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Abstract

Preparations enriched by a specific protein are rarely easily obtained from natural host cells. Hence, recombinant protein pro-
duction is frequently the sole applicable procedure. The ribosomal machinery, located in the cytoplasm is an outstanding catalyst
of recombinant protein biosynthesis.Escherichia colifacilitates protein expression by its relative simplicity, its inexpensive and
fast high-density cultivation, the well-known genetics and the large number of compatible tools available for biotechnology.
Especially the variety of available plasmids, recombinant fusion partners and mutant strains have advanced the possibilities with
E. coli. Although often simple for soluble proteins, major obstacles are encountered in the expression of many heterologous
proteins and proteins lacking relevant interaction partners in theE. coli cytoplasm. Here we review the current most important
strategies for recombinant expression inE. coli. Issues addressed include expression systems in general, selection of host strain,
m teolysis,
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RNA stability, codon bias, inclusion body formation and prevention, fusion protein technology and site-specific pro
ompartment directed secretion and finally co-overexpression technology. The macromolecular background for a
bstacles and genetic state-of-the-art solutions are presented.
2004 Elsevier B.V. All rights reserved.
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. The modern recombinant expression system

A number of central elements are essential in the
esign of recombinant expression systems (Baneyx,
999; Jonasson et al., 2002). Expression is normally

nduced from a plasmid harboured by a system com-
atible genetic background. The genetic elements of
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the expression plasmid include origin of replicat
(ori), an antibiotic resistance marker, transcriptio
promoters, translation initiation regions (TIRs) as w
as transcriptional and translational terminators.

1.1. The replicon

The replicon of plasmids contain the origin of re
cation and in some cases associatedcisacting element
(del Solar et al., 1998). Most plasmid vectors used in r
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combinant protein expression replicate by the ColE1 or
the p15A replicon. Plasmid copy number is controlled
by the origin of replication that preferably replicates
in a relaxed fashion (Baneyx, 1999). The ColE1 repli-
con present in modern expression plasmids is derived
from the pBR322 (copy number 15–20) or the pUC
(copy number 500–700) family of plasmids, whereas
the p15A replicon is derived from pACYC184 (copy
number 10–12). These multi-copy plasmids are stably
replicated and maintained under selective conditions
and plasmid free daughter cells are rare (Summers,
1998). Plasmid incompatibility is defined as the inabil-
ity of two plasmids to be stably maintained in the same
cell (Hardy, 1987). Different replicon incompatibility
groups and drug resistance markers are required when
multiple plasmids are employed for the co-expression
of gene products. Derivatives containing ColE1 and
p15A replicons are often combined in this context since
they are compatible plasmids (Mayer, 1995).

1.2. Resistance markers

The most common drug resistance markers in re-
combinant expression plasmids confer resistance to
ampicillin, kanamycin, chloramphenicol or tetracy-
cline. Plasmid mediated resistance to ampicillin is ac-
complished by expression of�-lactamase from thebla
gene. This enzyme is secreted to the periplasm, where
it catalyse hydrolysis of the�-lactam ring. Ampicillin
present in the cultivation medium is especially suscep-
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suitable repressor. Minimization of basal transcription
is especially important when the expression target
introduce a cellular stress situation and thereby
selects for plasmid loss. Promoter induction is
either thermal or chemical and the most common
inducer is the sugar molecule isopropyl-beta-d-
thiogalactopyranoside (IPTG) (Hannig and Makrides,
1998).

1.4. Messenger RNA

Translation initiation from the translation initiation
region (TIR) of the transcribed messenger RNA re-
quire a ribosomal binding site (RBS) including the
Shine–Dalgarno (SD) sequence and a translation initia-
tion codon (Sørensen et al., 2002). The Shine–Dalgarno
sequence is located 7± 2 nucleotides upstream from
the initiation codon, which is the canonical AUG in effi-
cient recombinant expression systems (Ringquist et al.,
1992). Optimal translation initiation is obtained from
mRNAs with the SD sequence UAAGGAGG. The RBS
secondary structure is highly important for translation
initiation and efficiency is improved by high contents
of adenine and thymine (Laursen et al., 2002). Trans-
lation initiation efficiency is in particular influenced by
the codon following the initiation codon and adenine is
abundant in highly expressed genes (Stenstrom et al.,
2001).

A transcription terminator placed downstream from
the sequence encoding the target gene, serves enhance-
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ible to degradation, either by secreted�-lactamase, o
cidic conditions in high-density cultures. The la
ffect can be alleviated by the less degradation
eptible ampicillin analog, carbenicillin, Kanamyc
hloramphenicol and tetracycline interfere with p
ein synthesis by binding to critical areas of the
osome. Kanamycin is inactivated in the peripla
y aminoglycoside phosphotransferases and chlo
henicol by thecat gene product, chloramphenic
cetyl transferase. Various genes confer resistan

etracycline (Connell et al., 2003).

.3. Promoters

Recombinant expression plasmids require a st
ranscriptional promoter to control high-level ge
xpression. Basal transcription in the absence

nducer is minimized through the presence o
ent of plasmid stability by preventing transcript
hrough the origin of replication and from irreleva
romoters located in the plasmid. Transcription te
ators stabilize the mRNA by forming a stem loop

he three prime end (Newbury et al., 1987). Translation
ermination is preferably mediated by the stop co
AA in Escherichia coli. Increased efficiency of tran

ation termination is achieved by insertion of cons
tive stop codons or the prolonged UAAU stop co
Poole et al., 1995).

.5. Current expression systems

A wealth of expression systems designed
arious applications and compatibilities are availa
pproximately 80% of the proteins used to so

hree-dimensional structures submitted to the pro
ata bank (PDB) in 2003 were prepared in anE. coliex-
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pression system. The T7 based pET expression system
(commercialized by Novagen) is by far the most used
in recombinant protein preparation (pET represents
more than 90% of the 2003 PDB protein preparation
systems). Systems using the�PL promoter/cI repressor
(e.g., Invitrogen pLEX), Trc promoter (e.g., Amersham
Biosciences pTrc), Tac promoter (e.g., Amersham
Biosciences pGEX) and hybridlac/T5 (e.g., Qiagen
pQE) promoters are common (Hannig and Makrides,
1998). A radically different system is based on the
araBAD promoter (e.g., Invitrogen pBAD). Here we
review two particular systems that illustrate the most
general mechanisms in current recombinant expression
systems. Various expression systems and promoters
have been reviewed elsewhere (Baneyx, 1999; Hannig
and Makrides, 1998; Jonasson et al., 2002).

2. The pET expression system

Studier and colleagues first described the pET ex-
pression system, which has been developed for a vari-
ety of expression applications (Dubendorff and Studier,
1991; Studier et al., 1990). More than 40 different pET
plasmids are commercially available. The system in-
cludes hybrid promoters, multiple cloning sites for the
incorporation of different fusion partners and protease
cleavage sites, along with a high number of genetic
backgrounds modified for various expression purposes.
Expression requires a host strain lysogenized by a DE3
p ase
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per second and is five times faster thanE. coli RNA
polymerase (50 nucleotides per second). Background
expression from pET expression plasmids is dimin-
ished by the presence of T7 lysozyme (bacteriophage
T7 gene 3.5 amidase), which is a natural inhibitor of
T7 RNA polymerase. Co-expression of T7 lysozyme
is achieved by either plasmid pLysS or pLysE. These
plasmids harbour the T7 lysozyme gene in silent
(pLysS) and expressed (pLysE) orientations, with
respect to the cognate tetracycline responsive (Tc)
promoter (Studier, 1991). The lacUV5 promoter is
less sensitive to regulation by the cAMP-CRP (cAMP
receptor protein) complex, than thelac promoter.
However, incorporation of 1% glucose in the culti-
vation medium reduces cAMP levels and enhances
repression of the promoter significantly (cAMP is
produced as a response to low glucose levels). Graded
inductions of pET vectors have recently been included
in the pET system repertoire (Novagen Tuner strains).
Host strains deficient in thelacYgene product lactose
permease offers precise control of target protein
expression (Khlebnikov and Keasling, 2002).

3. The pBAD expression system

Expression plasmids based on thearaBAD pro-
moter are designed for tight control of background
expression andl-arabinose dependent graded ex-
pression of the target protein (Guzman et al., 1995).
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hage fragment, encoding the T7 RNA polymer
bacteriophage T7 gene 1), under the control of
PTG induciblelacUV5 promoter (Fig. 1A). LacI re-
resses thelacUV5promoter and the T7/lac hybrid pr
oter encoded by the expression plasmid. A cop

he lacI gene is present on theE. coli genome and o
he plasmid in a number of pET configurations. L
s a weakly expressed gene and a 10-fold enhance
f the repression is achieved when the overexpre
romoter mutant LacIq is employed (Calos, 1978). T7
NA polymerase is transcribed when IPTG binds

riggers the release of tetrameric LacI from thelac op-
rator. Transcription of the target gene from the T7
ybrid promoter (repressed by LacI as well) is sub
uently initiated by T7 RNA polymerase (Fig. 1A).

The T7 promoter is a 20-nucleotide sequence
ecognized by theE. coli RNA polymerase. T7 RNA
olymerase transcribes maximally 230 nucleot
he latter property is in contrast to the all-or-noth
nduction experienced by most other bacterial
ression systems (Morgan-Kiss et al., 2002). A

inear increase in gene expression with increa
nducer concentration is seen at the population l
hen thearaBAD system is employed. Induction
nfortunately all-or-nothing in individual cells, whi
re either fully induced or uninduced (Siegele an
u, 1997). Autocatalytic mechanisms related to
atural inducer transport systems, in concert with
inose degradation, are responsible for all-or-not

nduction of thearaBAD promoter. The autocatalyt
ffect occurs since the arabinose transporters(araE
nd araFGH) are under arabinose inducible cont
omogenous gene expression has been achiev
trains deficient in arabinose transport and degr
ion, by facilitated diffusion of arabinose, catalyzed
rabinose independent transporters suppliedin trans
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Fig. 1. Recombinant expression mechanisms. (A) The pET expression system. A general pET plasmid configuration is shown on the left. The macromolecular situations prior to
and after induction are on the right (Dubendorff and Studier, 1991; Studier et al., 1990). (B) l-Arabinose induced pBAD expression plasmid (left) and system mechanism on the
right (Guzman et al., 1995).
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(Khlebnikov et al., 2002; Morgan-Kiss et al., 2002).
Regulation of the arabinose operon inE. coli is di-
rected by the product of thearaC gene (Englesberg
et al., 1969). The AraC dimer binds three sites in the
arabinose operon, O1, O2 and I (Fig. 1B). In the ab-
sence of arabinose, the AraC dimer contacts the O2
site located within thearaC gene, 210 base pairs up-
stream from thearaBAD promoter. The other half of
the AraC dimer contacts the O1 site in the promoter
region and a DNA loop is formed. Transcription from
the araBAD promoter and thearaC promoter is re-
pressed by the AraC loop conformation. Upon binding
of arabinose the AraC dimer changes its conformation,
binding to the O2 site is replaced by binding to the I
site at thearaBADpromoter and transcription by RNA
polymerase initiates. Binding of the AraC dimer to the
O1 and I sites is stimulated by cAMP receptor protein
(CRP) and background expression fromaraBAD can
be reduced by glucose mediated catabolite repression
(Guzman et al., 1995). AraC regulates transcription of
the AraE arabinose transporter from thearaEpromoter
in a similar manner resulting in the all-or-nothing re-
sponse upon induction.

4. E. coli host strains

The strain or genetic background for recombinant
expression is highly important. Expression strains
should be deficient in the most harmful natural
p and
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(Novagen Tuner series) and mutants for the soluble
expression of inclusion body prone and membrane
proteins (Avidis C41(DE3) and C43(DE3) strains).

5. Stability of the messenger RNA

Gene expression levels are mainly determined by the
efficiency of transcription, mRNA stability and the fre-
quency of mRNA translation. Transcription and trans-
lation has been subject of intense optimization in re-
combinant expression systems. Stability of the mRNA
transcript is however rarely addressed. Gene expression
is controlled by the decay of mRNA. The average half-
life of mRNA in E. coli at 37◦C ranges from seconds
to maximally 20 min and the expression rate depends
directly on the inherent mRNA stability (Rauhut and
Klug, 1999; Regnier and Arraiano, 2000). Messenger
RNAs are degraded by RNases, primarily the two ex-
onucleases RNase II and PNPase and the endonuclease
RNase E. Protection of mRNAs from RNases depends
on RNA folding, protection by ribosomes and modula-
tion of mRNA stability by polyadenylation. Polyadeny-
lation at the three prime end of mRNAs is provided by
the PAP I and PAP II polyadenylation polymerases and
facilitates degradation by RNase II and PNPase (Cao
et al., 1996). Strains containing a mutation in the gene
encoding RNaseE (rne131 mutation) are available for
the enhancement of mRNA stability in recombinant ex-
pression systems (Invitrogen BL21 star strain) (Lopez
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roteases, maintain the expression plasmid stably
onfer the genetic elements relevant to the expre
ystem (e.g., DE3). Advantageous strains for a num
f individual applications are available.E. coliBL21 is

he most common host and has proven outstandi
tandard recombinant expression applications. B
s a robustE. coli B strain, able to grow vigorous
n minimal media but however non-pathogenic
nlikely to survive in host tissues and cause dis
Chart et al., 2000). BL21 is deficient in ompT an
on, two proteases that may interfere with isola
f intact recombinant protein. Derivatives of BL

nclude recA negative strains for the stabilization
arget plasmids containing repetitive sequences
agen BLR strain),trxB/gor negative mutants for th
nhancement of cytoplasmic disulfide bond forma
Novagen Origami and AD494 strains),lacY mutants
nabling adjustable levels of protein express
t al., 1999). Control of mRNA stability in recomb
ant expression systems is desirable. Efficient tr

ation initiation and consequent immediate riboso
rotection from degradation, stabilizes the mRNA

s achieved by selection of ribosomal binding sites la
ng inhibitory secondary structure elements. Stable
rid mRNAs might be constructed by implementa
f efficient five prime and three prime stabilizing
uences as a barrier against exonucleases. An m

ragment encoding the C-terminal region ofE. coli
o ATPase subunit was stabilized by fusion to the
uence encoding green fluorescent protein (GFP)
ions tolacZ however failed to stabilize the fragme
nd hence the GFP transcript provided mRNA pro

ive structural elements (Arechaga et al., 2003).
Although initiated, universal control of mRNA st

ilization still remains to be conveniently incorpora
nto recombinant expression systems.
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6. Rare codon interference in recombinant
protein biosynthesis

Codon usage inE. coli is reflected by the level
of cognate amino-acylated tRNAs available in the
cytoplasm. Major codons occur in highly expressed
genes whereas the minor or rare codons tend to be in
genes expressed at low levels. Codons rare inE. coli
are often abundant in heterologous genes from sources
such as eukaryotes, archaeabacteria and other distantly
related organisms with different codon frequency
preferencies (Kane, 1995). Expression of genes
containing rare codons can lead to translational errors,
as a result of ribosomal stalling at positions requiring
incorporation of amino acids coupled to minor codon
tRNAs (McNulty et al., 2003). Codon bias problems
become highly prevalent in recombinant expression
systems, when transcripts containing rare codons in
clusters, such as doublets and triplets accumulate in
large quantities. Translational errors arising from rare
codon bias include mistranslational amino acid substi-
tutions, frameshifting events or premature translational
termination (Kurland and Gallant, 1996; Sørensen et
al., 2003c). In-frame two amino acid “hops” have been
reported at a single disfavoured AGA codon (Kane et
al., 1992). Protein quality is influenced by codon bias
by the insertion of lysine for arginine at AGA codons
(Calderone et al., 1996; Seetharam et al., 1988).
Therefore, expression of full-length protein at high
levels is not equivalent with translational integrity. The
m ts of
t
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Kane et al., 1992). However, a set of codon-optimized
genes was recently shown to suffer from lacking mRNA
transcription and stability in a recombinant expression
system (Wu et al., 2004). Even though the mutagene-
sis approach has proven highly effective, it may be too
time-consuming in high-throughput biotechnology. A
less time consuming method is the co-transformation
of the host with a plasmid harbouring a gene encoding
the tRNA cognate to the problematic codons (Dieci et
al., 2000). By increasing the copy number of the limit-
ing tRNA species,E. colican be controlled to match the
codon usage frequency in heterologous genes. Several
plasmids are available for rare tRNA co-expression,
most of which are based on the p15A replication origin.
This enables maintenance in the presence of the ColE1
replication origin present in most expression plasmids
(Fig. 2). Numerous reports confirm the concept of plas-
mid mediated tRNA complementation (Baca and Hol,
2000; Kim et al., 1998; Sørensen et al., 2003c). Com-
mercially Available tRNA complementation plasmids
include pR.A.R.E (Novagen) and that implemented in
the CodonPlus system from Stratagene.

7. Prevention of inclusion body formation

Protein activity demands folding into precise three-
dimensional structures. Stress situations such as heat
shock impair folding in vivo and folding intermedi-
ates tend to associate into amorph protein granules
t out
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g ponse
w ates.
M tra-
t
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b copy
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ost problematic codons are decoded by produc
he genesargU (AGA and AGG),argX (CGG),argW
CGA and CGG),ileX (AUA), glyT (GGA), leuW
CUA), proL (CCC) andlys(AAG). AAG is a majorE.
oli codon decoded by tRNALysUUU, which is enable
o wobble to G by the xm5s2U34 modification (Yarian
t al., 2000). Since UUU reads AAG less efficie

here is a problem when a target sequence co
onsecutive AAG codons. Most focus has been on
are arginine codons AGG and AGA, occurring inE.
oli at frequencies of∼0.14 and∼0.21%, respectivel
Kane, 1995).

Two alternative strategies are utilized to rem
odon bias. One approach is site-directed mutag
is of the target sequence for the generation of co
eflecting the tRNA pool in the host system. This
roach is beneficial for increasing expression levels

or alleviation of mistranslation (Calderone et al., 199
ermed inclusion bodies. Rather little is known ab
he structure of inclusion bodies and the mechan
f their formation (Villaverde and Carrio, 2003). In-
lusion bodies are a set of structurally complex
regates often perceived to occur as a stress res
hen recombinant protein is expressed at high r
acromolecular crowding of proteins at concen

ions of 200–300 mg/ml in the cytoplasm ofE. coli,
uggest a highly unfavorable protein-folding envir
ent, especially during recombinant high-level exp

ion (van den Berg et al., 1999). Whether inclusio
odies form through a passive event occurring by
rophobic interaction between exposed patches o

olded chains or by specific clustering mechanism
nknown (Villaverde and Carrio, 2003). The inclusion
ody aggregates can be observed by optical micros
s refractile particles of up to 2�m3 and by transmis
ion electron microscopy as electron-dense aggre
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Fig. 2. Two tRNA complementation plasmids. Both plasmids carries the p15A replication origin compatible with the ColE1 origin used in most
expression plasmids. Plasmid pSJS1244 is the only tRNA complementation plasmid described including alys tRNA gene for the decoding of
AAG (Kim et al., 1998; Sørensen et al., 2003c). Plasmid pRARE harbours ten tRNA genes and is commercialised by Novagen (Baca and Hol,
2000; Novy et al., 2001). The pRARE series of plasmids include versions encoding LacI (pLacIRARE) and T7 lysozyme (pLysSRARE).

lacking defined structure (Carrio et al., 2000). Inclusion
bodies are however not inert aggregates but act as a tran-
sient reservoir for loosely packaged folding intermedi-
ates in vivo (Carrio and Villaverde, 2001). Formation of
inclusion bodies in recombinant expression systems is
the result of an unbalanced equilibrium between in vivo
protein aggregation and solubilization. Aggregation in
recombinant systems is minimized through the con-
trol of parameters such as temperature, expression rate,
host metabolism, target protein engineering including
solubility tag-technology and by the co-expression of
plasmid-encoded chaperones (Jonasson et al., 2002).

The insoluble recombinant protein normally en-
riches the inclusion bodies by 50–95% of the protei-
neous material. Inclusion bodies are easily prepared
and their degradation by proteases is limited but present
both in vitro and in vivo (Carbonell and Villaverde,
2002). Proteases are directly involved in the in situ
degradation of unfolded or misfolded inclusion body
associated polypeptides by interaction with exposed
hydrophobic patches (Carbonell and Villaverde, 2002).
Arrest of recombinant protein synthesis results in the
efficient removal and refolding of inclusion bodies
but with most protein degraded by proteases and only
low fractions reluctant to further processing (Carrio
and Villaverde, 2001). The purified aggregates can be
solubilized using detergents like urea and guadinium

hydrochloride. Native protein can be prepared by in
vitro refolding from solubilized inclusion bodies either
by dilution, dialysis or on-column refolding methods
(Middelberg, 2002; Sørensen et al., 2003a). Refolding
strategies might be improved by inclusion of molecular
chaperones (Mogk et al., 2002). Optimization of the re-
folding procedure for a given protein however require
time consuming efforts and is not always conducive to
high product yields.

A possible strategy for the prevention of inclusion
body formation is the co-overexpression of molecular
chaperones. This strategy is attractive but there is no
guarantee that chaperones improve recombinant pro-
tein solubility.E.coliencode chaperones some of which
drive folding attempts, whereas others prevent protein
aggregation (Ehrnsperger et al., 1997; Schwarz et al.,
1996; Veinger et al., 1998). As soon as newly synthe-
sized proteins leave the exit tunnel of theE. coli ribo-
some they associate with the trigger factor chaperone
(Deuerling et al., 2003). Exposed hydrophobic patches
on newly synthesized proteins are protected from un-
intended interactions by association with trigger fac-
tor and folding premature to completion of a protein
domain may be prevented (Fig. 3). Proteins can start
or continue their folding into the native state after re-
lease from trigger factor. Proteins trapped in non-native
and aggregation prone conformations are substrate for
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Fig. 3. Protein folding and secretion inE. coli. Pathways important for recombinant expression, secretion and disulfide bond formation are
shown. See text for details and references.

DnaK and GroEL. DnaK (Hsp70 chaperone family)
prevents the formation of inclusion bodies by reducing
aggregation and promoting proteolysis of misfolded
proteins (Mogk et al., 2002). A bi-chaperone system
involving DnaK and ClpB (Hsp100 chaperone family)
mediates the solubilization or disaggregation of pro-
teins (Schlieker et al., 2002). GroEL (Hsp60 chaper-
one family) operates protein transit between soluble
and insoluble protein fractions and participates pos-
itively in disaggregation and inclusion body forma-
tion. Small heat shock proteins lbpA and lbpB protect
heat-denatured proteins from irreversible aggregation
and have been found associated with inclusion bodies
(Kitagawa et al., 2002; Kuczynska-Wisnik et al., 2002).

Simultaneous over-expression of chaperone en-
coding genes and recombinant target proteins proved
effective in several instances. Co-overexpression of
trigger factor in recombinants prevented the aggre-

gation of mouse endostatin, human oxygen-regulated
protein ORP150, human lysozyme and guinea pig
liver transglutaminase (Ikura et al., 2002; Nishihara et
al., 2000). Soluble expression was further stimulated
by the co-overexpression of the GroEL–GroES and
DnaK–DnaJ–GrpE chaperone systems along with
trigger factor (Nishihara et al., 2000). The chaperone
systems are cooperative and the most favorable
strategies involve co-expression of combinations of
chaperones belonging to the GroEL, DnaK, ClpB and
ribosome associated trigger factor families of chaper-
ones (Amrein et al., 1995; Nishihara et al., 1998).

Two E. coli mutant strains have contributed signif-
icantly to the soluble expression of difficult recombi-
nant proteins. C41(DE3) and C43(DE3) are mutants
that allow over-expression of some globular and mem-
brane proteins unable to express at high-levels in the
parent strain BL21(DE3) (Miroux and Walker, 1996).
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Expression of the F1Fo ATP synthase subunit b mem-
brane protein in these strains, in particular C43(DE3) is
accompanied by the proliferation of intracellular mem-
branes and inclusion bodies are absent (Arechaga et al.,
2000). These strains are now commercialized by Avidis
(http://www.avidis.fr) and a high number of reports on
their use in expression of difficult proteins have been
published (Arechaga et al., 2003; Smith and Walker,
2003; Steinfels et al., 2002; Sørensen et al., 2003c).

8. Stress response induced by recombinant
E. coli

The maintenance of a plasmid often induces a stress
response especially when a target protein is highly
expressed (Hoffmann and Rinas, 2004). Such stress
responses resembles environmental stress situations
such as heat shock, amino acid depletion or starva-
tion. Stress induced by plasmid maintenance is often
related to plasmid copy number (Bailey, 1993), while
the main perturbation can be attributed to genes en-
coded by the plasmid and even constitutively expressed
genes such as antibiotic resistance genes (Hoffmann et
al., 2002). Some proteins directly influence host cel-
lular metabolism by their enzymatic properties, but in
general expression of recombinant proteins induce a
“metabolic burden”. The metabolic burden is defined
as the amount of resources (raw material and energy)
that are withdrawn from the host metabolism for main-
t
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including components of the protein synthesis machin-
ery are down regulated (Hoffmann et al., 2002). Amino
acid starvation tends to occur during recombinant ex-
pression if the product deviates considerably from the
averageE. coli protein. The response includes an ex-
tensive reprogramming of gene expression patterns and
down regulation of the majority of genes involved in
transcription, translation and amino acid biosynthesis
(Chang et al., 2002). Addition of the appropriate amino
acid(s) can alleviate this phenomenon known as the
stringent response.

Another response to stress induced by recombinant
expression is an increase of the in vivo proteolysis
of the target protein. This response has been circum-
vented by the use of protease deficient host strains, heat
shock deficient strains, chaperone co-expression and
protease inhibitor co-expression (Dong et al., 1995).
These strategies rely on engineering of the host. Other
strategies target the specific product, which can be sta-
bilized by fusion protein technology and site directed
mutagenesis at protease specific sites or directed dif-
ferently by a signal peptide (e.g., to inclusion bodies or
the periplasm).

Stress can be reduced in recombinant systems by
slow adaptation of cells to a specific production task.
This can be accomplished by gradually increasing the
level of inducer or by slowly increasing the plasmid
copy number during cultivation (Trepod and Mott,
2002). Stress situations can clearly be avoided and
should be circumvented if the desired quality and quan-
t
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enance and expression of the foreign DNA (Bentley
nd Kompala, 1990). In general the specific growth ra
f cells expressing a product correlates inversely

he rate of recombinant protein synthesis (Dong et al.
995; Hoffmann and Rinas, 2004). The expression o
ecombinant proteins therefore, usually results in
aired growth rates and lowered increase in biom
his is a direct response to the high-energy requ
ents induced by recombinant protein synthesis

ynthesis of stress proteins and elevated respir
ates (Hoffmann and Rinas, 2004).

The response triggered by the cells under en
imiting conditions is extremely complex and includ
he activation of alternative pathways for energy g
ration and adjustment of the level of energy gen

ng enzymes. Recombinant expression results in
ates of protein synthesis. However, while the rec
inant protein is highly expressed, housekeeping g
ity of recombinant protein is impaired.

. Fusion protein technology and cleavage by
ite specific proteolysis

A wide range of protein fusion partners has been
eloped in order to simplify the purification and expr
ion of recombinant proteins (Stevens, 2000). Fusion
roteins or chimeric proteins usually include a p
er or “tag” linked to the passenger or target pro
y a recognition site for a specific protease. Mos
ion partners are exploited for specific affinity purifi
ion strategies. Fusion partners are also advantag
n vivo, where they might protect passengers from
racellular proteolysis (Jacquet et al., 1999; Martin
t al., 1995), enhance solubility (Davis et al., 1999
apust and Waugh, 1999; Sørensen et al., 2003) or
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be used as specific expression reporters (Waldo et al.,
1999). High expression levels can often be transferred
from a N-terminal fusion partner, to a poorly expressing
passenger, most probably as a result of mRNA stabi-
lization (Arechaga et al., 2003). Common affinity tags
are the polyhistidine tag (His-tag), which is compat-
ible with immobilized metal affinity chromatography
(IMAC) and the glutathioneS-transferase (GST) tag for
purification on glutathione based resins. Several other
affinity tags exist and have been extensively reviewed
(Terpe, 2003).

Fusion partners of particular interest with regard to
optimization of recombinant expression, include the
E. coli maltose binding protein (MBP) andE. coli N-
utilizing substance A (NusA). MBP (40 kDa) and NusA
(54.8 kDa) act as solubility enhancing partners and are
especially suited for the expression of inclusion body
prone proteins. Although many proteins are highly sol-
uble, they are not all effective as solubility enhancers.
E. coli MBP proved to be a much more effective solu-
bility partner than the highly soluble GST and thiore-
doxin proteins in a comparison of solubility enhancing
properties (Kapust and Waugh, 1999). Solubility en-
hancement is a common trait of maltodextrin-binding
proteins (MBPs) from a number of organisms and some
of them are even more effective thanE. coli MBP (Fox
et al., 2003). A precise mechanism for the solubility
enhancement of MBP has not been found. However,
MBP might act as a chaperone by interactions through
a solvent exposed “hot spot” on its surface, which sta-
b
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N-terminal fragment of translation initiation factor
IF2 (17.4 kDa) as a solubility partner (Sørensen et
al., 2003b). The use of a small partner reduces the
amount of energy required to obtain a certain number
of molecules, diminishes steric hindrance and simplify
applications such as NMR. The outcome of fusion
to a solubility partner is protein specific and is not a
universal method for the prevention of inclusion-body
formation.

A newly introduced strategy is to screen for soluble
proteins using a folding reporter. Fluorescence ofE.
coli cells expressing target genes fused to GFP is
related to the solubility of the target gene expressed
alone (Waldo et al., 1999). Hence, protein folding
in E. coli can be improved by directed evolution
approaches for a certain target protein by screening
for fluorescing mutants. This approach evolved three
insoluble proteins includingPyrobaculum aerophilum
methyl transferase, tartrate dehydratase�-subunit
and nucleoside diphosphate kinase to be 50, 95 and
90% soluble, respectively (Pedelacq et al., 2002). The
GFP reporter system was further used to screen for
solubilizing interaction partners to insoluble targets.
Fusion of integration host factor� upstream to GFP
resulted in aggregation, whereas co-expression of
the binding partner, integration host factor�, in-
creased fluorescence dramatically (Wang and Chong,
2003).

Typically, it is desirable to separate the recombinant
protein from exploited fusion partners such as affinity
t This
i ted
f ing
t fac-
t
e se-
q cept
a nce
L

av-
a sis is
f ins.
M nase
( ino
a ion
p s at
L -
c have
ilizes the otherwise insoluble passenger protein (Bach
t al., 2001; Fox et al., 2001).

Wilkinson and Harrison proposed a model for
heoretical calculation of solubility percentages
ecombinant proteins expressed in theE. coli cy-
oplasm (Wilkinson and Harrison, 1991). A web-
erver for the calculation of this index is found
ttp://www.biotech.ou.edu. The Wilkinson–Harriso
odel along with experimental data identified Nu
s a highly favorable solubility partner (Davis et al.
999). The major advantage of NusA, in addition

he good solubility characteristics, is its high exp
ivity. Both MBP and NusA have been used for
olubilization of highly insoluble ScFv antibodies
he cytoplasm ofE. coli (Bach et al., 2001; Zheng
l., 2003).

MBP and NusA are relatively large fusion partne
e recently suggested the use of a highly sol
ags, solubility enhancers or expression reporters.
s achieved by site-specific proteolysis of the isola
usion protein, in vitro. Two serine proteases belong
o the eukaryotic blood-clotting cascade, namely
or Xa and thrombin are extensively employed (Jenny
t al., 2003). Factor Xa cleaves at the amino acid
uence IEGR/X, where X can be any amino acid ex
rginine or proline. Thrombin recognizes the seque
VPR/G.

While these enzymes are highly efficient for cle
ge at the inserted recognition sequence, proteoly

requently occurring at other sites in target prote
ore specific proteases in use include enteroki

recognizes DDDDK/X, where X can be any am
cid except proline) and the highly specific precis
rotease (Amersham Biosciences), which cleave
EVLFQ/GP (Walker et al., 1994). The latter is a pi
ornavirus 3C protease, a class of proteases that
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not been reported to cleave fusion proteins at unin-
tended locations. Another 3C protease has come in use,
namely the tobacco etch virus protease (TEV). This
protease cleaves the sequence ENLYFQ/G efficiently
(Kapust et al., 2002). TEV is extensively used for in
vitro cleavage of fusion proteins but it has also found
use for controlled intracellular fusion protein process-
ing (Kapust and Waugh, 2000). Co-expression of TEV
from a recombinant plasmid can be used as a tool to
study cleavage of a recombinant target protein in vivo
and is relevant for the detection of cleavage problems
before cost-effective purification procedures are initi-
ated (Ehrmann et al., 1997; Herskovits et al., 2001;
Kapust and Waugh, 2000).

Selection of optimal reaction conditions and a spe-
cific protease depends on the recombinant target pro-
tein. Hence, the use of proteases for fusion protein
cleavage is not a trivial procedure.

10. Secretion of recombinant proteins and
disulfide bond formation

Recombinantly expressed proteins can in principle
be directed to three different locations namely the cy-
toplasm, the periplasm or the cultivation medium. Var-
ious advantages and disadvantages are related to the
direction of a recombinant protein to a specific cellular
compartment. Expression in the cytoplasm is normally
preferable since production yields are high. Disulfide
b
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ulates disulfide bond formation further (Bessette et al.,
1999).

Transmembrane transport is normally mediated by
N-terminal signal peptides by direction of the protein
to a specific transporter complex in the membrane
(Fig. 3). Most proteins are exported across the inner
membrane to the periplasm by the well-known Sec
translocase apparatus (Manting and Driessen, 2000).
Frequently used periplasmic leader sequences for
potential export are derived from ompT, ompA, pelB,
phoA, malE, lamB and�-lactamase (Blight et al.,
1994). Systems are available for the potential export
and enhanced disulfide bond formation via fusion
to DsbA or DsbC, the enzymes catalyzing disulfide
bond formation and isomerization in the periplasm
(Collins-Racie et al., 1995). A direct consequence of
periplasmic production is a considerable reduction in
the amount of contaminating proteins in the starting
material for purification. Other benefits include the
much higher probability of obtaining an authentic
N-terminus in the target protein, decreased proteolysis
and simplified protein release by osmotic shock
procedures (Jonasson et al., 2002).

Efficient pathways for translocation through the
outer membrane are absent, albeit some proteins ex-
ported to the periplasm diffuse or leaks into the ex-
tra cellular medium. Passive transport across the outer
membrane can be stimulated by external or internal
destabilization of theE. coli structural components.
Destabilization is achieved either by lysis proteins
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ond formation is segregated inE. coli and is actively
atalyzed in the periplasm by the Dsb system (Rietsch
nd Beckwith, 1998). Reduction of cysteines in the c

oplasm is achieved by thioredoxin and glutaredo
hioredoxin is kept reduced by thioredoxin reduct
nd glutaredoxin by glutathione. The low molecu
eight glutathione molecule is reduced by glutathi

eductase (Fig. 3). Disruption of thetrxB andgor genes
ncoding the two reductases, allow the formatio
isulfide bonds in theE. coli cytoplasm. ThetrxB (No-
agen AD494) andtrxB/gor (Novagen Origami) neg
tive strains ofE. coli have been selected in seve
xpression situations (Bessette et al., 1999; Lehma
t al., 2003; Premkumar et al., 2003). Folding and disul
de bond formation in the target protein is enhan
y fusion to thioredoxin in strains lacking thioredo
eductase (trxB) (Stewart et al., 1998). Overexpressio
f the periplasmic foldase DsbC in the cytoplasm s
orking from the interior of the cell, by using stra
acking structural membrane components or by

eabilization directed from the cell exterior eit
echanically, enzymatic or chemically (Shokri et al.
003). Another strategy involves the engineering of
retion mechanisms intoE. colieither from pathogen
. coli or other species. Direction of recombinant p

eins to the periplasm often results in protein leak to
xtra cellular cultivation medium. This uncontrol
trategy enabled the purification of potato carboxy
idase inhibitor and cholera toxin B subunit (Molina et
l., 1992; Slos et al., 1994). The ompA signal sequen
as recently used to translocate a recombinant pe

o the periplasm for probable secretion to the cultiva
edium. Translocation was enhanced by co-expre
f two secretion factors (secE and secY) and the
f recombinant peptide in the cultivation medium
reased (Ray et al., 2002). Recombinant proteins pro
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ably leave the periplasm passively through destabilized
membrane structures, either when cells age or when
culture conditions change. However, detailed knowl-
edge and standardized methods for directed secretion
are missing.

11. Systems for co-overexpression of multiple
targets

Elucidation of macromolecular structure as well as
functional investigation migrates towards even more
complicated entities. These studies often require prepa-
ration of large quantity multi-component protein com-
plex. Complex production in vivo has therefore gained
increasing interest. In vivo preparation of protein com-
plexes is achieved by plasmid-mediated co-expression
of the cognate interaction partners. The in vivo co-
expression approach has multiple advantages as com-
pared to in vitro complex reconstitution from isolated
components. Several reports indicate the importance
of an interaction partner for the proper in vivo fold-
ing of a recombinant protein. Co-expression often re-
sults in increased amounts of properly folded target
protein, in some instances protected from proteolytic
degradation by another component of the complex (Li
et al., 1997; Stebbins et al., 1999; Tan, 2001). Two
general strategies are available, namely co-expression
from two separate plasmids maintained in the cell si-
multaneously, or expression of multiple recombinant
p wo
p h
p ible
r usly
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t
2 nary
a C-
e
s atic
i art-
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1

ion
o ur
d ized
b tion
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al., 2003). Similarly four different selectable markers
are used (spectinomycin, kanamycin, chloramphenicol
and ampicillin). Future challenges in recombinant co-
expression will elucidate the amenability of this and
similar systems.

12. Conclusions

We have reviewed the most recent improvements in
recombinant expression of proteins inE. coli as well
as the difficulties arising from this unnatural stress sit-
uation. Improvement of recombinant expression relies
on the modulation and circumvention of many issues
such as mRNA stability, codon bias and inclusion body
formation. Genetic strategies are the primary source of
innovation for recombinant expression inE. coli and
the limits are constantly pushed as we learn. We con-
clude that the primary key to successful preparation of
recombinant proteins inE. coli is the skillfull combi-
nation of the utensils from the vast genetic toolbox.
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