., Fischer et al., 1992). If the
target protein contains a his6-tag, purification can be performed
under denaturing conditions. The purified protein can be eluted
from the resin under denaturing conditions and then refolded.

Solubility Is Essential.What Are Your Options?
Prevent Formation of Insoluble Bodies

A number of approaches have been used to obtain greater 
solubility, including induction of protein expression at 15 to 30°C
(Burton et al., 1991), use of lower concentrations of IPTG (e.g.,
0.01–0.1mM) for longer induction periods, and/or using a minimal
defined culture medium (Blackwell and Horgan, 1991).

Solubilize and Refold

Solubilization and refolding methods usually involve the use 
of chaotropic agents, co-solvents or detergents (Marston and
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Hartley, 1990; Frankel, Sohn, and Leinwand, 1991; Zardeneta and
Horowitz, 1994). A strategy that has been successful for some 
proteins is to express as a his6-tagged fusion, bind under dena-
turing conditions, and refold while protein is still bound to the
resin by running a gradient from 6M to 0M guanidine-HCl in 
the presence of reduced (GSH) and oxidized (GSSH) glutathione.
Once folding has occurred, elution is done with imidazole as 
usual. Some researchers enhance refolding of enzymes by the
addition of substrate or a substrate analogue during gradual
removal of denaturant by dialysis (Zhi et al., 1992; Taylor et al.,
1992).

The Protein Is Made, but Very Little Is Full-Length; Most of
It Is Cleaved to Smaller Fragments

It is important to distinguish among proteolytic breakdown,
translation termination, and cryptic translation start sites within
the gene of interest. Proteolytic breakdown is most likely to occur
at exposed domains of the protein. Examine the pattern of break-
down products by SDS-PAGE, estimate their sizes, and compare
the result with the predicted amino acid sequence. Keep an eye
out for bends or surface-exposed regions, and any sequences that
conform to those for known proteases. While protease inhibitors
such as PMSF should be present in the sample prior to cell lysis,
expand the group of protease inhibitors and test their effect. Also
consider the pattern of expression seen when growth is monitored
before and after induction. If there is a switch between intact and
fragmented protein after induction, it is likely that proteolysis is
the culprit.

Translation Termination

There is little clear-cut evidence for inappropriate translation
termination, but in at least one case a stretch of 20 serine residues
was suggested to cause premature termination in E. coli (Bula and
Wilcox, 1996). If a truncated protein is definitely seen, DNA
sequencing in the expected termination region should be done to
confirm that no cryptic stop codons exist.

Cryptic translation initiation may be seen as well (Preibisch 
et al., 1988). Cryptic translation initiation can occur within an
RNA coding sequence when a sequence resembling the ribosome
binding site (AAGGAGG) occurs with the appropriate spacing
(typically 5 to 20 nucleotides upstream of an AUG (Met) codon.
These smaller products can be problematic when attempting to
purify full-length proteins. If some expression of full-length
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protein is seen, a useful strategy may be to try dual tag affinity
purification, in which the gene of interest is expressed in a vector
that encodes two affinity tags, one each at the C- and N-termini.
Sequential purification using both affinity tags can give reasonable
yields of full-length protein whatever the original cause (Kim and
Raines, 1994; Pryor and Leiting, 1997).

Your Fusion Protein Won’t Bind to Its Affinity Resin
A lysate is produced, and contacted with the affinity medium.

The protein of interest is present in the cell and clarified lysate, as
shown by SDS-PAGE, but after purification of the lysate over the
medium, all of the protein is found in the flow-through. The 
presence of a large amount of protein in the eluate after an
attempt to bind to the affinity medium does not prove an 
inability to bind. If there is a very large excess of protein, it may
appear that none is binding, when in fact the column has 
simply been overloaded. Try to wash and elute the protein from
the affinity medium before drawing a conclusion. One simple test
is to remove 10 to 50ml of the purification medium after binding
and washing, and then boil the sample in an equal volume of 1 ¥
SDS-PAGE loading dye. Gel analysis may show binding of the
protein to the resin. Consideration of the amount loaded on the
column and the expected capacity of the purification medium will
sort out the various causes. If in fact expression is clearly seen in
the lysate applied to the purification medium, there are other
explanations:

1. The affinity medium was not equilibrated properly, or the
protein folded to mask the residues responsible for binding 
to the affinity medium. Purification in the presence of deter-
gents (e.g., 0–1% Tween-20), or mild chaotropes (e.g., 1–3M
guanidine-HCl or urea) may unmask these residues and enable
binding.
2. Your fusion protein won’t elute from its affinity resin.
Protein may apparently bind to the resin, as measured by 
the presence of an SDS-PAGE gel band after boiling a 
sample of the washed resin. Little or no protein of interest may
be eluted, however, when the loaded resin is contacted with
eluting agent. In this latter case the protein may interact 
nonspecifically with the base matrix, or the protein precipitated
during contact with the resin and is trapped. Addition of 
detergent, of varying ionic strength and pH, may improve the
situation.
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Your Fusion Protein Won’t Digest
If expression is otherwise good, and the protein is not digested

to any extent, one should confirm by DNA sequencing that the
protease site is intact. Checking the activity of the protease in par-
allel experiments using a known and well-behaved protein will
give some confidence that the protease itself is not to blame. If the
site is present, the protease has activity, and buffer conditions are
close to those specified for the protease, it may be that the fusion
protein folds so that the protease site is inaccessible. Additives
that alter the structure slightly, including salts and detergents may
unmask the site; see Ellinger et al. (1991). Alternatively, reclon-
ing to create a flexible linker flanking the protease site has been
shown to increase the efficiency of digestion with Thrombin (Guan
and Dixon, 1991) and presumably other proteases.

Cleavage of the Fusion Protein with a Protease Produced 
Several Extra Bands
Cryptic Sites

The specificity of any protease is inferred from its natural sub-
strates, and there is reason to believe that cryptic sites are also
cleaved. (Nagai, Perutz, and Poyart, 1985; Eaton, Rodriguez, and
Vehar, 1986; Quinlan, Moir, and Stewart, 1989; Wearne, 1990).

Excess Protease

If multiple bands are seen by SDS-PAGE, a titration of the
amount, time and temperature of digestion should be done. Often
reducing time or temperature will minimize cleavage at secondary
sites, while retaining digestion at the desired site.

Extra Protein Bands Are Observed after 
Affinity Purification

E. coli host chaperone protein GroEL, with an apparent mole-
cular weight of about 57 to 60kDa on SDS-PAGE, is often found
to co-purify with a protein of interest (Keresztessy et al., 1996)
This may be caused by misfolding or by a recombinant protein
that is trapped at an intermediate folding stage. High salt con-
centration (1–2M), non-ionic detergents, and ligand or co-factors
(e.g.,ATP or GTP) may be effective in removing chaperones from
the protein of interest. Often chaperones and other contaminat-
ing proteins are seen following affinity purification; they are best
removed by conventional chromatography such as ion exchange.
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Their co-purification can be minimized by inducing the culture 
at a lower density (e.g., OD600 = 0.3 vs. 1.0) or by reducing 
temperature.

Must the Protease Be Removed after Digestion of the 
Fusion Protein?

The removal of the protease is not necessary for many appli-
cations. Generally, protease is added at a ratio of 1 :500 or lower
relative to the protein of interest, so protease may not interfere
with downstream applications. Biochemical assays and antibody
production may not require removal, while structural studies, or
assays where other proteins are added to the protein of interest
in a biochemical assay indicate that a further purification be 
performed.

The commonly used serine proteases, thrombin and factor Xa,
can be removed from a reaction mixture by contacting the
digested protein/protease with an immobilized inhibitor such as
benzamidine-sepharose (Sundaram and Brandsma, 1996). This
purification is not complete due to the equilibrium binding of the
inhibitor to the protease, but the majority of the protease can be
removed in this way. Better yet, a different purification method
like ion-exchange or hydrophobic interaction chromatography
can be used to separate the protein of interest from both the pro-
tease and other cleavage products including the affinity tag.

Some commercially available proteases (Table 15.3) include
affinity tags that can be used effectively to remove the pro-
tease from the sample. Biotinylated thrombin can be removed
with high efficiency due to the extreme affinity of biotin for avidin
or streptavidin-agarose beads. Other proteases containing affinity
tags include PreScission protease; a fusion of GST with human 
rhinoviral 3C protease.
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SECTION A: A PRACTICAL GUIDE TO 
EUKARYOTIC EXPRESSION

Recombinant gene expression in eukaryotic systems is often the
only viable route to the large-scale production of authentic, post-
translationally modified proteins. It is becoming increasingly easy
to find a suitable system to overexpress virtually any gene product,
provided that it is properly engineered into an appropriate expres-
sion vector. Commercially available systems provide a wide range
of possibilities for expression in mammalian, insect, and lower
eukaryotic hosts, each claiming the highest possible expression
levels with the least amount of effort. Indeed, many of these
systems do offer vast improvements in their ease of use and rapid
end points over technologies available as recently as 5 to 10 years
ago. In addition methods of transferring DNA into cells have
advanced in parallel enabling transfection efficiencies approach-
ing 100%. However, one still needs to carefully consider the most
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appropriate vector and host system that is compatible with a par-
ticular expression need. This will largely depend on the type of
protein being expressed (e.g., secreted, membrane-bound, or
intracellular) and its intended use. No one system can or should
be expected to meet all expression needs.

In this section we will attempt to outline the critical steps
involved in the planning and implementation of a successful
eukaryotic expression project. Planning the project will begin by
answering pertinent questions such as what is known about the
protein being expressed, what is its function, what is the intended
use of the product, will the protein be tagged, how much protein
is needed, and how soon will it be needed. Based on these con-
siderations, an appropriate host or vector system can be chosen
that will best meet the anticipated needs.

Considerations during the implementation phase of the pro-
ject will include choosing the best method of gene transfer and
stable selection compared to transient expression and selection
methods for stable lines, and clonal compared to polyclonal 
selection. Finally, we will discuss anticipated outcomes from
various methods, commonly encountered problems, and possible
solutions to these problems.

PLANNING THE EUKARYOTIC EXPRESSION PROJECT
What Is the Intended Use of the Protein and What
Quantity Is Required?

Protein quantity is an important consideration, since substan-
tial time and effort are required to achieve gram quantities while
production of 10 to 100 milligrams is often easily obtained from a
few liters of cell culture.Therefore we tend to group the expressed
proteins into the following three categories: target, reagent, and
therapeutic protein. This is helpful both in choosing an appropri-
ate expression system and in determining how much is enough to
meet immediate needs (Table 16.1).

Targets

Protein targets represent the majority of expressed proteins
used in classical pharmaceutical drug discovery, which involves the
configuration of a high-throughput screen (HTS) of a chemical or
natural product library in order to find selective antagonists 
or agonists of the protein’s biological activity. Protein targets
include enzymes (e.g., kinases or proteases), receptors (e.g., 7
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transmembrane, nuclear hormone, integrin), and their ligands and
membrane transporters (e.g., ion channels). In basic terms, suffi-
cient quantities of a protein target need to be supplied in order to
run the HTS. The actual amounts depend on the size of a given
library to be screened and the number of hits that are obtained,
which will then need to be further characterized. As a rule of
thumb, for purified proteins such as enzymes and receptor ligands,
amounts around 10mg are usually needed to support the screen.
For nonpurified proteins such as receptors, one needs to think in
terms of cell number and the growth properties of the cell line.
For most cell lines, screens are configured by plating between
100,000 to 300,000 cells per milliliter. By way of example, a typical
screen of one million compounds in multiwell formats (e.g., 96,
384, or 1536 well) could use between 0.5 to 1.5 ¥ 109 cells. The
smaller the volume of the screen, the fewer cells will be required.

Because protein targets require a finite amount of protein,
one has the flexibility of choosing from virtually any expression
system. Consequently the selection of the system for producing 
a target protein really depends on considerations other than 
quantity. The most important goal is to achieve a product with the
highest possible biological activity. This will enable a screen to be
configured with the least amount of protein and will give the best
chance of establishing a screen with the highest possible signal 
to background ratio. Other considerations include the type 
of protein being expressed (e.g., intracellular, secreted, and 
membrane-associated proteins). As discussed below, stable cell
systems tend to be more amenable to secreted and membrane-
associated proteins, while intracellular proteins are often pro-
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Table 16.1 Categories of Expressed Proteins

Class of Protein Examples Expression Amount Appropriate System

Target Enzymes and For screening: 10 mg Stable insect
receptors For structural Baculovirus

studies: 100mg Mammalian
Yeast

Reagent Modifying <10mg Stable insect
enzymes Baculovirus

Enzyme Mammalian
Substrates Yeast

Therapeutic Therapeutic g/L Mammalian (CHO,
Monoclonal myelomas)

antibody 
(mAb)

Cytokine
Hormone



duced very efficiently from lytic systems such as baculovirus.
Whatever system is used, it should be scaled appropriately to meet
the needs of HTS.

A subset of target proteins are those that are used for structural
studies. In order to grow crystals that are of sufficient quality to
yield high-resolution structures, it is particularly important to
begin with properly folded, processed, active protein. Proteins
used for structural studies are often supplied at very high con-
centrations (>5mg/ml) and must be free of heterogeneity. Glyco-
sylation is often problematic because its addition and trimming
tends to be heterogenous (Hsieh and Robbins, 1984; Kornfeld and
Kornfeld, 1985). As a result it is often necessary to enzymatically
remove some or all of the carbohydrate before crystals can be
formed. As a starting point, one often needs approximately 10mg
of absolutely pure protein so that crystallization conditions can be
tested and optimized, with the total protein requirement often
exceeding 100mg.

In order to avoid the issue of glycosylation in structural studies
altogether, one can express the protein in a glycosylation-deficient
host (Stanley, 1989). Alternatively one can remove glycosylation
sites by site-directed mutagenesis prior to expression. However,
these are very empirical methods that do not often work well for
a variety of reasons, including the need in some cases to maintain
glycosylation for proper solubility. Thus, for direct expression of a
nonglycosylated protein, a first-pass expression approach would
likely involve a bacterial system in which high level expression of
nonglycosylated protein is more readily attained.

Reagents

A second category of expressed proteins is reagents. These are
proteins that are not directly required to configure a screen but
are needed to either evaluate compounds in secondary assays or
to help produce a target protein itself. Examples of reagent pro-
teins include full-length substrates that are replaced by synthetic
peptides for screening. Enzyme substrates themselves are often
cleaved to produce biologically active species whose activities can
be assessed in vitro. Reagent proteins can also include processing
enzymes that are required for the in vitro activation of a purified
protein (e.g., cleavage of a zymogen or phosphorylation by an
upstream activating kinase). Also included in this category are
gene orthologues from species other than the one being used 
in the screen, whose expression will be used to support animal
studies and to determine the cross-species selectivity or activity of
selected compounds.
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Reagent proteins are usually required in much lower amounts
than target proteins. Some can even be purchased commercially
in sufficient quantities to meet the required need. Others, because
of price or the required quantity, may necessitate recombinant
expression. But, since only small quantities are usually required
(<10mg), it is possible to choose an expression system with fea-
tures that will favor efficient and rapid expression. Furthermore
the expression scale can be minimized. The bottom line is that
reagent proteins should be the least resource intensive to produce.
One should avoid trying to overproduce reagent proteins or
scaling them to quantities that will never be used.

Therapeutics

In contrast to reagent proteins, therapeutic protein agents are
the most demanding in terms of resource. Therapeutic proteins
have intrinsic biological properties like medical drugs. The ulti-
mate objective for expression of a therapeutic protein is the pro-
duction of clinical-grade protein approaching or exceeding gram
per liter quantities. For most expression systems this is not readily
achievable. Other than bacterial and yeast expression, the most
robust system for producing these levels is the Chinese hamster
ovary (CHO) system. Due to the lack of proper post-translational
modifications (e.g., glycosylation) in bacteria and yeast, CHO cell
expression is often the only choice to achieve sufficient expres-
sion. Examples of therapeutic proteins, produced in CHO cells,
include humanized monoclonal antibodies (Trill, Shatzman, and
Ganguly, 1995), tPA (tissue plasminogen activator; Spellman et al.,
1989), and cytokines (Sarmiento et al., 1994). In many cases
months are spent selecting and amplifying lines with appropriate
growth properties and expression levels to meet production 
criteria.

What Do You Know about the Gene and the Gene Product?
Information about the gene product or for that matter, its

homologues or orthologues, enables one to make an educated
guess as to what is the best eukaryotic expression system to use.
Is there anything published in the literature about the gene, or 
is it completely uncharacterized? Do we know in what tissue 
the gene is expressed, based on either Northern blot analysis or
by quantitative or semiquantitative RT-PCR measures? Other
factors to determine are whether the protein to be expressed is
secreted, cytosolic, or membrane-bound. If it is a receptor, is it a
homodimer, heterodimer, multimeric, single, or multispanning
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transmembrane receptor or anchored to the surface (e.g., through
a glycosyl phosphatidylinositol phosphate (GPI linkage).

Fortunately we usually have the luxury of working with genes
that are at least partially characterized by their biological prop-
erties. But what about the genes of unknown origin or function?
In this new age of genomics, many of the genes we obtain are
“like” genes, belonging to large families of related genes that share
only a minimal percentage of homology with a known gene.
Despite these similarities there is often no way to know whether
the same expression and purification methods used for one ortho-
logue or homologue will be effective for another. Thus one is
immediately faced with the challenging prospect of having to 
consider multiple expression strategies in order to get the protein
expressed and purified to sufficient levels in an active form, in
addition to not knowing what activity to look for.

Can You Obtain the cDNA?
Before embarking on an expression project you will need to

locate a cDNA copy of the gene of interest. It is also possible in
theory to express genomic DNA containing introns, provided that
the expression host will recognize the proper splice junctions. In
practice, however, this is not often the most efficient route to
expression because it is not usually known how the introns will
affect expression levels or whether the desired splice variant will
be expressed. Furthermore most mammalian genes are inter-
rupted by multiple intron sequences that can span many kilobases
in length. This can make subcloning of genomic DNA consider-
ably more difficult than for the corresponding cDNA.

The three most common ways to obtain a known gene of 
interest include purchase from a distributor of clones from 
the Integrated Molecular Analysis of Genomes and their 
Expression (IMAGE) consortium (http://image.llnl.gov/), requests
from a published source such as an academic lab, or RT-PCR
cloning from RNA derived from a cell or tissue source. IMAGE
clones can be found by performing a BLAST search of an 
electronic database such as GenBank, which can be accessed 
at the National Library of Medicine PubMed browser
(http://www.ncbi.nlm.nih.gov/PubMed/). From there you can
quickly determine if a sequence is present, if it is full length,
publications related to this gene, and possible sources of the gene
(tissue sources, personal contacts, etc). Most expressed sequence
tags (EST’s) matching the gene of interest are available as
IMAGE clones. The trick is to find one that is full length. It is 
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easy to determine if an EST is likely to contain a full-length
sequence if it is derived from a directional oligo dT primed 
library and sequenced from the 5¢ end by searching for an ATG
and an upstream stop codon. Once you identify a full-length EST,
you should then be able to obtain the corresponding IMAGE
clone from Incyte Genomics, LifeSeq Public Incyte clones
(http://www.incyte.com/reagents/index.shtml), Research Genetics
(http://www.resgen.com), or the American Type Culture Collection
(ATCC, http://www.atcc.org). If the gene is published, you can also
try contacting the author who cloned it in order to obtain a cDNA
clone. Most labs, including both academic and pharmaceutical/
biotech companies, will honor a request for a cDNA clone if it is
published. Alternatively, you may consider deriving the gene de
novo by RT-PCR using the sequence obtained above.

Depending on the size, abundance, and tissue distribution of the
mRNA, a PCR approach could be straightforward or complex.
One may isolate RNA from tissue, generate cDNA from the RNA
using reverse transcriptase, design PCR primers to perform PCR,
and fish out the gene of interest. Alternatively, one may simply
purchase a cDNA library from which to PCR amplify the gene.
Several vendors carry a wide array of high-quality cDNA libraries
derived from human and animal tissues. For example, cDNA
libraries for virtually every major human or murine tissue/organ
can be obtained from Invitrogen (http://www.invitrogen.com./
catalog_project/index.html) or Clontech (http://www.clontech.com/
products/catalog/Libraries/index.html). These companies obtain
their samples from sources under Federal Guidelines.*

Expression Vector Design and Subcloning
Perhaps the most critical step in the process of expressing a

gene is the vector design and subcloning. As much an art as a
science, it nevertheless requires complete precision. In many cases
you will need to amplify the gene by PCR from RNA. If the gene
is in a library, you may also need to trim the 5¢ and 3¢ UTR
(untranslated region) and to add restriction sites and/or a signal
sequence if one is not already present. You may also want to add
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epitope tags for detection and purification (e.g., His6 tag). When
PCR is involved, the gene will eventually need to be entirely re-
sequenced in order to rule out PCR-induced mutations that can
occur at a low frequency. If mutations are found, they will need 
to be repaired, thereby adding to the time required to generate
the final expression construct. The best practice is to start with a
high-fidelity polymerase with a proofreading (3¢–5¢ exonuclease
activity) function to avoid PCR errors.

Sequence Information

If you are lucky enough to obtain a DNA from a known source,
a new litany of questions will need to be answered. Is a sequence
and restriction map available? Do you know what vector the 
gene has been cloned into? Has the gene been sequenced in its
entirety? How much do you trust the source from which you have
received the gene? It is usually best to have the gene re-sequenced
so that you know the junctions and restriction sites and can assure
yourself that you are indeed working with the correct gene. What
do you do if there are differences between your sequence and the
published sequence? You will need to decide if the difference is
due to a mutation, an artifact from the PCR reaction, a gene poly-
morphism, or an error in the published sequence. A search of 
an EST database coupled with a comparison with genes of other
species can help distinguish whether the error is in the data-
base or due to a polymorphism. Alternatively, sequencing multi-
ple, independently derived clones can also help answer these 
questions.

Control Regions

We now have a gene with a confirmed sequence. But which
control regions are present? Does the gene contain a Kozak
sequence, 5¢-GCCA/GCCAUGG-3¢, required to promote effi-
cient translational initiation of the open reading frame (ORF) in
a vertebrate host (Kozak, 1987) or an equivalent sequence 
5¢-CAAAACAUG-3¢ for expression in an insect host (Cavener,
1987)? If this sequence is missing, it is essential to add it to your
expression vector. It is also advisable to trim the gene to remove
any unnecessary sequences upstream of the ATG. The 5¢ non-
coding regions may contain sequences (e.g., upstream ATG’s 
or secondary structures) that may inhibit translation from the
actual start. A noncoding sequence at the 3¢ end may destabilize
the message.
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Epitope Tags and Cleavage Sites

Another sequence you might need to add to your gene is an
epitope tag or a fusion partner with or without a protease cleav-
age site. This will aid in the identification of your protein product
(via Western blot, ELISA, or immunofluorescence) and assist in
protein purification. Among the various epitope tags available are
FLAG® (DYKDDDDK) (Hopp et al., 1988), influenza hema-
glutinin or HA (YPYDVPDYA) (Niman et al., 1983), His6

(HHHHHH) (Lilius et al., 1991), and c-myc (EQKLISEEDL)
(Evan et al., 1985).The more popular protease cleavage sites, used
to remove the tag from the protein, are thrombin (VPR’GS)
(Chang, 1985), factor Xa (IEGR’; Nagai and Thogersen, 1984),
PreScission protease (LEVLFQ’GR; Cordingley et al., 1990), and
enterokinase (DDDDK’; Matsushima et al., 1994) One may also
use larger fusion partners such as the Fc region of human IgG1 or
GST. It is crucial to choose a protease that is not predicted to
cleave within the protein itself, but this does not preclude spuri-
ous cleavages.

The benefits and drawbacks of utilizing epitope tags are dis-
cussed in greater detail below in the section, “Gene Expression
Analysis.”

Subcloning

Your gene is now ready to be cloned into an expression vector
of your choice, provided that you have already decided what
system to use. This will traditionally involve the use of restriction
enzymes to precisely excise the gene on a DNA fragment, which
is subsequently ligated into a donor expression vector at the same
or compatible sites. If appropriate unique restriction sites are not
located in flanking regions they can be added by PCR (incorpo-
rating the sequence onto the end of the amplification primer), or
by site-directed mutagenesis.

Recent technological advances also offer the possibility of 
subcloning without restriction enzymes. These new age cloning
systems are based on recombinase-mediated gene transfer. Invit-
rogen offers ECHOTM and GatewayTM cloning technologies, while
Clontech markets the CreatorTM gene cloning and expression
system. Recombinases essentially perform restriction and liga-
tion in a single step, thereby eliminating the time-consuming
process of purifying restriction fragments for subcloning and lig-
ating them. These new systems are particularly advantageous
when transferring the same gene into multiple expression vectors
for expression in different host systems.
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Selecting an Appropriate Expression Host
Expressed Protein Issues

The properties of the protein and its intended usage will also
have a direct impact on which expression system to choose. Since
many eukaryotic proteins undergo post-translational modifica-
tions (phosphorylation, signal-sequence cleavage, proteolytic pro-
cessing, and glycosylation), which can affect function, circulating
half-life, antigenicity, and the like, these issues must be addressed
when choosing an expression host. These steps have a direct influ-
ence on the quality of protein produced. For instance, it has been
demonstrated that there is a clear difference in the glycosylation
patterns between various mammalian and insect systems. Insect
cells lack the pathways necessary to produce glycoproteins con-
taining complex N-linked glycans with terminal sialic acids (Ailor
and Betenbaugh, 1999; Kornfeld and Kornfeld, 1985), and the
absence of sialic acid residues can strongly influence the in vivo
pharmacokinetic properties of many glycoproteins (Grossmann 
et al., 1997). Using tPA as a model system, it has also been shown
that glycosylation patterns differ within different mammalian cell
types (Parekh et al., 1989).

The expression strategies for both targets and reagents are the
same. We desire a purified protein, cell membranes for a binding
assay, or attached cell lines for a cell-based assay. The determin-
ing factor for selecting a host system depends on the quantity of
the protein needed, what signaling components are necessary in
the host line, and the degree to which endogenously expressed
host proteins generate background responses (e.g., for receptors).
For example, insect cell lines often provide a null background for
mammalian signaling components, which enable lower basal level
activation and high signal to background in cell-based assays.

If the protein is a target and will be used in a cell-based assay,
one needs to make a high expressing cell line. In most cases the
higher the expression is, the better is the result. But this is not
always the case for cytoplasmic or membrane anchored proteins
where the expressed protein can be toxic. In these cases it might
be better to achieve lower expression or to use some type of 
regulated promoter vector system as discussed in the following
section.

If the desired protein is to be a therapeutic and used to sup-
ply clinical trials, the choices are very well documented. There 
are numerous examples of commercial therapeutic proteins 
being produced in E. coli and yeast. However, if the protein 
contains numerous disulfide linkages, or requires extensive post-
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translational modifications (i.e., folding of antibody heavy and
light chains), one needs to consider expression in a mammalian
cell line. The gene needs to be cloned into a plasmid system allow-
ing for some type of amplification so that the protein can be
expressed at very high levels. In addition one needs to be cog-
nizant of GMP, GLP, and FDA guidelines for the entire expres-
sion, selection or amplification process.

The inability to obtain homogeneously pure protein for crys-
tallization is a frequently encountered problem due to the het-
erogeneous carbohydrate content of many eukaryotic proteins
(Grueninger-Leitch et al., 1996). In the past E. coli expression
systems were exclusively used to produce material for crystalliza-
tion in order to avoid having glycosylation at all. Recently there
have been an increasing number of examples where crystals were
generated using baculovirus-expressed protein (Cannan et al.,
1999; Sonderman et al., 1999). Another approach has been to 
use the glycosylation-deficient mutant CHO cell line, Lec3.2.8.1,
(Stanley, 1989; Butters et al., 1999; Casasnovas, Larvie, and Stehle,
1999; Kern et al., 1999). In these cases the incomplete or under-
glycosylation has allowed the formation of high-resolution, dif-
fractable crystals.

Transient Expression Systems

Transient systems are used for the rapid production of small
quantities of heterologous gene products and are often suitable to
make “reagent” category proteins. The cell lines of choice include
the following;

• COS cells (COS-1, ATCC CRL 1650; COS-7 ATCC CRL
1651; see Gluzman, 1981). These are derived from the African
green monkey cell line, CV-1, which was infected with an origin-
defective SV40 genome. Upon transfection with a plasmid con-
taining a functional SV40 origin of replication, the combination 
of SV40 replication origin (donor) and SV40 large T-antigen (host
cell) results in high copy extrachromosomal replication of the
transfected plasmid (Mellon et al., 1981).

• Human embryonic kidney (HEK) 293 cells (ATCC CRL
1573). An immortalized cell line derived from human embryonic
kidney cells transformed with human adenovirus type 5 DNA.
This cell line contains the adenovirus E1A gene, which trans-
activates CMV promoter-based plasmids, and this results in
increased expression levels. This cell line is widely used to express
7 trans membrane G-protein-coupled receptors (GPCRs) (Ames
et al., 1999; Chambers et al., 2000).
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In our own experiments involving transient expression systems,
we have consistently found that COS cells yield approximately
50% higher expression than HEK 293 cells. (Trill, 2000, unpub-
lished). To take monoclonal antibodies (mAbs) as an example,
transient systems such as COS can allow one to examine multiple
constructs in two to three days at expression levels ranging from
100ng/ml to 2mg/ml. Stable cell lines can yield over 200-fold more
protein, but it is often a time-consuming process to achieve those
levels, often taking six months to a year to accomplish (Trill,
Shatzman, and Ganguly, 1995).

Viral Lytic Systems

Viral lytic systems offer the advantage of rapid expression com-
bined with high-level production. The most popular of the viral
lytic systems utilizes baculovirus.

The baculovirus expression system is based on the manipula-
tion of the circular Autographa californica virus genome to
produce a gene of interest under the control of the highly efficient
viral polyhedrin promoter. Engineered viruses are used to infect
cell lines derived from pupal ovarian tissue of the fall army worm,
Spodoptera frugiperda (Vaughn et al., 1977). This lytic system is
most useful for the high-level expression of enzymes and other
soluble intracellular proteins. Secreted proteins can also be
obtained from this system but are more difficult to scale to large
volumes due to the rapid onset of the lytic cycle. Cell lines include
Sf9, Sf21, and T. ni (available as High FiveTM) cells are from 
Trichoplusia ni egg cell homogenates. Refer to Section B for 
more detail on baculovirus expression.

Adenovirus expression has also increased in popularity of late.
This may be due in part to its use for in vivo gene delivery in
animal systems and limited use in experimental gene therapy
(Robbins, Tahara, and Ghivizzani, 1999; Ennist, 1999; Grubb et 
al., 1994). The advantages of this system include a broad host
specificity and the ability to use the same expression vector to
infect different host cells for contemporaneous animal studies
(von Seggern and Nemerow, 1999). Commercial vectors are avail-
able for generating recombinant viruses such as the AdEasyTM

system sold by Stratagene. This system simplifies the process of
generating recombinant viruses since it relies on homologous
recombination in E. coli rather than in eukaryotic cells (He et al.,
1998).The main limitations of this system include moderate to low
expression levels and the need to maintain a dedicated tissue
culture space in order to avoid crosscontamination with other host
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cells. Other animal viruses of interest, including Sindbis, Semliki
Forest virus, and the adeno-associated virus (AAV), share many
of the same advantages as adenovirus, including broad host 
specificity (Schlesinger, 1993; Olkkonen et al., 1994; Bueler, 1999).
None of these virus expression systems are discussed in detail in
this chapter because they do not currently represent mainstream
methods for large-scale protein production as is evident from the
limitations discussed.

Stable Expression Systems

Stable expression systems are preferred when one desires a con-
tinuous source and high levels of expressed heterologous protein.
The actual levels of expression largely depend on which host cells
are used, what type of plasmids are used, and where the genes are
integrated into the host genome (i.e., whether they are influenced
by chromosomal position effects).

What are the cell line choices? If it is a mammalian system, the
most common choices are as discussed next.

Mouse
Mouse cells such as L-cells (ATCC CCL 1), Ltk- cells (ATCC

CCL 1.3), NIH 3T3 (ATCC CRL 1658), and the myeloma cell
lines, Sp2/0 (ATCC CRL 1581), NSO (Bebbington et al., 1992) and
P3X63.Ag8.653 (ATCC CRL 1580). These myeloma cell lines
have the advantages of suspension growth in serum-free medium
and their derivation from secretory cells makes them well-suited
hosts for high-level protein production. Because of the presence
of the endogenous dihydrofolate reductase (DHFR) gene, none
of these cells can be amplified through the use of methotrexate
(Schimke, 1988). However, as shown by Bebbington et al. (1992),
NSO cells can be amplified using the glutamine synthetase system.

Rat
Rat cell lines, RBL (ATCC CRL 1378), derived from a

basophillic leukemia, have been used to express 7TM G-protein-
coupled receptors (Fitzgerald et al., 2000; Santini et al., 2000),
while the myeloma cell line YB2/0 (ATCC CRL 1662), has been
used in the high-level production of monoclonal antibodies
(Shitara et al., 1994).

Human
Human cell lines that are frequently used include HEK 293,

HeLa (ATCC CCL 2), HL-60 (ATCC CCL 240), and HT-1080
(ATCC CCL 121).
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Hamster
Chinese hamster ovary (CHO) cells, such as CHO-K1 (ATCC

CCL 61), and two different DHFR- cell lines DG44 (Urlaub et al.,
1983) or DUK-B11 (Urlaub and Chasin, 1983) in which the gene
of interest can be amplified via the selection/amplification marker
DHFR (Kaufman, 1990). CHO cells have been used to express a
large variety of proteins ranging from growth factors (Madisen 
et al., 1990; Ferrara et al., 1993), receptors (Deen et al., 1988;
Newman-Tancredi, Wootton, and Strange, 1992), 7TM G-protein-
coupled receptors (Ishii et al., 1997; Juarranz et al., 1999), to mon-
oclonal antibodies (Trill, Shatzman, and Ganguly, 1995).

Also of significance are engineered derivatives of these lines.
One example is a CHO cell line containing the adenovirus E1A
gene. Cockett, Bebbington, and Yarronton (1991) first established
a CHO cell line stably expressing the adenovirus E1A gene,
which trans-activates the CMV promoter.Transfection of a human
procollagenase gene into this CHO cell line produced a 13-fold
increase in stable expression compared with that of CHO-K1.This
is significant because an E1A host cell line can be used to rapidly
produce sufficient material for early purification and testing
without the need for amplification. Stably expressing clones pro-
duced from this host can be obtained in as little as two weeks and
yield 10 to 20mg/L of expressed protein.

Baby Hamster Kidney (BHK) Cells (ATCC CCL 10)
BHK cells have also been used to express a variety of genes

(Wirth et al., 1988).

Drosophila
Drosophila S2 is a continuous cell line derived from primary

cultures of late stage, 20 to 24 hours old, D. melanogaster (Oregan-
R) embryos (Schneider, 1972). The cell line is particularly useful
for the stable transfection of multiple tandem gene arrays without
amplification. High copy number genes can be expressed in a
tightly regulated fashion under the control of the copper-inducible
Drosophila metallothionein promoter (Johansen et al., 1989). This
cell line is particularly useful for the inducible expression of
secreted proteins. S2 cells also grow well in serum-free, condi-
tioned medium, simplifying the purification of expressed proteins.

Yeast Expression Systems (Pichia pastoris and 
Pichia methanolica)
The main advantages of yeast systems over higher eukaryotic

tissue culture systems such as CHO include their rapid growth rate
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to high cell densities and a well-defined, inexpensive media. Main
disadvantages include significant glycosylation differences of
secreted proteins comprised of high mannose, hyperglycosylation
consisting of much longer carboydrate chains than those found in
higher eukaryotes, and the absence of secretory components for
processing certain higher eukaryotic proteins (reviewed in Cregg,
1999). Because of these limitations, yeast systems will not be dis-
cussed in full detail in this chapter. More information on Pichia
expression can be found in the following references: Higgins 
and Cregg (1998), Cregg, Vedvick, and Raschke (1993), and
Sreekrishna et al. (1997).

We all have our preferences for what are the best cell lines to
use. Therefore, when setting up an expression laboratory, one
should consider obtaining a variety of host cell lines. Listed are 
a few examples of cell lines that have been routinely used 
and reasons for their selection: CHO-DG-44 and Drosophila S2
(available from Invitrogen), based on consistency in growth, high-
level expression, and ability to be easily adapted to serum-free
growth in suspension; COS for transient expression; HEK 293, a
versatile human cell line which can be used for both transient (but
not as good as COS) and stable expression; and Sf9 a host cell for
baculovirus infection, a system best suited for internalized pro-
teins rather than secreted proteins. A majority of these cell lines
can be grown in serum-free suspension culture, a property that
facilitates ease of use and product purification as well as reducing
cost.

Selecting an Appropriate Expression Vector
Once an appropriate host system has been chosen, it’s time to

find a suitable expression vector. For each of the host systems
described above, there are a wide variety of vectors to choose
from.

A typical expression vector requires the following regulatory
elements necessary for expression of your gene: a promoter, trans-
lational initiator codon, stop codon, a polyadenylation signal, a
selectable marker, and several prokaryotic elements such as a bac-
terial antibiotic selection marker and an origin of replication for
plasmid maintenance. (The presence of prokaryotic elements is
for shuttling between mammalian and prokaryotic hosts.) There
are numerous choices for each regulatory element, but unfortu-
nately there is no blueprint on which combinations will yield the
highest expressing plasmid.
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Promoters

Promoters are DNA sequences that recruit cellular factors and
RNA polymerase to activate transcription of a particular gene.
They must contain a transcriptional start site, a CAAT box, and
TATA box. Examples of various mammalian promoters are given
in Table 16.2.

The promoter strength is based on a compilation of compara-
tive experiments where various promoters were compared in tran-
sient experiments using the R1610 cell line (Thirion, Banville, and
Noel, 1976). The strength of EF-1a and CMV was derived from 
a comparison to the RSV LTR involving stable expression of
various monoclonal antibodies and tPA (Trill, 1998 unpublished).
The EF-1a promoter (available from Invitrogen) is by far the
strongest promoter and a good choice if you want quick high-level
expression.

Polyadenylation Regions

Polyadenylation occurs at a consensus sequence, AAUAAA,
and results in increased mRNA stability. Cleavage after the U by
poly A polymerase adds a string of adenylate residues (Wahle and
Keller, 1992). As with the promoters, there are a number of
sources of polyadenylation regions. Several examples are shown
in Table 16.3.
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Table 16.2 Promoter Strength Table

Promoter Source Strength Reference

EF-1a Human elongation 40–160 Mizushima and Nagata (1990)
factor 1a

CMV Human 4 Boshart et al. (1985)
cytomegalovirus
immediate-early
gene

RSV Rous sarcoma 2 Gorman et al. (1982)
virus LTR

SV40 late Simian virus 40 1.1 Wenger, Moreau, and Nielsen
Late gene (1994)

SV40 early Simian virus 40 1
Early gene

Adeno major Adenovirus major 0.4 Mansour, Grodzicker, and 
late late promoter Tjian (1986)

Beta-globin Mouse beta-globin 0.2 Hamer, Kaehler, and Leder
promoter (1980)

Beta-actin Human beta-actin ND Ng et al. (1985)
promoter

Note: SV40 early promoter strength set as 1 for comparative purposes, and the numbers
indicate how much stronger these promoters are.



Drug Selection Markers

Choice number three: What drug selection markers should one
use? These genes provide resistance to a particular selective drug,
and only cells in which the plasmid has been integrated will
survive selection. Some effective choices are Blasticidin (Izumi et
al., 1991), Histidinol, (Hartman and Mulligan, 1988), Hygromycin
B (Gritz and Davies, 1983), Geneticin® (G418) (Colbere-Garapin
et al., 1981), Puromycin (de la Luna et al., 1988), mycophenolic
acid (Mulligan and Berg, 1981), and ZeocinTM (Mulsant et al.,
1988). Whatever marker you decide to use, remember, you will
need to determine the effective concentration of drug for each cell
line you use. Second, if you are on a tight budget, there is a huge
disparity in cost of these drugs. Also there are environmental con-
cerns regarding waste disposal of the conditioned growth medium
containing some of these drugs.

Amplification

Finally, if expression is unacceptably low, one solution is to
amplify your gene copy number. Two such amplification systems
are the use of dihydrofolate reductase (DHFR) as a drug selec-
tion marker in the presence of methotrexate, a competitive
inhibitor of DHFR (Kaufman, 1990) and inhibition of the enzyme
glutamine synthetase (GS) by methionine sulfoxide (MSX) 
(Bebbington et al., 1992).

Amplification through the DHFR gene is by far the more
popular of the two systems. DHFR catalyzes the conversion 
of folate to tetrahydrofolate, which is necessary in the synthesis 
of glycine, thymidine monophosphate, and the biosynthesis of
purines. If the transfected plasmid contains a DHFR gene, use of
the CHO DG-44 and DUK-B11 cell lines allows one to initially
select cells in medium devoid of nucleotides and then to amplify
gene copy number by selection with increasing concentrations of
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Table 16.3 Polyadenylation Regions

Poly A Region Source Efficiency

BGH Bovine growth hormone 3
SV40 late Simian virus 40 2
TK Herpes simplex virus 1.5

thymidine kinase
SV40 early Simian virus 40 1
Hep B Hepatitis B surface antigen 1

Note: SV40 early poly(A) region strength set as 1 for comparative purposes, and the
numbers indicate how much more efficient these polyadenylation regions are. The data
above and polyadenylation regions are referenced in Pfarr et al. (1985, 1986).



methotrexate (Geisse et al., 1996). In the majority of the cases,
amplification of the gene copy number results in increased 
expression.

The glutamine synthetase system can be used as a dominant
selectable marker in cell lines that contain GS activity, in 
glutamine-free growth medium. GS catalyzes the formation of 
glutamine from glutamate and ammonia. CHO-K1 and NSO are
the more widely used cell lines for this method of selection, but
myeloma cells offer a distinct advantage over CHO cells because
of their low levels of endogenous GS activity. Myeloma cells trans-
fected with a plasmid containing a gene of interest and the GS
gene are often selected with low levels of MSX (up to 100mM),
while CHO cells are amplified using higher levels of MSX (up 
to 1mM) (Bebbington et al., 1992; Cockett, Bebbington, and
Yarronton, 1990).

Regulating Expression

What happens if overexpression of a gene results in a protein
which is toxic to the host cell? There are a number of inducible
promoters and regulated expression systems available that allow
one the ability to control when and how much of the toxic protein
is produced. Examples of such promoter-based systems include
the Mouse mammary tumor virus (MMTV) promoter which is
induced using dexamethasone (James et al., 2000), the Drosophila
metallothionein promoter which is induced by addition of metal
(e.g., cupric sulfate; Johansen et al., 1989), or the mifepristone-
dependent plasmid-based gene switch system (Wang et al., 1994).
The addition of inducers allows flexible control of expression in
these systems. However, inducers such as heavy metals can also
interfere with purification efforts, especially if your protein con-
tains an epitope tag. For example, the use of the standard IMAC
(immobilized metal affinity chromatography) method for the
direct capture of His-tagged proteins from Drosophila culture
medium is inefficient due to the presence of free copper, which
interferes with binding. However, we recently found that 
when copper-supplemented medium containing an expressed His-
tagged protein is loaded directly onto chelating sepharose, the
protein binds efficiently to the resin via copper (Lehr et al., 2000).
Furthermore this interaction is of greater affinity than that of 
free copper alone, which can be washed away under low-salt 
conditions.

Other methods for achieving regulated expression include the
Ecdysone-inducible system, based on the heterodimeric ecdysone

Eukaryotic Expression 509



receptor of Drosophila (Christopherson et al., 1992), and the
tetracycline-regulated expression system, based on two regulatory
elements derived from the tetracycline-resistance operon of the
E. coli Tn10 transposon (Gossen and Bujard, 1992).

Single- or Double-Vector Systems?

What type of vector system will we use to house all of these reg-
ulatory elements? We can use a two-vector system in which the
gene is contained on one plasmid while the selection marker is on
the second. Drosophila S2 cells are an example of a host where a
two-vector system is preferable. In this case, varying the propor-
tions of the two plasmids enables one to modulate the number of
gene copies inserted onto the chromosome from just a few to
more than a thousand (Johansen et al., 1989). Higher gene copies
tend to correlate with higher expression levels. Thus the two-
vector system can add to the flexibility of the expression outcome.
Double-vector systems are also used for mAb expression where
the heavy chain and the DHFR gene are located on one vector,
and the light chain and the selectable marker are located on the
second vector (Trill, Shatzman, and Ganguly, 1995). Alternatively,
one could also use a single plasmid where the drug selection cas-
sette and the amplification gene are located on the same plasmid
(Aiyar et al., 1994). Again, using mAbs as an example, we can use
a single plasmid that contains both the heavy and light chain
cDNAs along with the selection and amplifiable drug markers
(Trill, Shatzman, and Ganguly, 1995).

Which vector system should you use? This really depends on
how much effort you want to expend in your plasmid cloning and
transfection and how quickly you need your protein. With two
plasmids, it means two separate clonings and two plasmids to
sequence. You will also need to co-transfect both plasmids in a
ratio that will favor optimal expression. This ratio may need to be
empirically determined. A single plasmid, containing two differ-
ent genes of interest necessitates a unique cloning strategy due to
the decrease in unique restriction sites for the cloning process.
It also means designing gene-specific bi-directional sequencing
primers because of the duplication of regulatory elements.

Summary

There are a large assortment of commercially available mam-
malian and insect expression vectors to choose from. The major-
ity of the mammalian vectors have common regulatory elements.
Most use the CMV promoter to drive expression, contain a
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polylinker region to clone in your gene of interest, and use a drug
selection marker, most often Neomycin. One of the most popular
is pCDNA3.1 sold by Invitrogen. Variations in these vectors
include different choices of epitope TAGS for detection using 
an antibody or through the intrinsic fluorescence of the green 
fluorescence protein (GFP) and its derivatives. There are also
bicistronic vectors that use a single expression cassette containing
both the gene of interest and selection marker, separated by an
internal ribosome entry site (IRES) from the encephalomy-
ocarditis virus, to promote translation from a bicistronic tran-
script. In addition there are vectors containing signal sequences
designed to aid secretion. Finally, to circumvent the need to
develop multiple vectors for each system you use, you can obtain
a single expression vector enabling protein expression in bacter-
ial, insect, and mammalian cells from a single plasmid, such as the
pTriEx expression vector marketed by Novagen.

It is advisable that one take the time to find a vector that is opti-
mized for a particular host or, if one is not available, to construct
a new vector and optimize it for each system that you intend to
use. Take the time to create your own polylinker region with con-
venient, unique restriction sites so that you can easily exchange
regulatory elements. CMV is perhaps one of the most versatile
promoters available.You will also need to incorporate a resistance
marker under the control of its own promoter and including a
polyadenylation site. The choice of a selection marker will depend
on considerations such as the cost of the drug, the efficiency of its
action in a particular host, and environmental concerns for 
disposal.

IMPLEMENTING THE EUKARYOTIC 
EXPRESSION EXPERIMENT
Media Requirements, Gene Transfer, and Selection

Stable cell line generation, especially for a therapeutic protein,
is a long, labor-intensive process that takes anywhere from six to
nine months to complete. Therefore it is essential that one pay
close attention to the methods employed to maintain, transfect,
and select the cell lines.

Serum

When possible, try to adapt your cells for growth in a 
chemically defined, serum-free growth medium. Serum contains
numerous undefined components, is costly to use, may contain
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adventitious agents, and varies from lot to lot. Serum-free
medium, available from a number of suppliers, offers several
advantages. It allows cell culture to be performed with a defined
set of conditions leading to a more consistent performance, possi-
ble increases in growth, increased productivity, and easier purifi-
cation and downstream processing.

If you must use a serum-containing medium, be sure to have the
serum lot tested for mycoplasma and other adventitious agents,
such as BVDV (bovine viral diarrhea virus). If possible, order
gamma-irradiated serum and ask for a certificate of analysis. With
the recent concern over bovine spongiform encephalitis (BSE)
disease in cattle from the United Kingdom, it is also wise to
request serum from regions where BSE is not present (e.g., United
States and New Zealand). This extra precaution further adds to
the high cost of serum.

Antibiotics

Many researchers supplement their growth media with antibi-
otics such as penicillin, streptomycin, and antifungals such as
amphotericin B. While this is effective in preventing either bacte-
rial or fungal contamination, it does nothing to prevent contami-
nation from mycoplasma or viruses. Furthermore antibiotics can
mask poor cell culture sterile technique, lead to drug-resistant bac-
teria, and increase the risk of mycoplasma contamination. In short,
there is no substitute for proper sterile technique, which should
eliminate the need to add antibiotics in the first place.

On the subject of sterility, it is also prudent to have your cell
lines tested monthly for mycoplasma. Trypsin, for use in removing
attached cell lines, should be free of mycoplasma, PPV (porcine
parvovirus), and PRRS (porcine respiratory and reproductive syn-
drome virus). If your medium will be used to support growth of
production cell lines expressing therapeutic agents, it is also advis-
able to consult the FDA guidelines for the use of medium con-
taining animal products.

If one of your cultures should become contaminated with
mycoplasma, the best cure is to dispose of the cell lines in ques-
tion. If this is not an alternative, there are a number of reports
indicating that mycoplasma has been eradicated through the use
of MRA (mycoplasma removal agent (ICN), a quinolone deriva-
tive) (Uphoff, Gignac, and Drexler, 1992; Gignac et al., 1992),
either ciprofloxacin (Gignac et al., 1991; Schmitt et al., 1988) or
enrofloxacin (Fleckenstein, Uphoff, and Drexler, 1994) both of
which are fluoroquinolone antibiotics and BM-cyclin (Roche 
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Molecular Biochemicals, a combination of tiamulin and minocy-
cline) (Uphoff, Gignac, and Drexler, 1992). However, this is a
time-consuming, cost-intensive process that may result in irre-
versible damage to your cell cultures.

Transfection

The most contemporary methods for transfection of foreign
genes into cells employ either cationic lipid reagents or electro-
poration (Potter, Weir, and Leder, 1984). The former relies on dif-
ferent liposome formulations of cationic or polycationic lipids 
(as per the manufacturer) that complex with DNA facilitating its
uptake into cells. The procedure is simple, very rapid, and can be
used for a large variety of cell types. It is the method of choice for
transient transfections, especially into COS cells, and is by far the
most preferred method for transfecting attached cell lines.

Electroporation, which relies on an electric pulse to reversibly
permeabilize the cell’s plasma membrane, creates transient pores
on the surface of the cell that allow plasmid DNA to enter. This
technique is also very rapid, and the protocols are straightforward
and can be used in a variety of cell types. Electroporation can be
used on suspension cell lines and attached cells, which have been
detached from the plate. Electroporation is most efficient when
the DNA is linearized prior to transfection (Trill, unpublished). It
also offers the unique advantage that a majority of the DNA is
integrated in single copies at single sites without any rearrange-
ments (Boggs et al., 1986; Toneguzzo et al., 1988). This is signifi-
cant when assessing stability and chromosomal location of the
gene within the cells and the expressed protein.

Clonal or Polyclonal Selection?

There are advantages and disadvantages to selecting cells as
bulk populations over their selection as clones through limit dilu-
tion, colony formation, or fluorescence-activated cell sorting
(FACS). On the one hand, polyclonal lines can be derived much
more quickly than clonal lines, and a reasonable expression level
can be achieved in many cases. On the other, there are also many
inherent problems with this method. For example, expression
levels tend to be diluted by a population of nonproducers within
the selected population. These cells contain the transfected
plasmid and an intact, fully functioning drug selection gene, but
have somehow lost expression from the gene of interest. Within
such populations, the risk is great that nonproducers will eventu-
ally overgrow the producers, further diluting expression levels.
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This problem is compounded by the tendency of overexpressing
cells to grow slower than low or nonexpressors.

In general, it is preferable to select clones rather than polyclonal
populations in order to achieve the highest reproducible expres-
sion. However, the isolation of clonal lines is considerably more
time-consuming and labor-intensive. In addition you will need to
evaluate expression from tens to hundreds of clonal cell lines
rather than a polyclonal population from a single flask.

Whatever selection method you should choose, you will need to
do some type of experimentation to assess such cell line charac-
teristics as growth, viability, and protein expression.

Scale-up and Harvest
The final task prior to purification of the recombinant protein

is to convert your cell culture into a “factory” for the production
of the desired recombinant protein. Again, the type of system that
you employ depends largely on the intended use of the protein
and how much will be needed. Other deciding factors include cost
and complexity of use. Benchtop fermentation systems can be pur-
chased from a number of companies, and each system has its own
distinct pro’s and con’s.

The following systems are restricted to volumes of one liter or
less of culture due to limitations in O2 transfer. These include the
following:

• Attachment cell culture using T-flasks, roller bottles, and
other carriers such as CytodexTM (Amersham Pharmacia Biotech),
CultiSpher® (HyClone), and Fibra-Cel® disks (New Brunswick
Scientific).

• Spinner flasks for use with a stir plate apparatus. One can
use suspension cell lines or attached cells grown on carrier 
surfaces.

• Shake flasks in systems that range from individual platforms
placed into incubators to self-contained chambered shakers 
allowing independent control of temperature and CO2 gassing.
Shake flask systems are mainly used for growth of suspension cell
lines.

Medium volumes, more complex than above, include the 
following:

• CellCube® (marketed by Corning) is a closed loop perfusion
system for the culture of attachment-dependent cell lines.

• Wave Bioreactor (www.wavebiotech.com) consisting of a
fixed rocker base and a disposable plastic Cellbag.This system can
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be used in volumes from 100ml to 10L for both suspension cells
and cells on carriers.

Ideal for larger volumes (ranging from 1 to 10,000L), although
more complex and costly, are the following:

• Stirred tank bioreactors come in all shapes and sizes. They
have modular designs, can be upgraded and are versatile, allow-
ing one to control dissolved O2, airflow, temperature, impeller type
and speed, pH, nutrient addition, and vessel size. One can also
perform two-compartment fermentation through the use of dial-
ysis membranes separating cells from the medium. You can vary
the mode of culture using either a fed-batch or perfusion process
to maximize protein expression. These bioreactors are best suited
for growing suspension cell cultures. However, a fibrous-bed of
polyester disks may be employed as a matrix for high-density
growth of cells immobilized on the disks for use in the stirred tank
bioreactors.

• Hollow fiber bioreactors are composed of a matrix of hollow
fibers that separate the bulk of the culture medium from the cell
mass by means of hollow-fiber walls, allowing production of high-
density cultures of viable cells in the extracapillary space. Cells are
nourished by nutrients circulating in the ICS (intracapillary space)
medium that readily diffuse across the hollow-fiber membrane.
This system is ideal for production of secreted proteins, specifi-
cally monoclonal antibodies, and can be used for both suspension-
and attachment-dependent cells.

Gene Expression Analysis
Following gene transfer, the time has come to determine how

successful your expression efforts have been. This is done by
analysis of either cells or cell lysates in the case of intracellular 
or membrane proteins, or conditioned medium in the case of
secreted proteins. It is presumed at this point that you have spe-
cific detection reagents for the expressed protein, that the protein
is tagged for detection, or that there is a specific functional assay
in place for detecting the protein’s biological activity. If the
expressed protein is fairly well characterized, there are likely 
to be commercial antibodies for Western blot analysis and/or
enzyme-linked immunosorbant assay (ELISA) detection.

The Pro’s and Con’s of Tags

If the expressed protein is not well characterized or completely
novel, then it is useful to have an epitope tag (e.g., FLAG, HA,
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His6, c-myc as described above) fused to the expressed protein.
This will enable detection of protein expression in the absence of
specific reagents and will aid in purification. Various tag detection
reagents are commercially available through various vendors. In
the case of receptors, tagging can be particularly useful when
trying to determine if the receptor is expressed onto the cell
surface. For example, HA (hemagglutinin) tagging has been used
to detect cell surface staining of 7TM receptors (Koller et al.,
1997). In our experience we have relied extensively upon the use
of immunoglobulin Fc fusions as a reporter to monitor expres-
sion. Fc fusions are easy to detect both by ELISA and Western
blotting using commercially available reagents. Recently we have
employed the Origen technology (IGEN, www.igen.com) based
electrochemiluminescence detection method (Yang et al., 1994)
which we have adapted for the direct detection of Fc expression
from individual colonies (Trill, 2001). Following expression of Fc
fusions, one can often utilize Fc fusion proteins directly in screens.
Alternatively, a protease cleavage site can be engineered for
removal of the Fc following purification.

The expression of novel or uncharacterized proteins requires
special consideration for detection. On the one hand, there is
likely to be very little known about what regions of the protein
are important for function.Thus one would ideally like not to have
additional residues such as tags, which could potentially interfere
with folding (e.g., activity) or expression. However, since there are
usually no specific detection reagents or functional assays avail-
able, it is often necessary to add a tag anyway in order to detect
and purify the protein. Alternatively, one could consider the pro-
duction of antibodies raised to antigenically pronounced regions.
Certain vendors will do both the peptide synthesis and immu-
nization. However, this will take several weeks to months, and
there is no guarantee that high titer or neutralizing antibodies will
be obtained. Since turnaround time is usually a critical parameter
for expression projects, most researchers will take the chance of
adding an epitope tag for initial expression. At the same time, if
cost and resource are not prohibitive, it is also safest to express
both tagged and untagged versions and to prepare peptide anti-
serum in the process.

Most commercial expression vectors contain modular regions
for the optional incorporation of tags. This is a convenient way to
fuse tags to an expressed protein. However, the options for tag
fusions in commercial vectors are frequently limited to C-
terminal tags, which are more prone to clipping through the action
of carboxy peptidases in the cell. Furthermore the fusions in most

516 Trill et al.



commercial vectors also include a significant number of extrane-
ous residues derived from the polylinker region that could affect
protein folding and activity. Thus, while the one-size-fits-all com-
mercial vectors are generally suitable for initial expression, you
will probably want to design more precise fusion constructs with
either N-terminal or C-terminal tags.

Tags can provide other benefits for expression. For example,
some researchers have found that the use of large soluble tags
such as GST can enhance the solubility of certain proteins, which
favors the production of active protein (Davies, Jowett, and Jones,
1993; Weiss et al., 1995; Ciccaglione et al., 1998). We have also
observed that the additional C-terminal immunoglobulin Fc
fusions sometimes result in the enhanced production of certain
proteins secreted from CHO cells. Thus the addition of tags for
detection and purification remains an empirical process, as does
the choice of a system in which to express the protein.

Functional Assays

In many cases the most efficient way to screen for expression is
not through direct detection of the protein itself but through some
kind of functional assay for the expressed protein’s biological
activity (e.g., apoptotic, chemotactic, proliferative, or enzy-
matic). Crude cellular extracts or conditioned medium containing
secreted proteins can sometimes be directly screened for biologi-
cal activity. Functional assays are particularly useful when screen-
ing for the expression of a receptor whose ligand is known. In this
case, clones can be directly screened for cellular responses to
added ligand. Calcium-mobilization and cAMP assays are two of
the most commonly used methods of detecting signal transduction
through G-coupled-protein receptors.

TROUBLESHOOTING

Finally, after weeks or even months of selection, you have iso-
lated clonal cell lines that should be expressing large quantities of
protein. However, Western, ELISA, or functional assays are per-
formed, and they show that little or even no protein is being
expressed.What can and should you do now? There are many pos-
sible explanations for why you fail to detect a protein.

Confirm Sequence and Vector Design
The first thing to do if you haven’t already done so is to double-

check the original design of the expression vector and the con-
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firmed sequences. In some cases an overlooked point mutation or
mistake in the original design is the problem. Ideally such prob-
lems are best uncovered before weeks of work have been devoted
to selecting lines. It cannot be overstated that one should make
every effort to check and double-check sequences and vector
designs in order to ensure that this never happens. It is also a good
idea to first confirm expression by performing transient assays
(e.g., in COS cells).

Once you have ruled out problems with the expression con-
struct, there are a few obvious places where problems may be
occurring. First, one could perform Northern blot analysis or RT-
PCR to determine if any message is produced. The second possi-
bility is that the protein tag is being proteolytically removed. Many
C-terminal tags are prone to clipping as mentioned above. If clip-
ping is the problem and there is no other way of detection, it will
be difficult to prove that your protein is being expressed and even
more difficult to purify it. However, you might be lucky and find
that the expression levels are high enough to enable detection
through direct staining of SDS-PAGE gels either with Coomassie
Blue or silver stain. If direct detection is ambiguous, then you will
either have to wait for specific peptide antibodies to detect the
untagged protein or have to modify the expression to limit prote-
olytic digestion (e.g., removal of arginine-serine rich sequences
that may be the target of proteolysis). Baculovirus, being a lytic
system, is particularly prone to protease problems. In some 
cases researchers have even resorted to adding protease inhibitors
directly to the infection in order to inhibit proteolysis as it is occur-
ring (Pyle et al., 1995). This is not highly recommended, however,
since the protease inhibitors also tend to inhibit cellular and viral
functions. On the other hand, the addition of protease inhibitors
upon harvest and lysis is imperative in order to prevent such 
proteolysis during purification.

Secreted proteins present their own particular set of issues
related to processing and trafficking the protein out of the cell.
If a protein is not naturally secreted to high levels, one may find
that the native signal peptide sequence does not guide efficient
secretion into the ER (endoplasmic reticulum). In these cases 
one may consider replacing the native signal sequence for a
known efficient signal peptide sequence. For the Drosophila S2
system, we have utilized a signal sequence derived from chaper-
one protein HSC3 (Drosophila BIP) (Rubin et al., 1993). This
sequence has been adapted into commercial vectors sold by 
Invitrogen.

518 Trill et al.



Investigate Alternate Hosts
The choice of an expression host is often a critical parameter for

efficient expression, but it is not usually possible to predict which
system will work for a particular protein. Certain hosts may
contain the necessary processing machinery while others do not.
Thus it is often worthwhile to switch to a new system if expression
is not initially detected. One can learn a great deal by performing
transient expression assays in different hosts to narrow the field of
compatible host systems. This is best done first, before all the time
and effort is expended in the selection of stable cell lines.

Finally, one of the most difficult problems that you can face is
expression of an inactive protein. This is particularly troublesome
when expression levels are good and the protein appears fully
soluble. In many cases the protein requires additional processing
that is not supplied by the host cell.Alternatively, the host cell may
lack a particular cofactor or signaling component that is necessary
to establish activity. For example, G-coupled-protein receptors
signal through specific G-proteins, interacting directly through one
of several different G alpha subunits. The absence of a specific G-
protein subunit could impair receptor function when expressed in
certain hosts. Fortunately this specific problem can be ameliorated
by co-transfection with one of several promiscuous G-protein sub-
units that will couple functionally with a broader range of recep-
tors (Offermanns and Simon, 1995). However, not all cofactors are
quite so well characterized to enable their supplementation. In
most cases, if the cofactor is not endogenous to that host, then
expression of active protein will not be directly possible. Again,
exploring a number of different cellular hosts will often be the best
approach to achieving the desired product.

A Case Study of an Expressed Protein from 
cDNA to Harvest

It is easy to explain how one goes about expressing a particu-
lar gene of interest, but how does this relate to real laboratory 
situations? The following example of a gene, which we will call
ABCD, may help illustrate this.

Information concerning the gene has been published, and 
its sequence is also contained in the GenBank database. The 
gene contains 349 amino acids, including the signal peptide. North-
ern blot analysis indicates that the gene is highly expressed in 
the vascular endothelium. It is a secreted, cysteine-rich, gly-
cosylated protein that has both chemoattractant and mitogenic
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activity. We wish to use this protein as a reagent in screening
assays, as a comparison to a homologue we previously expressed.
We do not have the gene for this protein, but analysis of in-house
cDNA libraries indicates that the gene is present in one of our
clones.

The homologue, designated ABCD-Like, was originally
expressed in a baculovirus expression system using a N-terminal
His6 epitope tag, separated from the gene of interest with a factor
Xa cleavage site. This strategy was based on published reports of
similar proteins. Expression levels were very low, which led to
purification problems. We were then forced to consider alterna-
tive strategies. ABCD-Like was recloned into a mammalian
expression vector as a C-terminal Fc fusion protein and expressed
in the CHO-DG-44 cell line, which had been adapted for suspen-
sion growth in a serum-free medium. We were able to express
ABCD-Like at very high levels.

Let’s revisit our original three questions, and determine what
steps we need to take. We know what the gene is, we know where
to find it, and we know a number of facts about ABCD, includ-
ing its intended use. Finally, we have an idea of what expression
system to use based on previous work with the homologue
ABCD-Like.

Using the sequence we located in GenBank, a PCR primer is
designed to trim the 5¢ end of the gene and add a unique restric-
tion site. To the 3¢ end of the gene, sequences encoding a Factor
Xa cleavage site and a unique restriction site are likewise intro-
duced. The generated PCR fragment could be cloned into our
pCDN/Fc vector (Aiyar et al., 1994) as an Fc fusion protein. Upon
positive sequencing results, the resulting plasmid, pCDN-
ABCD/Fc is linearized and electroporated into our CHO cell line
and selected for resistance to maintenance medium without nucle-
osides, since our plasmid contains the mouse dhfr gene. The
colonies that arise are assayed using a Fc sandwich assay with an
Origen analyzer, and the high expressors are expanded. A single
clone is eventually scaled up into flottles (a cross between a flask
and a bottle). A flottle is often referred to as a modified Fernbach
Flask, and is available from Corning. The clone is grown for 13
days to produce enough medium for purification and testing. N-
terminal sequence analysis of the purified protein revealed the
correct mature protein sequence, indicating that processing had
occurred. Western blot analysis revealed the presence of two
smaller bands. N-terminal analysis of these bands indicated that
the protein was cleaved several amino acids before the N-
terminus of the Fc region.
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The entire process, from inception to purification, took less than
three months to complete. There still was the problem of deter-
mining how to eliminate the extraneous cleavage products.Analy-
sis of the amino acid sequence revealed a “possible” arginine-rich
protease cleavage site. Site directed mutagenesis was performed
to eliminate the suspect amino acids. Subsequent re-expression in
CHO, using the aforementioned techniques, demonstrated that
the correct uncleaved protein was obtained.

SUMMARY

The expression of recombinant proteins in eukaryotic systems
represents an important technological advance in the study of the
biological function of proteins. This technology enables the isola-
tion of authentic, post-translationally modified proteins in large
quantities without having to purify them from a native source. In
pharmaceutical research and development, recombinant proteins
are used to supply high-throughput drug screens, functional
studies, structural biology, and therapeutic agents. In this chapter
we have discussed the process by which one goes about finding a
gene for expression of a protein, choosing an appropriate expres-
sion host, choosing an appropriate vector for that host, cloning the
gene into the vector, transfection of the recombinant vector into
the host, isolating cells that are expressing the protein, and scaling
protein expression for purification.We have also discussed several
possible pitfalls commonly encountered and suggestions on how
best to fix these problems. The practical considerations on these
topics discussed in this chapter are intended to help guide one
through the vast array of possible expression systems that one has
to choose from including many commercial systems that bring
recombinant protein expression technology to virtually anyone
who wants to use it.

SECTION B: WORKING WITH BACULOVIRUS

PLANNING THE BACULOVIRUS EXPERIMENT
Is an Insect Cell System Suitable for the Expression of 
Your Protein?

The first choice for recombinant overexpression of a plain
vanilla cytoplasmic protein is nearly always E. coli. For many of
the remaining proteins that are membrane bound, covalently
modified, secreted, or components of multiprotein complexes,
expression in eukaryotic cells is the system of choice. Expression
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in cells from higher organisms can also be a solution for proteins
that, when expressed in bacteria, are insoluble or are expressed as
truncated products due to proteolysis, premature translational ter-
mination, or the presence of rare codons (Pikaart and Felsenfeld,
1996). In some instances it may be useful to express soluble
protein from a eukaryotic source as a “gold standard” to compare
with refolded protein from a bacterial source.

The most commonly used eukaryotic cells for recombinant
protein expression are derived from mammalian or insect tissues
and utilize either viral- or plasmid-based vehicles to transduce
your gene of interest. This section will address using baculovirus
infection of insect cells as a way to provide modest levels (1–10
mg/L) of proteins in a reasonably quick time frame (7–10 days).

Although recombinant baculoviruses are most often used to
infect cultured insect cells and caterpillars, a more recent devel-
opment has been their use as transfer vectors for mammalian cells
(Condreay, 1999; Kost and Condreay, 1999). Several types of mam-
malian cells are capable of baculovirus uptake and transient
expression of recombinant genes, but are incapable of producing
progeny virus. This technique has proved particularly valuable for
introducing genes into cells that are notoriously difficult to trans-
fect using more traditional methods. It is likely that recombinant
baculoviruses incorporating a more specific uptake mechanism by
an established receptor-ligand pair will make this approach more
common in the future.

Should You Express Your Protein in an Insect Cell Line or
Recombinant Baculovirus?

Insect cell expression is relegated to the creation of a cell line
or to a lytic infection with recombinant baculovirus infected cells.
General descriptions for the creation of stable insect cell lines 
are given by McCarroll and King (1997), Ivey-Hoyle (1991),
and Benting et al. (2000). Invitrogen and Novagen sell reagents 
to produce such lines and provide detailed manuals available on
their Web sites. The most important differences in the two
approaches lies in the level of attention needed to maintain the
various cell lines, in the elapsed time before it is possible to eval-
uate expression of a given construct, and in the relative ease of
expressing multiprotein complexes (Table 16.4). There are several
instances where expression in a baculovirus system makes sense
as a first choice. Since insect cells can be infected with multiple
different baculoviruses, each expressing an individual protein, this
system requires no additional time to analyze the expression of
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multiple-protein complexes. A comparable insect cell line may
require months for the sequential isolation of clonal cell lines that
express more than one protein. Baculoviral genes show little evi-
dence of codon bias (Ayres et al., 1994; Levin and Whittome,
2000), and expression in this system may be preferable with genes
that contain numerous rare codons for Drosophila. If a gene has
suspected cellular toxicity, a cell line may be unattainable, making
baculovirus a more suitable expression choice. Perhaps the most
common reason for using the baculovirus approach is the rapid-
ity with which recombinant protein can be obtained. For the
expression of a soluble cytoplasmic protein, it is possible to obtain
protein from as much as a few liters of baculovirus infected cells
within 7 to 10 days from the initial transfection. The analysis of a
comparable amount of cells from a cell line would take 3 to 4
weeks from the initial transfection.

Expression from an insect cell line is preferable for proteins that
are secreted or require a modification such as glycosylation or acy-
lation. Most protein expression from baculovirus late or very 
late promoters occurs just prior to cell lysis, and as a result the 
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Table 16.4 Comparison of Protein Expression Systems

Insect Cell Line Baculovirus E. coli

Nature of Inducible or constitutive Lytic viral infection Inducible
expression cell line

Modifications System of choice, since cells Modifications may not occur Not present
• Glycosylation are not dying at the time efficiently, since cells are 
• Myristylation of highest expression dying at the time of 
• Palmitoylation highest expression
• Sulfation
• Isoprenylation
• GPI linker 

addition
Codon preference Bias against certain codons Very little codon bias Bias against 

in Drosophila certain codons
Expression of >1 Time-consuming Straightforward Can be done

protein
Ease of cell Easy Cells need careful attention; Easy

culture plaque assay must be
mastered

How soon after 3–4 weeks after transfection 7–10 days after transfection 1 day after
making my transformation
expression
plasmid will
I have 1 L of
cells to
examine?

Storage Frozen cells Virus at 4°C or Frozen Frozen cells or
stocks plasmid DNA



cellular machinery for protein export or modification may be 
compromised.

Procedures for Preparing Recombinant Baculovirus
This chapter will not discuss the common protocols available

for baculovirus expression. References that contain good proto-
cols for cell culture and handling of virus are King and Possee
(1992), O’Reilly, Miller, and Luckow (1992), and Murphy et al.
(1997). Additionally manuals for cell culture and baculovirus
expression can be obtained from the Web sites at Invitrogen,
Novagen, Clontech, and Life Technologies. Miller (1997) has
details of baculovirus biology.

Criteria for Selecting a Transfer Vector
Epitope Tags

Baculoviruses are most easily formed by homologous recombi-
nation between viral DNA containing a lethal deletion and a
transfer vector plasmid containing the gene of interest flanked by
viral sequences. There are dozens of baculovirus transfer vectors
commercially available, and manufacturers are coming up with
new ones all the time. Good sources of vectors are Novagen,
Pharmingen, Clontech and Invitrogen; check their Web sites for
new ones that are not described in the catalogs. Commercial
vectors often include sequences for “tags” that are useful for mon-
itoring protein expression by immunoblot analysis. If the protein
needs to be purified, the inclusion of an epitope tag that can be
bound to an affinity resin (e.g., anti-Flag antibody resin for the
Flag® epitope or a metal chelate resin for His6 tagged proteins)
will minimize the processing steps needed to obtain homogeneous
recombinant protein.

Choice of Promoter

Most proteins are expressed from transfer vectors containing
the very strong p10 or polyhedrin promoters that are most 
active very late (20–72 hours postinfection). Since expression 
from these promoters occurs at a time when such modifications 
as glycosylation are compromised because of the cytopathic
effects of the viral infection, modified proteins are best expressed
using the moderately strong basic protein or 39K promoters 
that are active at slightly earlier times (12–24 hours postin-
fection) (Hill-Perkins and Possee, 1990; Murphy et al., 1990;
Jarvis and Summers, 1989; Sridhar et al., 1993; Pajot-Augy et al.,
1999).
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Cloning Strategy

An alternative approach to obtaining a recombinant bac-
ulovirus is available from Life Technologies (Bac-To-BacTM).
Instead of recombination occurring in the insect cell, the recom-
binant viral DNA is recovered from E. coli and subsequently
transfected into insect cells (Luckow et al., 1993). A disadvantage
of this system is that it requires the manufacturer’s limited set of
transfer vectors. In addition there are less commonly used proce-
dures for making the viral recombinant DNA in vitro (Ernst,
Grabherr, and Katinger, 1994; Peakman, Harris, and Gewart, 1992)
or in yeast (Patel, Nasmyth, and Jones, 1992). The ability to make
recombinants in vitro is essential for creating baculovirus expres-
sion libraries, and the in vitro procedure may be required for the
expression of proteins that are toxic to insect cells.

Control Elements

Although insect cells have the ability to splice RNA, often just
the open reading frame with a minimal amount of untranslated
flanking regions is inserted into the transfer vector. It is probably
better to utilize baculoviral polyadenylation sequences (often
present on the transfer vector) rather than substituting one 
such as the SV40 terminator (van Oers et al., 1999). Upstream
sequences do have an influence on the rates of RNA transcription
and/or protein translation, but no pattern has yet emerged
(Luckow and Summers, 1988).There is limited evidence for a con-
sensus base context around the initiating ATG (AAAATGA:
Ranjan and Hasnain, 1994; Ayers et al., 1994), although experi-
ments with transfected cells suggest a preference for A or T imme-
diately downstream of the initiation codon (Chang, Kuzion, and
Blissard, 1999). This apparent lack of a highly preferred initiation
sequence (“Kozak” sequence) makes it possible to transplant
inserts from bacterial expression vectors directly into a baculovirus
transfer vector. As an added benefit, the presence of bacterial
sequences upstream of open reading frames may enhance bac-
ulovirus expression of the gene of interest (Peakman et al., 1992).

Which Insect Cell Host Is Most Appropriate for 
Your Situation?

Three cell lines are commonly used for baculovirus expression;
Table 16.5 illustrates differences among them. Sf21 cells are
ovarian cells derived from Spodoptera frugiperda (fall army
worm) and Sf9 are a subclone of Sf21. T. ni (available as High
FiveTM) cells are from Trichoplusia ni egg cell homogenates. For
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initial transfections, Sf9 or Sf21 cells are best because they produce
large amounts of virus. Plaque assays are best done with Sf9 or
Sf21 cells for the same reason. Sf9 cells are preferred for plaque
assays since the plaques on these cells have sharply defined edges
with clearer centers compared to plaques on Sf21 monolayers. For
expression, T. ni often produces more protein than the other two
lines, but due to its adherent and clumping habit, it is more dif-
ficult to adapt to suspension culture (Saarinen et al., 1999). It is
generally best to have two insect cell lines growing—either Sf9 or
Sf21—and cells from T. ni.

It can’t be stressed enough that success with the baculovirus
system depends on healthy cells and that careful attention to pro-
viding optimal growth conditions will avoid many common
expression problems. Insect cells are grown at 27 to 28°C in a non-
CO2 incubator. They can be grown at room temperature on the
benchtop, but because of possible unanticipated temperature fluc-
tuations, an incubator is preferred. The best temperature control
requires an incubator equipped with cooling capability.

Unfortunately, these cells have a narrow range of densities at
which they will grow—between around 1 ¥ 106 and 4 ¥ 106/ml (Sf9
and Sf21 in serum-containing media) or slightly lower densities
for T. ni cells. Slightly higher densities can be obtained in serum-
free media. Cells will cease growing if diluted too much, and they
will begin to die if allowed to remain at the higher densities for
more than a day or two. With a doubling time of around 24 hours,
this means they must be split every two to three days. The cells
are generally passaged continuously until there is a noticeable
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Table 16.5 Commonly Used Cell Lines for Baculovirus Expression

Sf9 Sf21 T. ni (High FiveTM)

Initial � �
transfection

Plaque assay �
Expression of �

secreted
proteins

Expression of � � �
cytoplasmic
proteins

Adaptation to Easy Easy Challenging due to 
suspension clumping
culture

Media Serum-containing Same as Sf9 Same as Sf9 and some 
and serum- or made specifically
protein-free for these cells
preparations



increase in the doubling time, or a decreased sensitivity to viral
infection. This seems to occur when cells are grown in serum-free
media after about 30 to 50 passages. At that time a fresh culture
is started from frozen cells.

IMPLEMENTING THE BACULOVIRUS EXPERIMENT
What’s the Best Approach to Scale-Up?

Cells are initially grown in 75 or 150cm2 flasks and transferred
to suspension culture in spinner flasks or shake flasks for scale-up.
An advantage of suspension culture is that cells are subjected to
less handling, so they will attain higher densities than in station-
ary flasks. The cell volume should not exceed 50% of the flask
volume as the oxygen demand increases greatly after infection.
There are several types of media that can be used, including
serum-free preparations and formulations specifically made for T.
ni cells. Cells grown in the presence of serum may require a
weaning period before being adapted for growth in serum-free
media. For the expression of cytoplasmic proteins, all types of
media will give adequate expression levels, but for secreted pro-
teins a low-protein or serum-free preparation may be preferred.
An important consideration for secreted proteins is that serum-
free media often contains Pluronic (a detergent). If a downstream
purification step requires a media concentration step, pluronic
micelles will be concentrated as well, and this may affect subse-
quent chromatography efforts.

If large quantities of protein are required, it is worth com-
paring protein expression with a selection of both serum-
supplemented and serum-free media preparations as part of an
optimization effort. Unfortunately, no one media preparation
seems to be optimal for all proteins. Many manufacturers of
serum-free media occasionally have not been able to meet con-
sumer demand at one time or another, so it is worth identifying
an alternate commercial source for an acceptable serum-free
preparation.

Virus stocks should be prepared in serum containing media or
serum-supplemented serum-free media. The presence of pluronic
in the growth medium may result in decreased virus production
(Palomares, González, and Ramirez, 2000).

What Special Considerations Are There for Expressing 
Secreted Proteins?

In general, the levels of secreted proteins from baculovirus
infected cells are low (less than 10mg/L), but there are examples 
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of proteins that are secreted at levels greater than 100mg/L
(Mroczkowski et al., 1994; George et al., 1997). Secreted proteins
require a signal sequence for export to the media; commercial
vectors (available from Stratagene, Pharmingen, and Novagen)
that provide a signal sequence or the native signal sequence can
be used. A bacterial signal peptide will also direct secretion of
eukaroytic proteins in insect cells (Allet et al., 1997). It may be
worth trying several different signal sequences, for no one
sequence seems to work best for all proteins (Tessier et al., 1991;
Mroczkowski et al., 1994; Golden et al., 1998). Of the commonly
used cell lines, T. ni cells often produce higher levels of secreted
proteins (Hink et al., 1991; Wickham and Nemerow, 1993;
Mroczkowski et al., 1994).

Although the baculovirus system can quickly provide recombi-
nant protein, it may not be the optimal approach to obtaining the
highest levels of secreted protein possible. It is worth taking the
time in parallel with baculovirus efforts to produce an insect cell
line that overexpresses the gene of interest (Jarvis et al., 1990;
Farrell et al., 1998). That way a backup expression system is in
place in case the levels of protein from the baculovirus infection
are intolerably low.

What Special Considerations Are There for Expressing 
Glycosylated Proteins?

Insect cells perform N-linked glycosylation at sites that are sim-
ilarly targeted in mammalian cells, but in insect cells the modifi-
cations are of the high mannose type with inefficient trimming 
of the core sugar residues or just the trimannosyl core structure
(reviewed in Altmann et al., 1999). There are several approaches
available to obtain more complex glycosylation patterns typical 
of mammalian cell expression. Infection of cells from Estigmene
acrea (available from Novagen) may produce a more mammalian-
type of glycosylation pattern (Wagner et al., 1996a; Ogonah, 1996).
Co-expression of a mammalian glycosyltransferase may result in
a more complex glycosylation pattern (Wagner, 1996b; Jarvis and
Finn, 1996; Jarvis, Kawar, and Hollister, 1998). Similarly, use of a
Sf9 host cell that has been engineered to constitutively express 
a glycosyltransferase can be used for the same effect (Hollister,
Shaper, and Jarvis, 1997). The addition of mannosamine to
infected insect cells can increase the level of terminal N-
acetylglucosamine structures in recombinant proteins (Donaldson
et al., 1999).
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What Are the Options for Expressing More Than 
One Protein?

A significant advantage to the baculovirus expression system is
the ease of expressing multiple proteins. The ability to co-express
proteins allows for the expression of heterodimers (Stern and
Wiley, 1992; Graber et al., 1992) and even larger multiprotein com-
plexes such as virus particles (Loudon and Roy, 1991). In one
notable case, co-expression of seven herpesvirus proteins from
seven different baculoviruses allowed replication of a plasmid con-
taining a herpesvirus origin of replication (Stow, 1992). Cells can
be simultaneously infected with multiple baculoviruses expresing
different proteins, or recombinant baculoviruses can be made that
have up to four separate promoters each regulating a different
gene (Weyer, Knight, and Possee, 1990; Belyaev, Hails, and Roy,
1995).Vectors that express two or more proteins are available com-
mercially (Pharmingen, Clontech, and Novagen). In contrast to
mammalian cells, baculovirus infected insect cells do not make effi-
cient use of an internal ribosomal entry site (IRES) sequence for
the expression of multiple proteins (Finkelstein et al., 1999).

Co-expression also enables one to express modifiers of the
target protein. Examples of this are co-expression of biotin ligase
to obtain biotinylation (Duffy, Tsao, and Waugh, 1998), prohor-
mone convertase to obtain proteolytically processed TGFb1
(Laprise, Grondin, and Dubois, 1998), and signal peptidase to
enhance processing efficiency for a secreted protein (Ailor and
Betenbaugh, 1999).

How Can You Obtain Maximal Protein Yields?
Optimizing the host cell selection, cell density at infection, mul-

tiplicity of infection, type of media, and the time of harvest will
allow maximal recovery of the protein of interest (Licari and
Bailey, 1992; Power et al., 1994). All five conditions are interde-
pendent, and it is possible that protein yields may be equal from
a relatively low multiplicity of infection (moi) of dilute cells har-
vested after five to six days compared to high moi infection of a
dense culture harvested after two days. If cells are being grown on
a larger scale (e.g., in suspension cultures in 1L spinner flasks),
expression optimization should be done under such conditions.
Although it may be convenient to examine infection conditions in
small culture dishes such as a 24 well cluster dish, optimal para-
meters for cells growing in a stationary flask are likely to be very
different from cells growing in suspension. A reasonable strategy
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to start an optimization procedure is to infect 200ml of 1.5 ¥
106 cells/ml growing in three 500ml spinner flasks with moi’s of
0.1, 1, and 10, and then to remove 10ml aliquots of cells every 24
hours for 5 days. For intracellular proteins, the cells should be
lysed as they would for downstream purification, and both the
soluble and insoluble fractions examined for the presence of the
protein of interest.

What Is the Best Way to Process Cells for Purification?
For cytoplasmic proteins, cells are recovered by pelleting and

washed with a buffer to remove media components. Infected cell
pellets can be further processed or stored frozen until needed.
Insect cells can be lysed by hypotonic lysis after incubation in a
buffer lacking salt; disruption is completed by using a dounce
homogenizer. Cells can also be lysed with a buffer containing a
detergent such as Triton, CHAPS, or NP-40. Sonication should not
be used as lysis conditions are difficult to control and reproduce
from one preparation to another. It is important to keep the
preparation on ice and perform cell lysis in the presence of a cock-
tail of protease inhibitors to avoid proteolysis. The lysate should
be cleared by centrifugation at 100,000 ¥ g to remove large aggre-
gates and insoluble material. Cleared lysates are then ready for
chromatographic purification.

For nuclear proteins, nuclei are obtained following hypotonic
lysis or detergent lysis and salt extracted to remove nuclear-
associated proteins. Secreted proteins are generally recovered
from cell-free clarified supernatants by direct adsorption to a
chromatographic resin.

TROUBLESHOOTING

Western blot or a biochemical analysis of transfected cells
should indicate expression of the gene of interest three to seven
days after the transfection. It is rare that a protein is not expressed
at all in baculovirus infected cells, and an observed lack of protein
expression may be due to a variety of situations.

Suboptimal Growth Conditions
Many problems with baculovirus expression can be traced to

suboptimal cell growth conditions. Healthy cells should show high
viability (>98%) and have a doubling time of around 24 hours. If
either of these conditions is not met, efforts should be directed
toward getting a more robust cell stock. Start with frozen cells
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from the American Type Culture Collection (ATCC) or a com-
mercial source, and use heat-inactivated serum that has been 
certified for insect cell culture (available from Life Technologies)
in media without antibiotics. Grow cells initially in stationary
flasks as it is easier to monitor their progress. For passaging in
flasks, do not scrape or harshly pipette liquid over the cell mono-
layer. Instead, sharply rap the side of the flask to dislodge as many
cells as possible. Remove the cells and media, and distribute these
to new flasks containing additional fresh media; add back fresh
media to the remaining cells that have adhered to the original
flask for further growth. Once cells are growing in flasks in serum-
containing media, the cells from several flasks can be pooled for
growth in suspension and/or adaptation to serum-free media.

Viral Production Problems
A lack of protein expression may be due to inefficient produc-

tion of virus in the initial transfection step. The virus may benefit
from an amplification step by removing about 100ml of the media
from transfected cells and adding it to freshly plated uninfected
cells in a T25 Flask. Cells from this infection should show evidence
of viral cytopathic effect and demonstrate protein expression after
three to four days. Transfections are generally performed with
either a liposome mediated- or a calcium phosphate procedure
provided as a “kit” with commercial viral DNA. It is important to
follow the manufacturer’s instructions carefully. Plasmid DNA
should be very pure—preparations made with an anion exchange
matrix or cesium chloride banding work well. The DNA should be
sterilized by ethanol precipitation and resuspended in a sterile
buffer. Viral DNA is very large and susceptible to shearing; use a
sterile cut-off blunt pipette tip for transfers and never vortex it.
Insect cells must be healthy (>98% viable) and actively growing
in log phase when used for a transfection. If possible, transfections
should be done in cells growing in serum-containing media to
enhance the production of virus. Transfection conditions can 
be optimized with wild-type baculoviral DNA that produce 
distinctive polyhedrin in infected cells. Similarly optimization 
can be done with viral DNA from a baculovirus recombinant that
encodes an easily assayed protein (e.g., beta-galactosidase). The
presence of insert DNA incorporated into progeny virus can be
determined by PCR or Southern blot analysis.

Mutation
A lack of expression may be due to an unwanted mutation or

the presence of unintended upstream ATG sequences. The DNA
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encoding the open reading frame for the gene of interest in the
transfer vector plasmid should be verified by sequencing to rule
out this possibility. There is one report of translational initiation
occurring at a non-ATG codon, AUU, in a baculovirus expressed
protein (Beames et al., 1991). Occasionally larger transfer vectors
(>8kb) suffer deletions and will be unable to give rise to recom-
binant virus containing an intact gene of interest. Transfer plas-
mids should be digested with a few restriction enzymes to be sure
this has not happened. The use of smaller transfer vectors (<6kb)
often eliminates such genetic instabilities.

Solubility Problems
In general, many recombinant proteins that are insoluble in E.

coli become soluble when produced in insect cells.There are a few
proteins that are completely insoluble in insect cells and will need
to be denatured and refolded. More often, a protein will be par-
tially soluble, and for these situations, infection at a low multi-
plicity (<1 virus/cell) and harvest at an early time (<36 hours) is
usually beneficial. Co-expression with protein disulfide isomerase
or a chaperonin molecule may enhance the percentage of nonag-
gregated secreted proteins (Hsu, Eiden, and Betenbaugh, 1994;
Hsu et al., 1996; Ailor and Betenbaugh, 1998). Proteins that are
susceptible to degradation may benefit from the addition of a
signal sequence and export into the media (Mroczkowski et al.,
1994). Use of viral DNA from a baculovirus lacking a viral pro-
tease (available from Novagen) may also help in the expression
of proteins that are degraded in insect cells.

SUMMARY

Baculoviruses represent a versatile, relatively quick, minimal
technology approach to recombinant gene expression, especially
for proteins that are insoluble in E. coli or are covalently modi-
fied. All of these features make baculovirus expression an excel-
lent complement to a bacterial expression system, especially for
the production of proteins at levels <10mg. If a cloned gene is on
hand, the process of obtaining a recombinant baculovirus and ana-
lyzing the expression from approximately 1L of infected cells can
be completed in less than 2 weeks. Recombinant viruses can incor-
porate large amounts of DNA, making the expression of multiple
genes from one virus possible. Additionally, insect cells can be
infected with multiple viruses, allowing the expression of entire
signaling pathways or protein/modifier combinations. A drawback
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to the use of this system is the inability to produce glycoproteins
with complex N-linked glycans typical of mammalian cells. There
are various approaches to increase this capability in insect cells,
but none are truly optimal. Looking to the future, baculoviruses
may have a utility as gene-delivery vehicles for protein expression
not only in insect cells but also in a wide variety of mammalian
cells.
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