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Abstract

Attempts to obtain a recombinant protein using prokaryotic expression systems can go from a rewarding and rather
fast procedure to a frustrating time-consuming experience. In most cases production of heterologous proteins in
Escherichia coli K12 strains has remained an empirical exercise in which different systems are tested without a
careful insight into the various factors affecting adequate expression of the encoded protein. The present review will
deal with E. coli as protein factory and will cover some of the aspects related to transcriptional and translational
expression signals, factors affecting protein stability and solubility and targeting of proteins to different cell
compartments. Based on the knowledge accumulated over the last decade, we believe that the rate of success for
those dedicated to expression of recombinant proteins based on the use E. coli strains can still be significantly
improved.
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Introduction

High-level production of recombinant proteins as a
prerequisite for subsequent purification has become a stan-
dard technique. Important applications of recombinant pro-
teins are: (1) immunization, (2) biochemical studies, (3)
three-dimensional analysis of the protein, and (4) biotech-
nological and therapeutic use. Production of recombinant
proteins involves cloning of the appropriate gene into an
expression vector under the control of an inducible pro-
moter. But efficient expression of the recombinant gene de-
pends on a variety of factors such as optimal expression
signals (both at the level of transcription and translation),
correct protein folding and cell growth characteristics. Dis-
play of recombinant proteins on the bacterial surface has
many potential biotechnological applications and requires
further knowledge on targeting motifs present on carrier
proteins usually used as fusion partners. In addition, the se-
lection of a particular expression system requires a cost
breakdown in terms of design, process and other economic
considerations. The relative merits of bacterial, yeast, in-
sect and mammalian expression systems have been re-
viewed in Marino (1989).

This review article deals exclusively with Esche-

richia coli cells as a protein factory. Despite its extensive

knowledge on genetics and molecular biology, there is no a
priori guarantee that every gene can be expressed effi-
ciently in this Gram-negative bacterium. Factors influenc-
ing the expression level include unique and subtle
structural features of the gene sequence, the stability and ef-
ficiency of mRNA, correct and efficient protein folding,
codon usage, degradation of the recombinant protein by
ATP-dependent proteases and toxicity of the protein. The
objectives of this article are to review the potential influ-
ence of these different parameters on the yield of recombi-
nant proteins and to provide the reader with practical
suggestions allowing optimization of recombinant protein
production and targeting to different compartments of the
bacterial cell. For earlier reviews on high-level of gene ex-
pression in E. coli see Makrides (1996) and Swartz (2001).

DNA sequences involved in transcription

Three different DNA sequences and one multi-
component protein are involved in transcription of genes:
(1) the promoter, (2) the transcriptional terminator, (3) the
regulatory sequence, and (4) the RNA polymerase. The
RNA polymerase consists of five different components

termed α, β, β’, ω and σ. While α2ββω constitute the core

enzyme, addition of σ conferring promoter specificity

makes up the holoenzyme. The N-terminal part of α is in-

volved in dimer formation and binding to β and β’, and its C
terminus, tethered through a flexible linker to its N termi-

Genetics and Molecular Biology, 27, 3, 442-453 (2004)
Copyright by the Brazilian Society of Genetics. Printed in Brazil
www.sbg.org.br

Send correspondence to W. Schumann. University of Bayreuth, In-
stitute of Genetics, D-95440 Bayreuth, Germany. E-mail:
wschumann@uni-bayreuth.de.

Review Article



nus, is responsible for interaction with the UP element pres-
ent upstream of some promoters (see below) or with some

transcriptional activators. The β subunit binds the rNTPs,
contains the catalytic domain and is the target for the antibi-

otic rifampicin while β’ allows unspecific binding to DNA.

The role of ω is largely unknown but it is assumed to play a
role in RNA polymerase assembly. While all bacterial spe-
cies analyzed so far contain only one gene each coding for
the components of the core enzyme, most species possess

genes encoding multiple σ factors. One of these factors

functions as the primary or housekeeping σ factor and is in-
volved in the transcription of all those genes needed for

growth during the vegetative phase. The additional σ fac-

tors are called secondary or alternative σ factors and are
needed only under specific growth conditions (Gruber and
Gross, 2003). E. coli codes for six alternative factors where

σ32 is needed after a sudden temperature upshift and σS re-

places the housekeeping σ factor σ70 during the stationary

phase. So far, only σ70 is used in the production of recombi-
nant proteins.

As mentioned above, the σ factor is responsible for

the recognition of the promoter, and it follows that each σ
factor recognizes a different promoter. Promoters normally
consist of three regions called the -35 and the -10 box and
the spacer region separating both boxes. Alignment of
many promoters allows the deduction of a so-called con-

sensus sequence, and the consensus sequence for σ70 is
TTGACA - N17 - TATAAT. This sequence represents the
optimal promoter sequence with a spacer region of 17 nu-
cleotides. It should be mentioned that there is not a single
promoter present on the E. coli chromosome identical to the
consensus sequence. In most cases, there are one or two de-
viations in both the -35 and the -10 box. In addition, some
promoters contain a fourth region, the UP element located
upstream of the -35 box. The UP element consists of an
AT-rich sequence allowing interaction with the C-terminal

domain of the α subunit thereby increasing the promoter
strength. It functions as an independent promoter module,
and when fused to other promoters such as lacUV5, it stim-
ulates transcription (Rao et al., 1994). None of the promot-
ers directing the production of recombinant proteins makes
use of the UP element.

Besides the promoter, a transcriptional terminator is
required to allow termination of transcription. Two classes
of terminators have been described, factor-independent and
-dependent terminators. The first class consists of an in-
verted repeat followed by several A residues on the tem-
plate DNA strand. When the RNA polymerase has
transcribed the inverted repeat, it folds immediately into a
stem-loop structure at the level of mRNA to cause pausing
of the enzyme. Since the stem-loop structure is followed by
several U residues which make a weak interaction with the
A residues on the template DNA, dissociation of the en-
zyme results. But no terminator will result in the dissocia-

tion of each RNA polymerase molecule resulting in
readthrough-transcription into the neighboring gene(s). To
reduce this read-through, often two different transcriptional
terminators are placed in tandem on the expression vectors.
Particularly effective are the two tandem transcription ter-
minators T1 and T2, derived from the rrnB rRNA operon of
E. coli (Brosius et al., 1981). Protein-dependent termina-
tors have a more complex organization and some mecha-
nistic aspects are still not fully understood. So far, Rho
factor-dependent terminators have not been used in any ex-
pression system aimed at producing of recombinant pro-
teins in E. coli strains and will not be discussed here.

Genes are either expressed constitutively or regu-
lated. Two different classes of regulators have been de-
scribed, transcriptional repressors and transcriptional
activators. Repressors bind to operators located either
within the promoter region or immediately downstream
from it and, in most cases, prevent RNA polymerase-
promoter binding or act as a road-block. To relieve repres-
sion, the repressor has to dissociate from its operator. In
some cases, an inducer will be either synthesized by the cell
or taken up from the environment which binds to the repres-
sor causing dissociation from its operator. The LacI
repressor is the best studied example and will be discussed
below. Another class of repressors need a corepressor to
bind to the cognate operator. As long as high amounts of
corepressor are present in the cell, repression is exerted. If
the corepressor is being used up by the cells, the repressor
fails to bind to its operator. The TrpR repressor and its
corepressor tryptophan are the most prominent examples.
A third, though artificial possibility, are temperature-
sensitive repressors. These repressor alleles are isolated af-
ter mutagenesis of the repressor gene and cause an amino
acid replacement leading to the synthesis of a tempera-
ture-sensitive protein. At low temperatures (30-32 °C), the
repressor is active and binds to its operator. When cells are
shifted to high temperatures (40-42 °C), the repressor alters
its conformation and dissociates from its operator. This

principle is used with the cI repressor of bacteriophage λ.
Transcriptional activators in general bind upstream

from the promoter to a sequence designated upstream acti-
vating sequence (UAS). By binding to the UAS, the activa-
tor increases the possibility of the RNA polymerase to bind
to its promoter and further activates transcription initiation

by interaction with one of the subunits, in most cases the α
or the σ subunit. No expression system has been described
using a transcriptional activator.

DNA sequences involved in translation

Due to the complexity of the process the determinants
of protein synthesis initiation have been difficult to deci-
pher. It became clear that the wide range of efficiencies in
translation of different mRNAs is predominantly due to the
structure at the 5’ end of each mRNA species. Therefore, no
universal sequence for the efficient initiation of translation
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has been devised. The translation initiation region com-
prises four different sequences: (1) the Shine-Dalgarno se-
quence, (2) the start codon, (3) the spacer region between
the Shine-Dalgarno sequence and the start codon, and (4)
sometimes translational enhancers.

Shine and Dalgarno identified a sequence in the ribo-
some-binding sites (RBS) of bacteriophage mRNAs and
suggested that this region interacts with the complementary
3’ end of the 16S rRNA during translation initiation (Shine
and Dalgarno, 1974). In E. coli, the initiation codon AUG is
used predominantly (91%) followed by GUG (8%) and
UUG (1%) (Gualerzi and Pon, 1990). This preference coin-
cides with the translational efficiency where AUG domi-
nates (Vellanoweth and Rabinowitz, 1992). The spacing
between the Shine-Dalgarno sequence and the initiation
codon varies from 5 to 13 nucleotides and influences the ef-
ficiency of translation, too (Gold, 1988). Extensive studies
have been carried out to determine the optimal nucleotide
sequence of the translation initiation region and led to the
following results: (1) The Shine-Dalgarno sequence
UAAGGAGG enables 3- to 6-fold higher protein produc-
tion than AAGGA for every spacing; (2) the optimal spac-
ing for UAAGGAGG has been determined to be 4 to 8
nucleotides and 5 to 7 for AAGGA (Rinquist et al., 1992).

Furthermore, the secondary structure at the transla-
tion initiation region of the mRNA plays an important role
in the efficiency of gene expression. It has been shown that
occlusion of the Shine-Dalgarno sequence and/or the start
codon by a stem-loop structure prevents accessibility to the
30S ribosomal subunit and inhibits translation (Ramesh et

al., 1994). There are two reported cases where this principle
is used to significantly reduce translation of the down-
stream reading frame namely the rpoH mRNA coding for

the heat shock sigma factor σ32 in E. coli and mRNAs cod-
ing for small heat shock proteins in rhizobiae (Morita et al.,
1999; Nocker et al., 2001). In both cases, translation of
these mRNAs is achieved under heat shock conditions
leading to the melting of the secondary structure. There are
possibilities to minimize mRNA secondary structure in the
region of translation initiation. While the enrichment of the
RBS with adenine and thymine residues enhanced expres-
sion of certain genes (Chen et al., 1994), the mutation of
specific nucleotides up- or downstream from the Shine-
Dalgarno sequence suppressed the formation of mRNA
secondary structures and enhanced the translation effi-
ciency (Coleman et al., 1985; Gross et al., 1990). Se-
quences have been identified that markedly enhance the
expression of recombinant genes, and these modules have
been called translational enhancers. One example is an
U-rich region immediately upstream of the Shine-Dalgarno
sequence in the E. coli atpE gene (McCarthy et al., 1985).
This 30-base sequence has been successfully used to
overexpress the human interleukin-2 and interferon beta
genes (McCarthy et al., 1986).

Protein quality control: molecular chaperones and
ATP-dependent proteases

Proteins contain within their complete amino acid se-
quence all of the information necessary for attaining their
functional three-dimensional structure. But all newly syn-
thesized proteins face challenges in reaching their native
state within the crowded environment of the cell. While
some domains of a nascent chain might be capable of fold-
ing spontaneously, the folded structure cannot be obtained
until the entire domain is synthesized. This time lag in-
creases the chance that hydrophobic sequences normally
buried in the interior of the protein will become exposed,
resulting in protein aggregation. About 40 amino acids of
the nascent chain are protected from the cytosol by the ribo-
some exit tunnel. When the chain leaves the tunnel, molec-
ular chaperones bind preventing aggregation. Molecular
chaperones are ubiquitous and highly conserved proteins
that help other polypeptides to reach their native conforma-
tion without becoming part of the final structure. They are
not true folding catalysts, since they do not accelerate fold-
ing rates. Instead, they prevent off-pathway aggregation re-
actions by transiently binding hydrophobic domains in
partially folded or unfolded polypeptides collectively des-
ignated as non-native proteins.

For the vast majority of polypeptides, folding is a
spontaneous process directed by the amino acid sequence
and the solvent conditions. Yet, even though the native
state is thermodynamically favored, the time-scale for fold-
ing can vary from milliseconds to days. While protein fold-
ing in the absence of kinetic barriers is extremely fast, such
barriers which include disulfide bond formation, cis/trans

isomerization of the polypeptide chain around proline pep-
tide bonds, preprotein processing, and the ligation of pros-
thetic groups can significantly delay correct folding of
proteins. The presence of kinetic barriers results in the ac-
cumulation of partially folded species, or folded intermedi-
ates, that contain exposed hydrophobic ‘sticky’ surfaces
which promote self-association (Wetzel, 1994; Georgiou et

al., 1994). The self-association of folding intermediates is
the basis for protein aggregation in vitro and for the forma-
tion of inclusion bodies. Aggregation can occur during de

novo folding or as a consequence of unfolding of native
proteins induced by heat shock and other types of stress.
Cells have evolved an elaborate protein quality control sys-
tem which consists of molecular chaperones and ATP-
dependent proteases acting together to prevent aggregation,
assist refolding and degrade misfolded polypeptides
(Gottesman et al., 1997).

Molecular chaperones are divided into two distinct
classes, folder and holder chaperones. Both classes of
chaperones interact with non-native polypeptide chains
through exposed hydrophobic surfaces, and while folder
chaperones mediate their refolding in an ATP-dependent
process, holder chaperones bind non-native proteins and
prevent their aggregation. Protein aggregation is frequently
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observed upon synthesis of recombinant proteins in E. coli

which can lead to the formation of insoluble inclusion bod-
ies.

In the cytoplasm of E. coli cells (and other bacterial
species), there are two multi-component chaperone com-
plexes with broad specificity. The first comprises the 60
kDa heat shock protein GroEL (60 kDa) and the smaller ac-
cessory protein GroES (10 kDa). GroEL forms a character-
istic doublet of heptameric rings which, during the catalytic
cycle, associate one or two heptameric rings of GroES. The
GroEL chaperone has a very broad specificity and is essen-
tial for viability. The second complex comprises DnaK and
the two cochaperones DnaJ and GrpE (the KJE complex).
Nascent polypeptide chains are most probably recognized
and bound by DnaK. Details of the reaction pathways of
these two chaperone systems can be found in an excellent
review article (Bukau and Horwich, 1998).

There are many examples that overexpression of mo-
lecular chaperones in E. coli can facilitate the assembly of
heterologous proteins. A systematic investigation of the ef-
fects of growth conditions and chaperone co-expression on

recombinant protein solubility using a β-galactosidase fu-
sion as a model has recently been completed (Thomas and
Baneyx, 1996). GroESL co-expression was found to in-
crease protein expression at 30 °C, but not at 37 or 42 °C;
the KJE complex conferred a more substantial increase in
the expression of soluble proteins at all temperatures tested.
Addition of 3% ethanol was shown to have a synergistic ef-
fect with chaperone co-expression and led to the production
of protein that was nearly all soluble. For any given recom-
binant protein, only the chaperone that interacts produc-
tively with an aggregation-prone folding intermediate will
have a beneficial effect on the production of native protein.
Unfortunately, the current substrate-chaperone match has
to be found by trial and error.

Two important holder chaperones are the trigger fac-
tor and the small heat shock proteins IbpA and IbpB
(inclusion body binding proteins A and B). The trigger fac-
tor occurs at about 20,000 copies per exponentially grow-
ing cell, and is found at the exit tunnel of the ribosomes
where it binds to virtually all nascent polypeptide chains to
prevent their premature folding. In addition to its holder
chaperone activity, it acts as a peptidyl-prolyl cis/trans

isomerase (PPIase). These enzymes catalyse the
interconversion between cis and trans forms of the peptide
bond preceding proline residues. While polypeptide chains
are synthesized with the peptide bonds in the cis form,
about 5% of these are converted into the trans form by
PPIases. Besides the trigger factor additional PPIases are
present within the cytoplasm and the periplasm (Missiakas
and Raina, 1997).

ATP-dependent proteases recognize non-native pro-
teins in the cytoplasm and degrade them to peptides of a
length of about ten amino acid residues. The current model
for proteolytic degradation involves three steps: (1) Recog-

nition. The protease selects a protein for degradation, either
because it has an accessible tag located at the N- or C-
terminus or because an internal degradation signal has be-
come exposed. (2) Translocation. ATP-hydrolysis pro-
motes both unfolding and translocation into the proteolytic
chamber (dual role of ATP). (3) Proteolysis. Proteins are
hydrolysed to small peptides which are released from the
chamber into the cytoplasm. Five different ATP-dependent
proteases have been identified in E. coli (Lon, ClpAP,
ClpXP, ClpYQ and FtsH where only FtsH is essential)
which all form ring-like structures.

DNA sequences involved in translocation of proteins
into the periplasm

Proteins present in the cytoplasm are present in the re-
duced form and do not contain disulfide bonds. There are
three reasons to keep proteins in the reduced form: (1) a
number of enzymes rely on a reduced cysteine residue in
their active site (e.g., ribonuclease reductase, methionine
sulfoxide reductase), (2) most proteins present in the
periplasm are translocated in an unfolded conformation,
and (3) a number of virulence factors and toxins contain
multiple disulfide bonds.

How is the formation of disulfide bonds prevented in
the cytoplasm? An extreme reducing environment of the
cytoplasm, maintained by one or more systems (thiore-
doxin/thioredoxin reductase, glutathione/glutathione
reductase, glutaredoxin/glutaredoxin reductase) and en-
zymes catalyzing disulfide bonds are absent in the cyto-
plasm. The periplasm contains several enzymes involved in
the formation of disulfide bonds which are grouped into
two pathways, the oxidation and the isomerization path-
way. In the oxidation pathway, DsbA with two oxidized
thiol groups transfers its disulfide to pairs of cysteines in
substrate proteins by a thiol-disulfide exchange reaction
and becomes reduced. To get oxidized again, it interacts
with DsbB, an integral membrane protein which contains
two disulfide bonds. The electrons are then transferred dur-
ing aerobic growth conditions via ubiquinone and cyto-
chrome oxidases to O2 and during anaerobic growth via
menaquinone to anaerobic electron acceptors such as
fumarate or nitrate. If the target protein contains more than
two thiol groups, DsbA may form a wrong disulfide bond.
This is recognized by the isomerization system which con-
sists of three proteins. The reduced forms of DsbC and
DsbG can recognize wrongly formed disulfide bonds on
target proteins and catalyze the formation of the correct
bonds thereby becoming oxidized. Reduction of the disul-
fide bonds occurs through interacting with the integral
membrane protein DsbD which in turn becomes reduced
again through interaction with thioredoxin (Hiniker and
Bardwell, 2003). Release of the recombinant proteins from
the periplasm occurs by osmotic shock.

There are two different systems involved in the trans-
location of proteins through the inner membrane, the Sec
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and the Tat pathway. Both systems differ in both the com-
ponents facilitating the translocation step and the confor-
mation of the substrate protein. With both systems, proteins
to be translocated contain a signal-sequence at their N-
terminal end. This signal-sequence has a length of 15-30
amino acid residues and is composed of three different re-
gion termed N, H and C domain. The N domain contains
three or four positively charged amino acid residues, the H
domain a hydrophobic core and the C domain the type I sig-
nal peptidase cleavage site A-X-A, where cleavage occurs
after the second A residue (see below). The Tat-type signal
sequences are identical in their composition, but contain
two consecutive arginine residues (RR) within the N do-
main which led to the designation of this pathway (Tat
stands for twin-arginine transport). Besides the signal-
peptide present on the protein to be translocated several
other proteins are involved in the translocation process. In
the case of the Sec pathway, these are SecA and SecYEG.

To become secreted by the Sec pathway, proteins
have to be maintained in an export-competent state. There
are several possibilities to reach this goal: (1) The protein
may be translocated across the cytoplasmic membrane si-
multaneously with translation. This process is called
cotranslational secretion and is aided by the signal recogni-
tion particle (SRP). The procaryotic SRP is composed of
one protein (Ffh) and a 4.5S RNA and seems to recognize
signal sequences with an apparent hydrophobicity that is
greater than the hydrophobicity of the average signal se-
quence (see below). (2) Proteins which are exported
posttranslationally are prevented from folding in the cyto-
plasm by molecular chaperones. Here, SecB, active as a
homotetramer binding to nascent polypeptide chains when
they emerge from the ribosomes, has been identified as the
most prominent antifolding factor. (3) In some cases, the
signal sequence can act as an intrapeptide chaperone to pre-
vent rapid folding (Liu et al., 1989). In all these cases, the
polypeptide interacts with SecA, a homodimer, binding
first to the signal peptide. Next, the SecA-polypeptide com-
plex interacts with SecYEG which forms a pore within the
inner membrane called translocon. SecA catalyzes trans-
location of the polypeptide chain through the translocon in
a step-wise manner, and this process is driven by the hydro-
lysis of ATP. About 2.5 kDa of the preprotein is trans-
located per step. In contrast, the Tat pathway accepts only
folded proteins and details of the secretion process are elu-
sive.

DNA sequences involved in surface display of
proteins

Surface display of heterologous peptides on Gram-
negative bacteria may be advantageous for specific situa-
tions such as the development of live-bacterial vaccine de-
livery systems (Georgiou et al., 1997; Lee et al., 2000),
generation of whole-cell biocatalysts by immobilization of
enzymes for environmental or biotechnological purposes

(Dhillon et al., 1999; Kim et al., 2000), and expression of
ligand binding peptides as an approach for generating new
diagnostic tools or as biosensors (Daugherty et al., 1998;
Westerlund-Wikstrom et al., 1997). Expression of peptides
on the surface of Gram-negative bacterial species, such as
E. coli, has been achieved mainly by the genetic fusion of
the heterologous protein with anchoring motifs present on
carrier proteins found in high numbers at the outer surface
of the bacterial cell envelope, as outer membrane proteins
and subunit components of fimbriae and flagella. The car-
rier protein should supply all information for the efficient
translocation and membrane anchoring of the fusion pep-
tide. Moreover, choosing of the appropriate carrier and fu-
sion strategy are of particular relevance for maintenance of
native conformation and biological function of the recom-
binant peptide.

Outer membrane proteins usually consist of a series

of membrane-spanning β-sheets connected by amino acid
loops facing either the periplasmic space or the outer envi-
ronment. Targeting sequences of outer membrane proteins
are usually located at the N-terminal end, and expression of
recombinant peptides may be attained either by sandwich
fusion at internal surface-exposed loops or by terminal fu-
sion at the C-terminal end of the carrier protein (Hofnung,
1991). The expression system based on the fusion of the
signal sequence and the first nine N-terminal amino acids
of Braun’s lipoprotein (Lpp), and five transmembrane seg-
ments of the outer membrane protein A (OmpA), supplying
the adequate targeting and anchoring signals, have been
successfully used to expose heterologous proteins on the
surface of E. coli cells (Stathopoulos et al., 1996). Diverse

proteins, including β-lactamase, bacterial endoglucanases,
organophosphorous hydrolase, green fluorescent protein
and scFv antibodies, have been successfully expressed in
active forms on the surface of bacterial cells using the
Lpp-OmpA expression system (Stathopoulos et al., 1996;
Francisco et al., 1993; Georgious et al., 1996). Peptides can
also be inserted within permissive sites of outer membrane
proteins such as LamB, PhoE and OmpC, and displayed on
the cell surface (Hofnung, 1991; Agterberg et al., 1990; Xu
and Lee, 1999). Nonetheless, conformational constrains af-
fecting correct localization and stability of the chimeric
protein restricts the size of inserted peptides to a maximum
of approximately 100 residues.

Bacterial flagella are composed of a single structural
subunit, flagellin, with a surface-exposed hypervariable do-
main located at the central region of the protein where
heterologous peptides can be inserted without affecting
flagellar structure and motility (He et al., 1994). The re-
markable immunological properties of flagellin and the
possibility of expressing heterologous peptides in a poly-
meric form render the flagellin expression fusion system
especially suited for the development of vaccines against
pathogenic microorganisms (Newton et al., 1991; Gewirtz
et al., 2001; McSorley et al., 2002). Export of flagellin sub-
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units is mediated by the type III export pathway, and each
subunit diffuses along a narrow channel of the growing
flagellum to assemble at the distal end (Macnab, 2003).
Display of peptides genetically fused to flagellin can be at-
tained after introduction of heterologous sequences into a
cloned flagellin gene expressed in bacterial strains devoid
of a chromosomally-encoded structural subunit but profi-
cient in all other genes required for flagellar expression,
processing and assembly. One particularly interesting ex-
pression system based on E. coli flagellin relies on the in-
sertion of thioredoxin into a central hypervariable
surface-exposed flagellin domain (Lu et al., 1995). Thiore-
doxin represents by itself a versatile scaffold for display of
fused peptides at conformations compatible with binding to
other peptides and fusion with flagellin targets the hybrid
protein to the cell surface. Based on this approach, peptides
bound by monoclonal antibodies have been precisely iden-
tified from expressed random peptide libraries (Tripp et al.,
2001).

Expression systems for E. coli

Tight expression of transcription of recombinant
genes is often desirable or necessary since leaky expression
can be detrimental or even lethal to cell growth. Regulated
gene expression requires an inducible or repressible sys-
tem, and therefore, all expression systems are based on con-
trollable promoters. Promoters allowing constitutive
expression turned out not to be adequate for the production
of recombinant proteins due to two main reasons: First,
they do not allow the production of toxic proteins and sec-
ond, even non-toxic proteins produced at physiological
concentrations can be deleterious to the cells when pro-
duced at higher levels. One prominent example are integral
membrane proteins which, when overproduced, cause jam-
ming of the inner membrane leading to cell death. Four
regulatable promoter systems are widely used, where three
are based on the repressors already mentioned (LacI, TrpR

and phage λ cI) and the fourth on a phage RNA polymerase.

The lac system consists of the promoter/operator re-
gion preceding the lac operon and the LacI repressor en-
coded by the lacI gene. In the absence of an inducer, the Lac
repressor binds to its operator situated immediately down-
stream from the promoter as a homotetramer. The wild-
type lac promoter sequence is presented in Table 1 and con-
tains one deviation in the -35 and two in the -10 box, and the
spacer region encompasses 18 nucleotides if compared to
the consensus sequence. One of the many promoter muta-
tions isolated has been termed lacUV5. If its DNA sequence
is compared to that of the wild-type promoter, it becomes
apparent that two nucleotides have been exchanged result-
ing in the consensus -10 box (Table 1). The promoter
strength of lacUV5 has increased 2.5-fold, and mutations
increasing the promoter strength are called promoter-up
mutations in general. The promoter of the trp operon exhib-
its the consensus -35 box and the optimal spacer length, but

three deviations within the -10 box (Table 1). Based on the
lacUV5 and the trp promoters, an artificial promoter was

constructed exhibiting the consensus sequence of σ70-de-
pendent promoters and termed Ptac (from trp and lac; Table
1) (de Boer et al., 1983).

How are the LacI and TrpR repressors inactivated to
initiate expression of the recombinant genes? In the case of
the Plac, the PlacUV5 and the Ptac promoters, the repressor is

inactivated by addition of isopropyl-β-D-thiogalacto-
pyranoside (IPTG). This compound binds to the active LacI
repressor and causes dissociation from its operator. IPTG
has two advantages over lactose: First, its uptake is not de-
pendent on the Lac permease (it diffuses through the inner

membrane) and second, it cannot be cleaved by β-galac-
tosidase preventing turn-off of transcription. The lacI gene
is either part of the expression plasmid or it is present
within the chromosome. Since the wild-type level of the
LacI repressor is not sufficient to repress expression of the
recombinant gene in the absence of IPTG, two derivates
have been isolated resulting in an increase in the amount of
repressor based on promoter-up mutations called lacIq and
lacIq1 (Müller-Hill et al., 1968; Glascock and Weickert,
1998). The sequence of the three promoters is given in Ta-
ble 2 for comparisons. Expression systems based on the trp

system make use of synthetic media with a defined
tryptophan concentration. The concentration is chosen in
such a way that the system becomes self-inducible when
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Table 1 - DNA sequences of promoters used in expression vectors

recognized by the housekeeping sigma factor σ70.

Promoter -35 region spacer -10 region

Plac TTtACA 18 bp TATgtT

PlacUV5 TTtACA 18 bp TATAAT

Ptrp TTGACA 17 bp TtaAcT

Ptac TTGACA 17 bp TATAAT

λ PL TTGACA 17 bp gATAcT

λ PR TTGACt 17 bp gATAAT

Consensus TTGACA 17 bp TATAAT

Nucleotides present in the consensus sequence are shown in capital
letters, those not present in the consensus sequence in small letters.

Table 2 - DNA sequences of the wild-type lacI promoter and of two
different promoter-up mutations

Promoter -35 region spacer -10 region

PlacI gcGcaA 17 bp cATgAT

PlacI
q gTGcaA 17 bp cATgAT

PlacI
q1 TTGACA 18 bp cATgAT

Consensus TTGACA 17 bp TATAAT

Nucleotides present in the consensus sequence are shown in capital letters,
those not present in the consensus sequence in small letters.



the tryptophan concentration within the cells falls below a

treshold level (Masuda et al., 1996). Additionally, 3-β-
indole-acrylic acid can be added which inactivates the
TrpR repressor (Rose and Yanofsky, 1974) and inhibits
charging of tRNAtrp by tryptophanyl-tRNA synthetase
(Doolittle and Yanofsky, 1968).

The third system makes use of the bacteriophage λ
repressor cI. This repressor is synthesized from the λ
prophage and prevents expression of all the lytic genes by
interacting with two operators termed OL and OR. These
two operators overlap with two strong promoters, PL and
PR, respectively (see Table 1), and as long as the cI
repressor is bound to its two operators, binding of RNA
polymerase is prevented. Expression vectors carry the cI

repressor gene and either PLOL or PROR. How can the λ ex-
pression system be induced? The wild-type cI repressor
protein can be inactivated by UV-irradiation or treatment of
the cells by mitomycin C. A more convenient way is the ap-
plication of a temperature-sensitive version of the cI
repressor called cI857. Therefore, E. coli cells carrying a

λ-based expression system are grown to mid-exponential
phase at low temperature and then transferred to high tem-
perature to induce expression of the recombinant gene
(Elvin et al., 1990).

The most widely applied expression system makes
use of the phage T7 RNA polymerase which recognizes
only promoters found on the T7 DNA, and not promoters
present on the E. coli chromosome. Therefore, the expres-
sion vectors contain one of the T7 promoters (normally the
promoter present in front of gene 10) to which the recombi-
nant gene will be fused. The gene coding for the T7 RNA
polymerase is either present on the expression vector itself
or on a second compatible plasmid or integrated into the E.

coli chromosome. In all three cases, the gene is fused to an
inducible promoter allowing its transcription and transla-
tion during the expression phase. The T7 RNA polymerase
offers three advantages over the E. coli enzyme: First, it
consists of only one subunit, second it exerts a higher
processivity, and third it is insensitive towards rifampicin.
The latter characteristic can be used especially to enhance
the amount of recombinant protein by adding this antibiotic
about 10 min after induction of the gene coding for the T7
RNA polymerase. During that time, enough polymerase
has been synthesized to allow high-level expression of the
recombinant gene, and inhibition of the E. coli enzyme pre-
vents further expression of all the other genes present on
both the plasmid and the chromosome. Since all promoter
systems are leaky, low-level expression of the gene coding
for T7 RNA polymerase may be deleterious to the cell in
those cases where the recombinant gene codes for a toxic
protein. These polymerase molecules present during the
growth phase can be inhibited by expressing the T7-
encoded gene for lysozyme. This enzyme is a bifunctional
protein that cuts a bond in the cell wall of E. coli and selec-
tively inhibits the T7 RNA polymerase by binding to it, a

feed-back mechanism that ensures a controlled burst of
transcription during T7 infection (Studier, 1991).

Another expression system not widely used so far is
induced upon a cold shock. When a mid-exponential phase
culture of E. coli is rapidly transferred from 37 °C to the
10-15 °C temperature range, the synthesis of most cellular
proteins significantly decreases, while that of about 15
cold-shock proteins is transiently upregulated (Jones et al.,
1987). CspA, the major cold-shock protein, is virtually un-
detectable at 37 °C, but more than 10% of the total protein
synthesis is devoted to its production 1 h following the tem-
perature downshift (Goldstein et al., 1990). The cspA

mRNA is transcribed with a 150 nucleotide-long 5’ un-
translated region that confers high instability to the tran-
script at 37 °C (t1/2 ~10 s) (Brandi et al., 1996; Goldenberg
et al., 1996), but the transcript stability increases by two or-
ders of magnitude upon transfer of the cells to 15-10 °C
(Jiang et al., 1993; Brandi et al., 1996). A vector has been
constructed based on the cspA promoter followed by its un-
translated region to express recombinant proteins at low
temperatures (Mujacic et al., 1999). Very recently, it could
be shown that while the growth rate of an E. coli strain
dropped rapidly as incubation temperatures decreased to 20
°C, addition of the groESL operon of Oleispira antarctica,
isolated from Antarctic seawater, allowed 3-fold faster
growth at 15 °C and an even 36-fold faster at 10 °C (Ferrer
et al., 2003). These authors could also show that both mo-
lecular chaperones exhibited high protein folding activities
in vitro at temperatures of 4-12 °C. This result suggests that
such an engineered E. coli strain could produce high
amounts of correctly folded recombinant protein at low
temperatures.

Cytoplasmic or periplasmic localization of the
recombinant protein?

There are four reasons to translocate recombinant
proteins into the periplasm: (1) the oxidizing environment
facilitates the formation of disulfide bonds, (2) it contains
only 4% of the total cell protein (~100 different proteins),
(3) there is less protein degradation, and (4) easy purifica-
tion by osmotic shock. Formation of disulfide bonds also
occurs spontaneously after purification of the protein.
There is now an E. coli strain available where disulfide
bonds are formed within the cytoplasm. This strain called
Origami contains four mutations: knock-outs of the genes
coding for thioredoxin and glutathione reductase, a third al-
lows cytoplasmic expression of the DsbC isomerase and
the fourth is within a so far uncharacterized suppressor
gene allowing improved growth of this strain (Bessette et

al., 1999).

To translocate recombinant proteins through the inner
membrane, any signal sequence can be fused to the protein
of interest. But two classes of proteins may pose severe
problems to be secreted. These are proteins with extended
hydrophobic regions which will be captured within the
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membrane. A solution to this problem may be to secrete
them using the Tat pathway. The other class of proteins are
those which fold too rapidly within the cytoplasm. These
proteins may be also secreted in their folded form using a
Tat signal sequence, or, alternatively, fused to the signal se-
quence of the DsbA oxidoreductase. This signal sequence
directs the nascent polypeptide chain to the SRP export
pathway which is largely cotranslational (Schierle et al.,
2003). This ensures that the recombinant protein is trans-
located across the membrane simultaneously with transla-
tion of the protein, thereby preventing the formation of
secondary structures in the cytoplasm.

Enhancing post-transcriptional expression
(Troubleshooting)

If expression of the recombinant gene is low, several
factors may be responsible for the reduced expression: (1)
stability of the mRNA, (2) occurrence of secondary struc-
ture(s) near the 5’ end of the mRNA, (3) rare codons and (4)
weak Shine Dalgarno sequence. mRNA molecules are rela-
tively short-lived with a half-life of around 2 min. The fol-
lowing factors are involved in and influence the
degradation of transcripts: exonucleases, endonucleases,
secondary structures and ribosome-binding sites. In E. coli,
two exonucleases have been identified, RNase II (rnb) and
polynucleotid phosphorylase (pnp); both attack mRNA
molecules at their 3’ end. No exonuclease has been identi-

fied attacking from the 5’ end. 3’ → 5’ degradation of tran-
scripts by one of the two exonucleases (which are
functionally redundant) can be delayed by secondary struc-
ture(s) present at or near the 3’ ends. Some of these
stem-lop structures may act as stabilizers when fused to
heterologous mRNAs. This has been shown for the element
present within the transcription terminator of the crystal
protein gene of Bacillus thuringiensis, which had increased
the half-life of the human interleukin-2 and of a peni-
cillinase and thereby the final protein yields (Wong and
Chang, 1986). Major endonucleases involved in cleavage
of transcripts are RNase E, RNase II and RNase P. All three
recognize elements, mainly stem-loop structures within the
transcripts, and cleave at or near these secondary structures
with two different consequences: in most cases, the endo-
nucleolytic cut will lead to the inactivation of the transcript,
while in rare cases this cut is part of a processing reaction
involving polycistronic mRNAs. RNase E seems to be the
most powerful endonuclease which, together with other
proteins (exonuclease, RNA helicase, enolase), constitutes
the RNA degradosome (Liou et al., 2001). A stabilizing
element for the 5’ end of transcripts is the 5’ untranslated
region of the E. coli ompA mRNA which prolongs the
half-life of a number of heterologous mRNAs in E. coli

(Emory et al., 1992).

Secondary structures at the 5’ end sequestering the
Shine-Dalgarno and/or the start codon within a double-
stranded stem significantly reduce translation of that tran-

script since it will be barely recognized by the 30S ribo-
somal subunit. mRNA secondary structures can be detected
by appropriate computer programs. There are two experi-
mental solutions to this problem, exchange of nucleotides
to prevent formation of inhibitory secondary structures or
using a construct allowing translational coupling. Trans-
lational coupling requires at least a one-nucleotide overlap
between the stop and the start codon, e.g. UGAUG, of the
upstream and the downstream gene. If translating ribo-
somes arrive at the stop codon they slide back a few nucleo-
tides on the transcript till they reach the Shine-Dalgarno
sequence of the downstream gene. Translation of the down-
stream gene is normally prevented by a secondary structure
near the end of the upstream gene sequestering the Shine-
Dalgarno sequence of the downstream gene. This mecha-
nism can be explored to ensure efficient translation of re-
combinant genes avoiding impairment of translation by
secondary structures reducing binding of the 30S subunit.
Vectors have been developed ensuring translational cou-
pling of recombinant genes (Tarragona et al., 1992; Birikh
et al., 1995).

More than one codon encodes most amino acids and
the relative abundance of cognate tRNAs determines codon
usage. The codon usage by the different species can be
quite different. As an example, codon usage for arginine of
four different species is presented in Table 3. While the
codons AGA and AGG are rare codons in E. coli, they rep-
resent frequently used codons in Saccharomyces cerevisiae

and Homo sapiens. Overexpression of genes with high con-
tents of rare arginine codons may result in defective synthe-
sis of the corresponding protein. Besides the amount, the
location of rare codons within the coding region can signifi-
cantly influence the translation level. Chen and Inouye
(1990) demonstrated that the closer AGG codons were to
the initiation codon, the stronger the effect on protein syn-
thesis. They showed that single and, particularly, tandems
of two to five AGG have stronger effects when placed
closer to the translation start. Why? Rare codons close to
the initiator may stall the ribosome and prevent the entry of
new incoming ribosomes (Chen and Inouye, 1994). There
are two experimental solutions to this problem: increase in
the amount of the appropriate cognate tRNA or alteration of
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Table 3 - Frequency of arginine codon usage for four different species

Codon E. coli B. subtilis S. cerevisiae H. sapiens

CGU 38 18 14 8

CGC 40 21 6 19

CGA 6 10 7 11

CGG 10 16 4 22

AGA 4 26 48 20

AGG 2 9 21 20

Codon usage tables for all major species can be found under http://www.
kazusa.or.jp/codon/.



these codons to frequently used ones by sequence-specific
mutagenesis.

Inclusion bodies and how to prevent their formation

Rapid production of recombinant proteins can lead to
the formation of insoluble aggregates designated as inclu-
sion bodies (Betts and King, 1999). These are large, spheri-
cal particles which are clearly separated from the
cytoplasm and result from the failure of the quality control
system to repair or remove misfolded or unfolded protein.
The formation of inclusion bodies does not correlate with
(1) the size of the synthesized polypeptide, (2) the use of the
fusion construct, (3) the subunit structure and (4) the rela-
tive hydrophobicity of the recombinant protein. Overpro-
duction by itself (the increase in the concentration of the
nascent polypeptide chains) can be sufficient to induce the
formation of inclusion bodies. These aggregates do not
consist of pure recombinant polypeptide chains, but contain
several impurities such as host proteins (RNA polymerase,
outer membrane proteins), ribosomal components and cir-
cular and nicked forms of plasmid DNA. In addition, they
might contain the small heat shock proteins IbpA and IbpB.
Strategies to prevent the formation of inclusion bodies are
aimed to slow down the production of recombinant proteins
and include (1) low-copy number vectors, (2) weak pro-
moters, (3) low temperature, (4) coexpression of molecular
chaperones, (5) use of a solubilizing partner, and (6) fer-
mentation at extreme pH values.

A lower level of protein synthesis from a weaker pro-
moter or from a strong promoter under conditions of partial
induction is found to result in a higher amount of soluble
protein and greater specific activity (Hockney, 1994).
Growth at lower temperatures is a well known technique
for facilitating correct folding. The reason why a lower
temperature favors the native state is related to a number of
factors, including a decrease in the driving force for protein
self-association, a slower rate of protein synthesis, changes
in the folding kinetics of the polypeptide chain, etc. We
have mentioned an expression system which is specifically
induced at low temperature, and together with the molecu-
lar chaperones derived from the Antarctic seawater bacte-
rium, it may create a new and powerful system to obtain
correctly folded proteins.

The aggregation of proteins secreted into the peri-
plasmic space can be suppressed by growing cells in the
presence of relatively high concentrations of polyols or su-
crose, a non-metabolizable sugar for E. coli. In the optimal
concentration range, these additives do not affect cell
growth, protein synthesis or export and, therefore, they in-
fluence directly the physiochemical processes that result in
protein-protein association. Polyols and sucrose do not per-
meate through the cell membrane and consequently cannot
exert a direct effect on the folding of cytoplasmic proteins.
An increase in the osmotic pressure, however, leads to the
accumulation of osmoprotectants, such as glycine betaine,

which have an effect similar to sucrose in stabilizing the na-
tive protein structures. It has been shown that cells grown in
the presence of sorbitol at 25 °C produce 400-fold higher
levels of recombinant protein than control cultures
(Blackwell and Horgan, 1991).

Vector plasmids are tentatively divided into four
classes based on their copy number (the copy number is de-
fined as the number of plasmid copies per chromosome):
very high-copy-number vectors are present in more than
100 copies per chromosome (pUC vectors), high-copy-
number vectors (15-60 copies; pBR322), medium-copy-
number vectors (about 10 copies; pACYC177, pACYC184
and pSC101) and low-copy-number vectors (1-2 copies;
mini-F). Here, medium-copy-number vectors might reduce
the amount of recombinant protein sufficiently to prevent
their aggregation. Alternatively, high-copy-number vectors
can be used in combination with a weak promoter such as
the wild-type lac promoter. Reducing the growth tempera-
ture down to 25 or 20 °C also lowers the productivity of the
cells. Coexpression of folder chaperones such as the DnaK
or the GroE system might help in some cases to keep the re-
combinant proteins soluble (Nishihara et al., 1998).
Solubilizing partners are other proteins which are fused to
the recombinant proteins and keep the hybrid proteins solu-
ble. When three different proteins known to increase the
solubility (maltose-binding protein [MBP], glutathione-S-
transferase [GST] and thioredoxin [TRX] were fused to six
different recombinant proteins, MBP turned out to be supe-
rior (Kapust and Waugh, 1999).

Sometimes, it might be desirable to produce recombi-
nant proteins as inclusion bodies. How can active proteins
become recovered from aggregates? This involves a four-
step procedure. During the first step, the inclusion bodies
are harvested by cell lysis and centrifugation of the cell
lysate at 5,000 to 12,000 x g. Under these conditions, the
protein aggregates will be present in the pellet. The second
step involves solubilization of the inclusion bodies by
resuspension of the pellet in a buffer with a denaturant
agent such as 6 M guanidinium chloride or 6-8 M urea.
During the next step, the solubilized polypeptide chains are
purified by ion exchange chromatography in the presence
of nonionic denaturants such as urea. The fourth and last
step results in in vitro protein folding. Folding can be aided
by the addition of low-molecular weight folding enhancers
such as 1.0-1.3 M guanidiumchloride, 2 M urea or poly-
ethyleneglycol. If the recombinant protein contains one or
more disulfide bonds, generation of native bonds can be
sustained by addition of reduced and oxidized glutathione.

Design of an optimal expression system for E. coli

Based on our present knowledge, we can propose the
design of an optimal expression system for E. coli. It should
be composed of DNA elements directing efficient tran-
scription, stabilizing the transcript, powerful translation,
resulting in authentic recombinant protein without any con-
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tamination by truncated or extended versions, and it should
stay soluble and accumulate to about 20% of the total cellu-
lar protein. Such an expression system contains the consen-

sus promoter recognized by the housekeeping promoter σ70

and can be further enhanced by addition of an UP element.
Readthrough transcription into neighbouring genes is pre-
vented by two strong factor-independent transcriptional
terminators arranged in tandem. The transcript itself is sta-
bilized by inverted repeats present at both ends able to form
stem-loop structures impairing endonuclease attack at the
5’ end and exonucleolytic degradation from the 3’ end but
not translation. Last but not least, efficient translation is as-
sured by a strong Shine-Dalgarno sequence, an AUG start
codon located about 8 bp downstream and the extended
UAAU stop codon. Folding of the nascent polypeptide
chains is aided by coexpression of folder chaperones. But it
has to be mentioned at the end that there is no optimal ex-
pression system working with all recombinant proteins.
Each protein poses a new problem, and a high level of syn-
thesis has to be optimized in each single case by empirical
variation of the different parameters.
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