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Abstract Different hosts have been used for recombinant
protein production, ranging from simple bacteria, such as
Escherichia coli and Bacillus subtilis, to more advanced
eukaryotes as Saccharomyces cerevisiae and Pichia pas-
toris, to very complex insect and animal cells. All have
their advantages and drawbacks and not one seems to be
the perfect host for all purposes. In this review we compare
the characteristics of all hosts used in commercial appli-
cations of recombinant protein production, both in the area
of biopharmaceuticals and industrial enzymes. Although
the bacterium E. coli remains a very often used organism,
several drawbacks limit its possibility to be the first-choice
host. Furthermore, we show what E. coli strains are typi-
cally used in high cell density cultivations and compare
their genetic and physiological differences. In addition, we
summarize the research efforts that have been done to
improve yields of heterologous protein in E. coli, to reduce
acetate formation, to secrete the recombinant protein into
the periplasm or extracellular milieu, and to perform post-
translational modifications. We conclude that great pro-
gress has been made in the incorporation of eukaryotic
features into E. coli, which might allow the bacterium to
regain its first-choice status, on the condition that these
research efforts continue to gain momentum.
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Introduction

The development of recombinant DNA technology in the
early 1970s [31] enabled the expression of heterologous
genes into pro- or eukaryotic hosts which do not naturally
harbor these pieces of DNA. As a result, an organism can
produce a protein which it does not produce in natural
circumstances, and the protein can originate from a
totally different, sometimes not even closely related spe-
cies. The ability to produce recombinant proteins led to a
tremendous rise in biopharmaceutical and industrial
enzyme applications.

The first biopharmaceutical produced by recombinant
DNA technology was human insulin, a medicine used for
the treatment of diabetes [60]. After approval by the US
Food and Drug Administration (FDA) in 1982, it became
the first biopharmaceutical compound of its kind to enter
the market. Since then, the number of applications for the
clinical use of biopharmaceuticals has increased steadily.
To date, the application of more than 150 recombinant
proteins has been licensed by the FDA and European
Medicines Agency (EMEA) to be used as a pharmaceutical
[52]. The global market for biopharmaceuticals is esti-
mated to be worth approximately €50-60 billion' [174].
Moreover, in the upcoming years, this market is expected
to grow at a rate of approximately 9% annually [61].

Recombinant DNA technology also facilitated the
expansion of the industrial enzyme market. Before the
1980s, the vast majority of enzymes were still naturally
derived from plants and animals, resulting in low yields
and concomitant high prices. By cloning the plant and
animal genes into appropriate expression vectors, the

! However this value can vary greatly, depending on how a
biopharmaceutical is defined and the sources consulted.
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enzymes could be produced in much larger amounts by
microbial fermentation, often circumventing the laborious
downstream processing that was associated with conven-
tional extraction methods. For example, for over hundreds
of years, the enzyme chymosin or rennin has been used as a
coagulation agent of milk proteins in the production of
cheese. Until 1990, chymosin was isolated from the
abomasum or fourth stomach of the calf and lamb. Today,
it is produced by genetically engineered strains, such as
Escherichia coli, Aspergillus niger, Kluyveromyces lactis,
or Pichia pastoris [96]. Industrial enzymes are used in
various industrial segments. Proteases, amylases, lipases,
and cellulases are used for stain removal and color clari-
fication in the detergent industry. Amylases, amylogluco-
sidases, and pullulanases are applied for starch liquefaction
and saccharification. Glucose can be converted to the
sweeter-tasting fructose by glucose isomerase. Pectinases
are used in the clarification of fruit juices and many more
examples exist in other industrial fields, e.g., the pulp and
paper, textile, and leather industries [91].

The industrial enzyme market rose from €0.3 billion in
1994 to €1.4 billion in 2000 and €1.8 billion in 2009. By
1994, over 50% of the industrial enzyme market value was
generated by recombinant processes [43, 74]. Taking into
account the great progress that has been achieved since
then, this number is probably even much higher today.

This review will describe what factors determine the
choice of the host in recombinant bioprocesses, both in the
domains of biopharmaceuticals and industrial enzymes.
More specifically, we will focus on the use of Escherichia
coli as a host and the different engineering strategies that
have been applied to increase recombinant protein pro-
duction (RPP) in this bacterium.

Plasmid-based RPP

In the first attempts to produce recombinant proteins, the
gene of interest was typically cloned into an expression
vector, generally a plasmid. Expression vectors are extra-
chromosomal self-replicating DNA elements that contain
an origin of replication (ori), a selection marker (usually
antibiotic resistance), transcriptional promoters, translation
initiation regions (TIRs) as well as transcriptional and
translational terminators [157]. To date, the vast majority of
recombinant protein expression is plasmid-based, primarily
because higher gene dosages can be obtained compared
with when the recombinant gene is chromosomally inte-
grated into the host’s DNA, i.e., multiple copies of the
plasmid are present in the cell, e.g., 15-20 in pBR322 and
500-700 in the pUC plasmid series. Furthermore, genetic
manipulations are much more straightforward and less time
consuming on plasmids than in the genome [124].
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Nonetheless, plasmids can only be used in bacterial
hosts and to a lesser extent in yeast or fungi. For higher
eukaryotes, chromosomal integration of the gene remains
the only solution. In addition, many research groups
encountered a reduction in expression of the desired pro-
tein during long cultivations when using plasmid-based
systems, which is caused by plasmid loss and overgrowth
of plasmid-free bacteria [142] or loss of functional T7
RNA polymerase as a result of chromosomal mutations
[171]. Moreover, plasmid maintenance imposes a meta-
bolic burden on the host cells, which results in a reduced
growth rate and viability [123]. Finally, fragments larger
than 15 kb cannot be cloned into conventional plasmids
[130].

To increase plasmid stability and evolutionary robust-
ness of the strain, three basic design principles should be
respected: (1) high expression of genetic circuits comes
with the cost of low evolutionary stability, (2) repeated
sequences should be avoided, and (3) the use of inducible
promoters generally increases evolutionary stability [152].
Furthermore, to overcome plasmid instability problems or
metabolic burden, the gene of interest can be chromo-
somally integrated. If only one gene copy is incorporated,
recombinant protein yields remain rather low because of a
very low gene dosage. However, when multiple copies are
inserted, gene dosage is increased, which results in a linear
increase in RPP [23, 135, 155]. This approach is much
more labor-intensive than the plasmid-based system, but
generally results in more stable production.

Alternatively, bacterial artificial chromosomes (BACs)
can be used as expression vectors. BACs are derived from
the F factor of E. coli and are capable of maintaining human
genomic DNA fragments of more than 300-kb pairs [146].
The advantage compared with plasmids is that the cloning
capacity is increased and compared with chromosomal
integration that the expression is less affected by the sur-
rounding chromatin of the insertion site in the host genome,
which results in a more stable expression. Despite these
enviable characteristics, BACs have been rarely used in
RPP. One recent successful application involves the pro-
duction of the Fc fragment of human immunoglobulin IgGI
in human embryonic kidney cells (HEK 293 cell line) [12].

Hosts for RPP

Besides the choice between a chromosomal or plasmid-
based approach, the selection of a suitable host strain is one
of the most important aspects in the design of recombinant
protein bioprocesses.

In the ideal case, a strain should grow rapidly on cheap
media, it should be very easy to genetically modify, and
should be able to perform difficult glycosylation reactions
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or assist in disulfide bond formation. Furthermore, the
recombinant protein should be easily extractable from the
cell or the extracellular milieu in a minimum number of
steps. It is also important that the strain is generally
regarded as safe, because this status facilitates the appli-
cability of the recombinant protein. Taking all these factors
into account, this should result in a bioprocess that is
economically superior to the competing process it wants to
replace [47, 103, 138].

The strains that are most commonly used in the bio-
pharmaceutical and industrial enzyme industries are dis-
played in Fig. 1, and their most important features are
shown in Table 1. The main difference between the bio-
pharmaceutical and the industrial enzyme market is that
industrial enzymes must be produced at much lower cost
than biopharmaceuticals. The former are typically pro-
duced at €7—14 per kilogram [166] and margins on sales
are rather low, whereas biopharmaceuticals can be sold at
prices that are typically 100-1,000 times higher [134]. This
implies that yields and production rates can be lower, while
economical viability is still guaranteed. Consequently, in
the biopharmaceutical market, slower-growing organisms
like plants or animals can be utilized.

A Biopharmaceutical market

mE. coli m S. cerevisiae m mammalian cells

H transgenic animals m hybridoma m insect cells

1%

1%

B Industrial enzyme market

myeast and molds  m bacteria animals  mplants

Fig. 1 Strains typically used in the biopharmaceutical and industrial
enzyme market. The data for the biopharmaceutical market (a) are
based on recombinant proteins approved as drugs by the FDA and
EMEA [52]; the data for the strains used in the enzyme market (b) are
adopted from [43]

Bacteria

Escherichia coli remains one of the most commonly used
bacteria, primarily because of its well-characterized
genetics, its ability to grow rapidly on cheap substrates, and
the many molecular tools available. Nonetheless, E. coli
suffers some major drawbacks as well. Many of the post-
translational modifications that are found in higher organ-
isms like glycosylation steps and disulfide bond formation
cannot be performed, i.e., E. coli does not glycosylate its
proteins, and disulfide bond formation, which is necessary
for correct folding of many eukaryotic proteins, is
obstructed by the reduced state of the E. coli cytoplasm.
Another severe disadvantage is the difficulty of the strain
to secrete the recombinant protein in the culture medium
[7, 85, 106]. Even more problematic is that in many cases
recombinant proteins end up in inclusion bodies, and
therefore need to be refolded in a subsequent step [8].

Recently, in academia and industry, more attention has
been devoted to the use of Gram-positive Bacillus strains
for the production of recombinant proteins. Bacillus strains
share a number of advantages with E. coli, but become
more and more attractive because of their ability to secrete
the recombinant protein into the culture medium in high
amounts. Furthermore, Bacillus strains are Gram-positive
bacteria and hence do not contain an outer membrane
which consists of lipopolysaccharides (LPS). These struc-
tures often contain endotoxins which are pyrogenic to
humans. Disadvantages and points of particular interest are
plasmid instability, the availability of expression vectors,
protease activity, and the difficulty of high cell density
cultivation [129]. The most often used strains include
Bacillus megaterium, Bacillus subtilis, and Bacillus brevis
[161].

Other hosts that have been exploited for RPP include
Pseudomonas putida for antibody fragments [34] and
Ralstonia eutropha for organophosphohydrolase produc-
tion [9]. Many more bacterial systems are described, but
more than often the limited information about their
genetics or metabolism or the unavailability of expression
vectors or promoter systems hinders the expansion of their
application.

Yeast

To date, yeast strains have been extensively applied as hosts
both for the production of biopharmaceuticals and industrial
enzymes (see Fig. 1). As non-pathogenic organisms with
a long history in agriculture and the food industry, yeasts
have been the first choice hosts in many commercial
applications [57].

The most often used strain is Saccharomyces cerevisiae,
which like E. coli is a ‘pet’ organism in many laboratories.
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Table 1 Features of strains used in RPP

Features

Bacteria

Yeasts

Filamentous fungi

Higher eukaryotes

Most relevant
species

Applications

Production
rate

Substrate cost

E. coli

Bacillus strains

Biopharmaceuticals (mainly
E. coli)

Industrial enzymes (mainly
Bacillus)

Very high

Low

Saccharomyces cerevisiae

Pichia pastoris

Mainly biopharmaceuticals
Some industrial enzymes
High

Low

Aspergillus strains

Trichoderma strains

Mainly industrial enzymes

Moderate to high

Low

Into culture medium

Rather easy

Refolding sometimes required

Possible, better mimics human

Chinese hamster
ovary cells (CHO)

Mainly
biopharmaceuticals

Low

High

Into culture medium

Difficult

No folding problems

encountered

Approaches human-

Secretion Into periplasm (Gram-negative Into culture medium
bacteria) or culture medium
(Gram-positive bacteria)
Genetic Very easy Easy
manipulation
Folding Often problematic and Refolding sometimes
refolding necessary required
Glycosylation  Rarely occurs Possible, but glycoproteins
of the typically contain high
protein amounts of mannose units

glycosylation than yeast, but does
not contain many human sugar units

like glycosylation

It shares more or less the same advantages with E. coli, i.e.,
it is easy to cultivate and has well-characterized genetics
and metabolism. Because it is a eukaryote, it can, however,
perform some of the post-translational modifications that
are typical of higher organisms.

Whereas S. cerevisiae was the most preferred yeast in
the early days of RPP, other yeast strains are also being
explored as hosts today. During the last two decades there
has been a tremendous increase in the use of methylo-
trophic yeasts, such as Hansenula polymorpha, Candida
boidinii, and especially Pichia pastoris [33, 76, 105]. The
popularity of Pichia can be attributed to the easy imple-
mentation of genetic, biochemical, and molecular biologi-
cal techniques that have been developed for S. cerevisiae
over the past decades, while protein expression levels are
often 10- to 100-fold higher [73].

In contrast to bacteria, yeast strains can perform
eukaryotic glycosylation patterns, making them particu-
larly suitable for the production of more complex, mam-
malian proteins. Glycosylation increases the stability and
bioactivity of the foreign protein, and the better the
recombinant glycosylation pattern mimics the native one,
the more stable and active the protein seems to be [153].
Both S. cerevisiae and P. pastoris co- and post-transla-
tionally add oligosaccharide chains to the proteins and in
both strains these sugars are mainly mannose units. How-
ever, S. cerevisiae tends to hyperglycosylate the protein,
adding up to 150 mannose residues per side chain, whereas
P. pastoris only adds 8—14 mannose residues on average
[68]. Maybe a more important structural difference in
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glycosylation is that in contrast to S. cerevisiae, P. pastoris
does not add «l,3-terminal mannose units to the oligo-
saccharide chains [33], and it was discovered that man-
nose-terminating glycans are responsible for breakdown in
the blood and immunogenic responses in patients [35].
Although Pichia-derived proteins perform slightly better in
terms of immunogenicity than those produced in Saccha-
romyces, the high mannose content and the absence of
typically human intermediate and terminal sugar residues
such as sialic acid remain bottlenecks in the production of
safe and active mammalian therapeutic proteins. This
explains the various attempts to engineer the glycosylation
pattern of Pichia to obtain more human-like glycans
[14, 19, 24, 69, 170].

Although Pichia has been extensively used as a host in
research, e.g., more than 400 proteins have been produced
in this yeast [20], the commercial applications are rather
limited. In 2009 the first approval for a biopharmaceutical
derived from Pichia was granted. It concerns Kalbitor®
and is used for the treatment of acute attacks of hereditary
angioedema,2

Filamentous fungi
Filamentous fungi are important mainly as hosts for the

production of industrial enzymes, and they are rarely
applied for the production of biopharmaceuticals. Of the

2 http://www.biopharma.com/approvals.html consulted on 15 June
2011.
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Table 2 The industrial enzyme market: type of proteins and strains

used

Total number of enzymes 260
Enzymes that are homologous proteins 57%
Enzymes that are heterologous proteins 43%
Enzymes produced by Aspergillus strains 33%
Enzymes produced by Trichoderma strains 11%
Enzymes produced by Penicillium strains 5%

Enzymes produced by Saccharomyces strains 1%

Enzymes produced by Kluyveromyces strains 1%

Enzymes produced by Bacillus strains 18%
Enzymes produced by other bacterial strains 9%

Numbers are based on the Amfep list of commercial enzymes
http://www.amfep.org from 2009. Numbers from 2004 can be found
elsewhere [143]

260 enzymes listed by the Association of Manufacturers
and Formulators of Enzyme Products (Amfep) in 2009,
about 50% were produced in filamentous fungi (Table 2). It
is noteworthy that the largest group comprises homologous
proteins (57%). Many filamentous fungi species naturally
secrete large amounts of industrially relevant enzymes into
the growth medium, explaining their wide use for enzyme
production. Furthermore filamentous fungi grow relatively
fast on inexpensive substrates and are GRAS organisms
(Generally Recognized As Safe) [118]. The most important
species are Aspergillus, Trichoderma, and Penicillium,
which naturally secrete enzymes such as amylases, cellu-
lases, lipases, and proteases.

In most engineering strategies, multiple copies of the
gene of interest (homologous or heterologous) are intro-
duced into a host strain that has a high natural ability to
secrete proteins and that can be easily cultivated and
genetically engineered. Furthermore, the use of heterolo-
gous gene products is steadily increasing. For example, in
2004, 35% of all enzymes were heterologous proteins
[143], whereas in 2009 this number reached 43%.

Filamentous fungi have also been explored for the pro-
duction of biopharmaceuticals; however, to date this has
not resulted in any successful applications.

Higher eukaryotes

Although yeasts and filamentous fungi can grow relatively
fast on inexpensive substrates, their inability to execute
human-like glycosylation patterns obstructs their wide
application in the biopharmaceutical industry. There have
also been attempts to use higher eukaryotes, such as
insects and plants, but in most cases with limited indus-
trial success. As shown in Fig. 1, the majority of approved

3 http://www.amfep.org consulted on 17 June 2011.

biopharmaceuticals are produced in mammalian cell sys-
tems, only because of their ability to perform complex
human-like post-translational modifications (PTMs). Of all
PTMs, glycosylation is by far the most notorious and most
difficult to engineer. There are five types of glycosylation,
in order of importance classified as N-, O-, P-, C-, and
G-linked, all involving the addition of an oligosaccharide
structure to the protein core but with different binding sites
[125]. The most widely occurring type of glycosylation is
N-linked and comprises the attachment of glycans to
nitrogen of asparagine or arginine side chains [71, 125,
149, 176].

The differences in N-glycosylation patterns between the
yeast P. pastoris and mammalian cells are displayed in
Fig. 2. The first steps of N-linked glycosylation are exe-
cuted in the endoplasmic reticulum (ER) and are similar for
yeast and higher eukaryotes. These steps consist of the
addition of two N-acetylglucosamine and eight mannose
units to the protein. The resulting glycoprotein is trans-
ported to the Golgi apparatus for further protein processing.
However, these later glycosylation steps completely differ
between yeasts and mammalian cells. Whereas in yeast,
additional mannose units are added to the oligosaccharide
structure, in mammalian cells the opposite occurs—man-
nose units are cleaved off and galactose and sialyl units are
added [18, 58].

Chinese hamster ovary (CHO) cells are by far the most
commonly used higher eukaryotes for the production of
glycoproteins. Almost all approved biopharmaceuticals
produced in mammalian cell systems rely on the use of
CHO cells [52]. Although CHO cells are maybe the best
system to achieve human-like glycosylation patterns, there
are also some major drawbacks associated with this host.
Animal cells grow very slowly and need expensive serum-
based media, resulting in a low productivity and, hence, in
an economically harsh process. Moreover, correct glyco-
sylation of the protein seems to be very sensitive towards
culture parameters such as pH, dissolved oxygen and car-
bon dioxide, and medium component concentrations [78].

Escherichia coli strains used in RPP

During the last decade several organisms have been further
explored as hosts for RPP. However, the easily cultivable
and genetically well-known bacterium E. coli remains very
popular in a lot of applications. One of the key advantages
of E. coli is that the microorganism can be grown to high
cell densities in appropriate bioreactors by high cell density
cultivation (HCDC) techniques, which allow the produc-
tion of high amounts of heterologous protein [99].
Throughout the years, various E. coli strains with dif-
ferent genotypes have been examined for their potential to
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Fig. 2 Glycosylation steps in ER
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produce large amounts of these recombinant proteins. An  in this host. The primary reason for this is that BL21 strains
overview of what strains are typically used in HCDCs is  are deficient in the proteases Lon and OmpT, which
given in Table 3; the genotype characteristics of the strains  decreases the breakdown of recombinant protein and
are listed in Table 4. By far the most commonly used strain ~ results in higher yields [62, 64]. Second, E. coli BL21
is E. coli BL21, with 15 of the 43 proteins being produced  produces a substantially lower amount of acetate compared
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Table 3 E. coli strains used in RPP processes
E. coli strain Recombinant protein Application Titer Protein Ref.
(gL™ size (kDa)
BL21 (DE3) 2-Deoxyribose-5-phosphate Synthetic chemistry enzyme 5.12 +25 [127]
aldolase
Carboxylesterase B1 Hydrolyzes insecticide residues NA? 64 [132]
Insulin-like growth factor-2 Biopharmaceutical 9.69 6.5 [79]
Human f-endorphin Biopharmaceutical 5.6" 40° [83]
th-GCSF! Biopharmaceutical 1.75 18.8 [4]
HPPCn® Biopharmaceutical 0.64 30 [102]
Human interferon-y Biopharmaceutical 4.2 25 [5]
Human leptin Biopharmaceutical 9.7 16 [82]
Human mini-proinsulin Biopharmaceutical 7 +5 [145]
Human tumor necorsis Biopharmaceutical NA +18 [128]
factor-o
Hydroxynitrile lyase Chemical industry NAf +30 [140]
Phytase Feed additive NAS® +50 [92]
Resilin Elastic protein for material industry 0.3 28 [89]
Streptokinase Biopharmaceutical 1.12 47 [67]
Transglucosidase Chemical industry NAP 90! [180]
BL21 (G2) Carbamoylase Chemical industry NA! +43 [21]
BLR (DE3) Asparaginase Biopharmaceutical 5.24 141 [88]
Bioadhesive precursor (BP) Biopharmaceutical 14~ 26 [90]
protein
DH5a Mouse endostatin Biopharmaceutical 0.04 20 [182]
Protective antigen protein Biopharmaceutical 0.125 83 [22]
C41 (DE3) rHsp60l Biopharmaceutical 0.0004 58 [133]
C600 TRAIL™ Biopharmaceutical 4.51 19 [104]
HB101 Alkaline phosphatase Model enzyme 5.2 +48 [25]
C8/119S" Biopharmaceutical NA° 15 [95]
Insulin-like growth factor-I Biopharmaceutical 1.24 15 [120]
fused protein
N-Carbamyl-p-amino acid Chemical industry NAP +33 [115]
amidohydrolase
HMS174 (DE3) Human interleukin-7 Biopharmaceutical NAY 17.4 [122]
JM101 Exoglucanase Cellulose degradation NA® 40 [55]
hEGF® Biopharmaceutical 0.325 6.2 [151]
MG1655 Aminolevulinate synthase Insecticide, antimicrobial drug 5.2 +45 [181]
Origami (DE3) AMAT1* Biopharmaceutical NA" +48 [48]
Bacteriocin DvnRV41 Antimicrobial agent 0.296" +20 [185]
fusion protein
Human interferon o-4 Biopharmaceutical NAY 18.4 [183]
Pig liver esterase Chemical industry NA* +60 [16]
Rosetta (DE3) Glycine oxidase Chemical industry NAY +41 [109]
RADD* Biopharmaceutical 0.068 +12 [179]
Rosetta-gami (DE3) Insulin-like growth factor 1 Biopharmaceutical 2.1 24.8 [188]
fusion protein
TG1 rhBMP-2** Biopharmaceutical 8.6 +14 [164]
Human interferon-o Biopharmaceutical 4% 4 [6]
Phytolacca insularis Biological pesticide 0.466 +48 [98]

protein
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Table 3 continued

E. coli strain Recombinant protein Application Titer Protein Ref.
(gL™h size (kDa)
W3110 L-N-Carbamoylase Chemical industry 3.8 +43 [177]
Human insulin-like growth Biopharmaceutical 43 +26 [27]
factor I fusion protein
Penicillin acylase Semisynthetic antibiotic production NA™ 95 [100]
P64k, dihydrolipoamide Vaccine preparations 2.1 64 [50]

dehydrogenase

All production processes refer to HCDCs. When ‘%’ is added to the protein size no exact value was mentioned in the cited reference and an

estimation based on SDS-PAGE results or amino acid length is given

NA not available
299 U mL™!

" As ompF fusion protein, ompF was cleaved by Factor Xa to yield f-endorphin

¢ As fusion protein, ff-endorphin = 4 kDa

4 Human granulocyte colony-stimulating factor
Human hepatic growth factor hepatopoietin Cn
180 UmL™"

£ 120 UmL™"

" 501 nkat g~

' As a fusion protein, truncated to Pseudomonas syringae ice nucleation protein

i 14UmL™!

¥ Assuming that 50% of the biomass is protein

' S. enteritidis recombinant heat shock protein 60

™ Truncated tumor necrosis factor related apoptosis-inducing ligand

" Major house dust mite allergen der f2 mutant

® Produced in inclusion bodies, 2.3 g purified protein from 300 L culture

P 229U mL™!

4 Produced in inclusion bodies, 10—12 g L™" as $-200 purified IL-7 monomer

45U mL™!

* Human epidermal growth factor

' Apical membrane antigen 1

Y 70 mg purified from 100 L culture

V' As fusion protein

Y 21.7% of total protein

*14UmL™!

Y 12UmL™!

* Recombinant human ADAMI15 disintegrin domain
# Recombinant human bone morphogenetic protein-2
30,750 g L™" after purification from inclusion bodies
% 0300 g L™ after purification from inclusion bodies
* 0.9 UmL™'

with K12-derived strains [144]. Acetate inhibits growth
and recombinant protein formation, even at low concen-
trations of 0.5-1 g L' [32, 114]. The use of the low-
acetate producer BL21 therefore generally results in higher
protein yields.

Moreover, many of the other E. coli strains used in RPP
are BL21-derived strains. For example, E. coli BLR is a
BL21 recA mutant strain. RecA is involved in DNA repair
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and homologous recombination [158], which implies that
when RecA is active, it can provoke homologous recom-
bination between chromosomal and plasmid DNA. Since
most recombinant proteins are expressed from plasmids,
plasmid stability can be a very important issue in large-
scale production processes. Zhao et al. [189] investigated
the effects of this recA mutation and observed that E. coli
BLR exhibits a superior plasmid stability compared with its
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Table 4 Genotype characteristics of E. coli strains used in RPP processes

E. coli strain

Chromosomal genotype

Comments

Contains ADE3 phage with IPTG-regulated T7
polymerase

Thermoregulated instead of IPTG-regulated T7
polymerase
BL21 recA derivative

Typical plasmid storage strain

BL21 mutant designed for production of

BL21 (DE3) E. coli B F~dcm ompT hsdSg(rgmg) gal lon A(DE3 [lacl lacUV5-T7
gene 1 indl sam7 nin5])

BL21 (G2) E. coli B F~dcm ompT hsdSg(rgmyg) gal lon J(DE3 [lacl lacUV5-T7
gene 1 indl sam7 nin5])

BLR (DE3) E. coli B F~dcm ompT hsdSp(rgmg) gal lon A(DE3 [lacl lacUV5-T7
gene 1 indl sam7 nin5]) A(srl-recA)306::Tnl0(Tc®)

DH5« E. coli K12 F~ fhuA2 A(argF-lacZ)U169 ®80 A (lacZ)M15 gyrA96
phoA ginV44 recAl relAl endAl thi-1 hsdR17

C41 (DE3) E. coli B F~dcem ompT hsdSg(rgmg) gal lon J(DE3 [lacl lacUVS-T7
gene 1 indl sam7 nin5])

C600 E. coli K12 F~ supeE44 hsdR thi-1 thr-1 leuB6 lacY1 tonA21

HB101 F~hsd20(rgmg) recAl3 rpsL20 leu proA2

HMS174 (DE3) E. coli K12 F~ recAl hsdR(rx1mi12) (Rif R)

IM101 E. coli K12 ginV44 thi-1 A(lac-proAB) F’[lacl?’Z AM15 traD36
proAB™]

MG1655 E. coli K12 F~ 17 ilvG- rfb-50 rph-1

Origami (DE3)

pLysS (Cam® Str" Ter™)

Rosetta (DE3)
T7 gene 1 indl sam7 nin5])RARE (Cam®™)

Rosetta-gami (DE3)

E. coli K12 A(ara-leu)7697 AlacX74 AphoA Pvull phoR araD139
ahpC galE galK rpsL F’[lac™ lacl? pro] (DE3) gor522::Tnl0 trxB

E. coli B F~ dem ompT hsdS g(rgmpg) gal lon A(DE3 [lacl lacUV5-

A(ara-leu)7697 AlacX74 AphoA Pvull phoR araD139 ahpC galE

membrane proteins [112]
K12 derivative
Hybrid between E. coi K12 and B
recA mutation in a K12 background

Original blue/white cloning strain

K12 wild-type strain

K12 strain with mutations in both the thioredoxin
reductase (trxB) and glutathione reductase (gor)
genes

BL21 derivative for expression of eukaryotic
proteins that contain codons rarely used in E. coli

K12 Rosetta—origami hybrid

galK rpsL (DE3) F’[lac™ lacl? pro] gor522::Tnl0 trxB

pLysSRARE ( Cam®, Str%, TetR)

TG1 E. coli K12 F’ [traD36 proAB™ lacl? lacZ AM15]supE thi-1

A(lac-proAB) A(mcrB- hsdSM)5 (rygmg)

W3110 E. coli K12 F~ 2" rph-1 INV(rraD, rrnE)

Strain useful for phage display

K12 wild-type strain

IPTG isopropyl-f-p-thiogalactoside

parent strain BL21. They noticed that in BL21 the per-
centage of plasmid-carrying cells dropped from 87 to 0%
within the first 4 h after induction with IPTG. However, in
E. coli BLR this value remained at 100% [189]. Another
example is E. coli C41, a mutant BL21 strain selected for
the production of membrane proteins [112]. The best
known BL21-derived strain is E. coli Rosetta (Merck
KGaA, Darmstadt, Germany). Rosetta strains harbor a
chloramphenicol-resistant plasmid, pRARE, which con-
tains multiple genes corresponding to tRNAs for codons
that are rarely used in E. coli. Consequently, since codon
usage between eukaryotes and E. coli can vary greatly, this
strain is predominately utilized to enhance the expression
of eukaryotic proteins. Besides co-expressing tRNAs,
codon bias can also be addressed by optimization of the
coding sequence, i.e., by substitution of lesser-used codons
with synonymous ones that are more frequently used in
E. coli. Both strategies generally result in enhanced yields
of eukaryotic proteins. However, the former strategy is
more economical when a large number of genes are to be
expressed, whereas the latter usually yields better results

and in addition offers the opportunity of altering other
features such as mRNA secondary structures [17].
Although to date few recombinant proteins have been
produced by HCDCs using E. coli Rosetta as a host (only
two examples in Table 3), a lot of effort has been put into
comparing the production capabilities of the strain with
that of BL21. Tegel et al. [159, 160] tested a set of 68
recombinant proteins in both strains and concluded that
mainly proteins that are badly produced in BL21 were
better expressed in E. coli Rosetta. Furthermore, the purity
of the proteins is greatly improved in Rosetta. Also Brenac
et al. [15] observed a higher production of a recombinant
mouse protein in Rosetta strains compared with BL21.
Escherichia coli K12 strains have also been used in
heterologous protein production, despite their attributed
disadvantages such as high acetate production and higher
protease activity. Daughter strains MG1655 and W3110
have been applied as hosts in some applications, however,
to a lesser extent than BL21 (see Table 3). These K12
strains were probably used because the corresponding
laboratories had a lot of experience in their cultivation.
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Furthermore, in two applications, mutant strains had to be
created and in contrast with K12 strains, at the time of
publication no genome information was available for B
strains [177, 181]. Lack of genome sequence information
complicates mutant creation. The genome of E. coli K12
was sequenced in 1997 [13]; however, for BL21, sequence
information only became available in 2009 [80]. A very
interesting K12 strain is E. coli TG1. TG1 produces a very
low amount of acetate both in batch and glucose-limited
cultures, which beneficially influences biomass yield and
protein production [86, 94]. Despite these attractive char-
acteristics, the applications using E. coli TG1 as a host are
limited to three examples (see Table 3). E. coli C600,
DH5a, and JM101 are also K12 strains but are only used in
a handful of applications. Maybe the most important K12-
derived strain is the redox-modified E. coli Origami (Merck
KGaA, Darmstadt, Germany). Origami strains contain
mutations in the thioredoxin reductase (trxB) and gluta-
thione reductase (gor) genes, and thereby promote disulfide
bond formation, a process which is normally (in the wild-
type strain) strongly disfavored because of the reduced
state of the cytoplasm [11]. All protein production exam-
ples listed in Table 3 using Origami refer to proteins for
which disulfide bonds are important for the activity and
stability of the protein. E. coli Rosetta-gami (Merck KGaA,
Darmstadt, Germany) strains are Origami strains that har-
bor the pRARE plasmid and thereby combine the advan-
tages of Origami strains (disulfide bond formation) with
that of Rosetta (providing tRNAs for rare codons). Zhang
et al. [188] compared the performance of BL21, Rosetta,
and Rosetta-gami for the production of human insulin-like
growth factor 1 (hIGF-1) and observed that Rosetta-gami
clearly outperformed the other two strains.

Furthermore, from Table 3 it can be concluded that
E. coli strains are mainly used for the production of small
proteins. Only 8 of the 44 proteins are larger than 50 kDa,
whereas 14 are smaller than 20 kDa.

Engineering of E. coli for increased RPP

Many efforts have been made to increase RPP in E. coli or
to express proteins that are generally difficult to produce in
this host. These engineering attempts can be divided into
the following classes:

1. Engineering of stress-related phenomena that generally
result in breakdown of the recombinant protein

2. Optimization of inclusion body formation

Reduction of acetate formation by genetic engineering

4. Engineering of E. coli for the extracellular production
of proteins

b

@ Springer

5. Introduction of PTM steps: expression of heterologous
proteins that contain disulfide bonds and introduction
of glycosylation reactions

Engineering of stress-related phenomena

For the production of heterologous proteins, the cDNA of
the gene of interest is usually cloned into plasmids under
the control of a strong inducible promoter, in order to
achieve high transcription rates and high protein concen-
trations. The use of high-copy plasmids and strong pro-
moters can result in such strong protein formation that
more than 50% of the cellular protein consists of recom-
binant protein [8, 56]. However, the folding machinery of
the cell is not adapted to fold such substantially higher
amounts of protein. When a protein or a part of a protein
fails to reach its native conformation in time, a stress
response is initiated [59], leading to the transcription of
stress-related proteins, like proteases, eventually resulting
in breakdown of the heterologous protein. When the pro-
tein of interest requires additional PTM steps that E. coli
cannot perform, the possibility of misfolding and stress
increases even further. Misfolded proteins initiate a heat-
shock like response, which comprises the upregulation and
activition of a set of proteins that are normally active when
cells are exposed to a sudden elevated temperature
[75, 126]. A second possibility, besides proteolytic break-
down, is that the misfolded protein aggregates in inclusion
bodies. Recent research has shown that inclusion bodies
can be considered as transient reservoirs of aggregated,
unfolded polypeptides that are still under the quality con-
trol surveillance of cell chaperones and proteases [169].
This aggregation is usually not desired.

In addition to misfolding, other factors can also induce
stress responses. The presence of multicopy plasmids or
gene overexpression causes metabolic burden and growth
retardation [10]. High expression of foreign genes requires
energy and building blocks that are normally reserved for
the general cellular activities of the host cell, such as
biosynthesis of DNA, membranes, and enzymes. The
consumption of cellular resources for heterologous protein
production can outbalance the cellular functions dramati-
cally, resulting in starvation and even suicidal behavior
[46, 97].

Most engineering strategies focus on prevention of
misfolding, neutralization of the increased protease activity
or stress response, or optimization of heterologous gene
expression [30].

Proper folding can be promoted by co-expression of the
chaperones DnaK and GroEL or their co-chaperones or a
combination of these chaperones [37, 39, 93, 162]. Proper
folding prevents the recombinant protein from provoking a
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severe stress response or from being deposited in inclusion
bodies. This strategy has been successful in many appli-
cations, leading to improved solubilities, enhanced yields,
and enhanced specific activities [147, 154, 175]. However,
this approach cannot be generalized because it often results
in other adverse effects such as the formation of soluble
aggregates, lower specific activities, and enhanced prote-
olysis resulting in lower yields [108]. This is because
chaperone activities are also linked to proteolysis, in
addition to their valuable function in folding of the
recombinant protein. Finding the optimal composition and
strength of the co-expressed chaperones is case-dependent
and usually determined by trial and error.

A second often used strategy is that the increased pro-
teolysis is counteracted by deleting genes that code for
proteases. E. coli proteases are well documented [62,
64-66, 139], making the targets for knockouts easy to
identify. However, proteases are essential to cellular
quality control of homologous proteins and thus cell via-
bility, which limits the possibility of deleting many or all
protease genes. Meerman and Georgiou [110] constructed a
family of 25 isogenic strains deficient in all known cell
envelope proteases (DegP, Protease III, Tsp(Prc), and
OmpT), as well as the heat shock sigma factor rpoH15
mutant allele, and characterized their growth in both shake
flasks and fermentors. Deletion of DegP, OmpT, and Lon
have led to the best results in terms of improved protein
production without impairment on growth [63, 113].
Another possibility is to alter the sensitivity of the
recombinant protein towards proteases by identifying and
engineering of the proteolytic sites on the protein [116].
This is a very valuable alternative to knocking out protease
genes, because this strategy does not impede the normal
cellular function of the proteases.

Besides neutralizing the increased protease activity, the
stress response can also be counteracted by modifying the
expression of stress-related sigma factors. Many recombi-
nant proteins are produced by fed-batch cultivations and as
a result of the low specific growth rate applied in the feed
phase, a stationary-phase-like condition is initiated, which
leads to an increased stress response [186]. The transition
from exponential growth phase to stationary phase is
transcriptionally regulated by the sigma factor ¢°, encoded
by the rpoS gene [72]. By deleting the rpoS gene, Jeong
et al. [81] successfully improved the production of human
leptin in fed-batch cultivations.

Choosing the proper E. coli host strain is also a strategy
to decrease stress response and proteolytic activity. Seo
et al. [141] compared four E. coli strains: production hosts
JM105 and BL21, and cloning hosts HB101 and TOP10.
They observed that BL21 exhibited the lowest cellular
stress level and the highest protein expression. BL21 is also
known to be deficient in the proteases lon and ompT [64].

Optimization of inclusion body formation

In some applications, misfolding of proteins and the
accompanying formation of inclusion bodies can also be
desired. In this strategy, the protein of interest is produced
in inclusion bodies during the fermentation, the inclusion
bodies are subsequently washed and solubilized, and the
recombinant protein is refolded and purified. The advan-
tages are that inclusion bodies can accumulate in the
cytoplasm to much higher amounts than soluble proteins
resulting in higher yields, and that for some specific pro-
teins, purification can be very simple (e.g., purification and
refolding in only one step [6, 164]). Furthermore, inclusion
bodies generally contain very high amounts (more than
95%) of pure unfolded recombinant protein. Finally, when
captured in inclusion bodies, the recombinant protein is
considered to be protected against proteases [26, 150, 165].
Consequently, this strategy has been applied in numerous
examples [6, 79, 87, 122, 164]. Main drawbacks remain the
absence of generally applicable and inexpensive methods
to refold the protein and the low overall yields of down-
stream processing [150]. Although in some occasions these
problems might have been successfully tackled, industry
still seeks processes which are economical and applicable
for a wide range of proteins [49].

Reduction of acetate formation by genetic engineering

One of the key problems observed in HCDCs of E. coli for
the production of recombinant proteins is acetate toxicity
[26]. Acetate is produced as a result of overflow metabo-
lism when cells grow very rapidly and cannot metabolize
the delivered carbon source fast enough, even under fully
aerobic conditions [3, 77]. However, even low concentra-
tions of acetate, e.g., 0.5 ¢ L™!, can hamper growth and
obstruct the production of recombinant proteins [114].
Consequently, many engineering approaches have focused
on the reduction of acetate formation in order to improve
RPP in E. coli. These approaches can be classified as fol-
lows: (a) deletion of acetate pathway genes, (b) avoiding
overflow metabolism by engineering of the glucose uptake
system, and (c) avoiding overflow metabolism by redi-
recting central metabolic fluxes. These different approa-
ches are summarized in Fig. 3.

Maybe a first instinctive approach to decrease acetate
formation is to knockout genes that encode for acetate
pathway enzymes, e.g., ackA (acetate kinase), pta (phos-
phate acetyltransferase), and poxB (pyruvate oxidase)
[32, 40, 44, 45, 184]. These endeavors resulted in a
decreased acetate yield, however at the expense of pyru-
vate, lactate, or formate formation, which are also unde-
sired by-products.
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Fig. 3 Strategies for acetate
reduction in E. coli, a knocking
out genes that encode for acetate
pathway enzymes,

b engineering the glucose
uptake system, ¢ redirecting
central metabolic fluxes. aceA
isocitrate lyase, aceB malate
synthase, ackA acetate kinase,
acn aconitase, acs acetyl-CoA
synthase, adhCEP ethanol
dehydrogenase, adhE aldehyde
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A second, and in many cases successful, approach is to
engineer the glucose uptake system to overcome overflow
metabolism. Overflow metabolism occurs when high gly-
colytic fluxes, due to the rapid uptake of glucose, are not
further processed in the tricarboxylic acid (TCA) cycle.
Consequently, a bottleneck occurs at the pyruvate node,
and pyruvate is converted to acetate instead of being pro-
cessed to acetyl-CoA. By deleting one of the phospho-
transferase system (PTS) genes, e.g., ptsG, ptsH, or ptsl,
the uptake through the major glucose transporter is
severely impeded, resulting in a reduced glycolytic flux and
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a reduced acetate production [29, 148, 178]. However, one
of the major drawbacks of this approach is the strong
reduction in growth rate. By overexpressing the alternative
glucose transporter gene galP (galactose permease) and
exploiting the native glucose kinase (Glk) transporter, the
wild-type growth rate can be restored [36]. The resulting
strain E. coli W3110 AptsHGalP" exhibits a very low
acetate yield and an increased recombinant protein yield
compared with the W3110 wild type, without a reduction
in growth rate. Similarly, Wong et al. [178] restored glu-
cose transport by co-expressing glf, encoding a passive
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glucose transporter of Zymomonas mobilis; however, this
only resulted in a decreased acetate formation in M9
minimal media, not in LB media.

Instead of limiting the glucose uptake through the PTS,
it is also possible to redirect metabolic fluxes around the
phosphoenolpyruvate—pyruvate—oxaloacetate  node  to
overcome acetate formation. Farmer and Liao [51]
increased anaplerotic and glyoxylate fluxes by over-
expressing phosphoenolpyruvate carboxylase (Ppc) and by
deleting the FadR regulator. This strategy resulted in an
over 75% decrease in acetate yield compared with its wild
type. Alternatively, the overexpression of a heterologous
anaplerotic pyruvate carboxylase from Rhizobium etli
resulted in a 57% reduction in acetate formation and a
concomitant 68% increase in f5-galactosidase production
[107]. Recently, it was shown that when the genes
encoding the global regulator ArcA and the local regulator
IcIR are deleted, an over 70% decrease in acetate formation
can be achieved in E. coli K12. This decrease in acetate
formation could be explained by the activation of the
glyoxylate pathway (AiclR) and relief of repression on the
TCA cycle enzymes (AarcA) [173], and was accompanied
by an increase in biomass yield to 0.63 c-mole/c-mole
glucose® which approximates the maximum theoretical
yield as determined by Varma et al. [167, 168].

Finally, it is possible to combine different strategies to
reduce acetate formation. For example, De Mey et al.
[40, 41] reduced acetate and other by-product formation by
deleting ack, pta, and poxB, combined with the overex-
pression of ppc.

An approach which is not covered in this review since it
does not concern the engineering of E. coli, is to decrease
acetate production by manipulation of the cultivation
conditions, e.g., overflow metabolism can also be circum-
vented by setting a fixed low growth rate in fed-batch
processes [101]. More information about these approaches
and about minimizing acetate in E. coli fermentation can be
found elsewhere [42].

Extracellular production of proteins

The secretory production of recombinant proteins into the
culture medium has several advantages compared with the
conventional production in inclusion bodies or the cyto-
plasm. First, purification of the protein is much easier
owing to reduced contamination of various cellular com-
ponents, which decreases the cost of downstream pro-
cessing. Moreover, in the culture medium, recombinant
proteins are safe from cytoplasmic or periplasmic

4 1 c-mole equals 1 mole multiplied by the number of C-atoms in the
molecule. This concept is used to express mass balances in
biochemistry.

proteases. In addition, when the protein of interest is toxic
to the host cell, it will affect cellular metabolism less than
if it were produced intracellularly. Finally, extracellular
proteins are easier to measure, which could be an issue
when optimization is still ongoing and convenient proto-
cols need to be developed, e.g., in directed evolution
[119].

Escherichia coli contains different secretion systems
for the transport of proteins from the cytoplasm to the
periplasm or extracellular environment, designated as type
I through V (for more background information, see [163]).
Types VI and VII are identified in bacteria, but not in
E. coli [1, 53]. It is possible that proteins are exported in
one step across the inner and outer membranes as in types
I, III, and IV, or in two steps, in which the protein is first
transported into the periplasmic space via the general
secretion pathway (Sec) or twin-arginine translocation
(Tat) system and subsequently translocated across the
outer membrane via the type II or V system. Types I, II
and the Sec machineries have been applied the most
intensively for recombinant production processes with
E. coli [111], primarily because they were the identified
first. A system that has attracted much interest in recent
years is the Tat system. In contrast to other secretion
systems, the Tat machinery can secrete large, folded
proteins. Furthermore, for relatively simple proteins there
seems to be some kind of proofreading/quality control that
ensures that proteins are correctly folded before they are
secreted [117, 137]. The combination of the Tat system
for transport across the inner membrane and the type V
machinery for transport across the outer membrane could
be very promising, since the type V system exhibits a
relatively simple secretion mechanism and has a high
transport capacity [84].

Generally in all secretion systems, the proteins are
synthesized in the cytoplasm as a kind of preprotein and are
linked to a specific amino acid sequence or signal
sequence, which allows recognition and transport by the
secretion system. During transport, the signal sequence is
cleaved off by a signal peptidase to yield a mature protein.
The selection of the optimal signal peptide is crucial for
efficient secretion; however, in most cases optimization is
performed by trial and error [28]. Most engineering
approaches focus on (1) selection and modification of the
signal peptide, (2) co-expression of proteins that assist in
translocation and folding, (3) improvement of periplasmic
release when transport occurs in two steps, and (4) pro-
tection of the target protein from degradation and con-
tamination [187].

In the literature, there are more than 50 successful
examples of secretory production of recombinant proteins
in E. coli, overviews of which can be found elsewhere
[28, 84, 114, 119].
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Introduction of PTM steps

As mentioned earlier, the most important drawback of
E. coli remains that this host cannot carry out PTMs.
Consequently, many research efforts have focused on this
topic. Two PTMs which are utterly vital for the stability
and activity of recombinant proteins are disulfide bond
formation and glycosylation.

Disulfide bond formation in the cytoplasmic environ-
ment of eukaryotes or prokaryotes is strongly disfavored
because of the high reducing power of this compartment.
As a result, the cytoplasmic thiol-disulfide redox potential
is too low to allow the formation of disulfide bonds, i.e., the
reaction is not thermodynamically feasible. Furthermore,
the enzymes that could carry out disulfide bond formation,
i.e., thioredoxins and glutaredoxins are maintained in a
reduced state by thioredoxin reductase and glutathione,
respectively [131]. To allow the catalyzed formation of
disulfide bonds, complex pathways have evolved in more
oxidizing cellular compartments, such as the ER of
eukaryotes, the mitochondrial intermembrane, and the
periplasm of prokaryotes [70].

Several engineering strategies have been developed to
address this issue in E. coli, as excellently reviewed by
de Marco [38]. First, disulfide bond formation can be
facilitated by secreting the protein into the more oxidizing
periplasmic space by exploiting the Sec or Tat secretion
system (see Sect. “Extracellular production of proteins”).
Second, the redox state of the cytoplasm can be altered by
mutations in the thioredoxin reductase (trxB) and gluta-
thione reductase (gor) genes. However, the resulting strains
grow very slowly and require the addition of an exogenous
reductant, like dithiothreitol (DTT), to achieve a reasonable
growth rate [131]. Bessette et al. [11] isolated strains still
sharing the trxB-gor knockouts, but which suppress the
slow-growing phenotype. Two years later, Ritz et al. [136]
showed that the recovery of growth was due to a mutation
in the ahpC gene, a mutation which converted the func-
tionality of the enzyme from a peroxiredoxin into a disul-
fide reductase. The resulting strains are commercialized by
Merck as Origami strains. The successful applications of
Origami strains in HCDCs are listed in Table 3. A third
strategy includes the cytoplasmic overexpression of peri-
plasmic disulfide oxidoreductases, enzymes which enhance
the rate of disulfide bond isomerization, e.g., DsbC. This
strategy was implemented in the growth-optimized trxB-
gor knockout strain and resulted in a 20-fold increase of
production of the truncated form of the human tissue
plasminogen activator (vtPA) [11]. This strain is com-
mercially available as E. coli SHuffle (New England Bio-
labs). It is, however, not essential that the naturally
occurring reduction pathways are disrupted, as recent
research has shown that the introduction of a sulfhydryl
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oxidase Ervlp into the cytoplasm of wild-type E. coli
results in equally high or higher levels of active recombi-
nant proteins, compared with AgorAtrxB strains [70].
Ervlp is a FAD-dependent catalyst of disulfide bond for-
mation, found in the intermembrane space of mitochondria
of S. cerevisiae.

Besides the proper formation of disulfide bonds, E. coli
also lacks glycosylation pathways. In the early days of
RPP, the possibility of adding glycans to proteins was only
attributed to eukaryotes. However, N- and O-glycoproteins
have now been described for all domains of life, including
archaea and bacteria [121]. The first-found and best-char-
acterized example of bacterial glycosylation is the gene
cluster pgl in Campylobacter jejuni [156]. This gene cluster
was successfully transferred in E. coli, with the result that
this bacterium is now capable of producing N-linked gly-
coproteins [172]. The pgl cluster contains 12 genes, five of
which encode putative glycosyltransferases involved in the
assembly of a heptasaccharide on a lipid carrier and one
gene encodes an enzyme responsible for the en bloc
transfer from the carrier to the protein. The cluster also
encodes for a UDP-N-acetylglucosamine C-6 dehydratase,
a C-4 aminotransferase, and an N-acetyltransferase [2].
Moreover, recent research has yielded the construction of a
simple, genetically encoded glycosylation tag, which in
combination with the pgl system, is sufficient to promote
covalent attachment of multiple glycans to a single protein
carrier, thereby expanding the glycosylation possibilities
for recombinant E. coli [54].

To date, engineering attempts have resulted in bacterial
glycans which are structurally rather different from their
eukaryotic counterparts. Promisingly, however, the PglB
glycosyltransferase is relatively promiscuous in its choice
of oligosaccharide chain and protein. Furthermore, the
specific glycoform could be genetically encoded by co-
expression of the right set of glycosyltransferases in addi-
tion to the expression of PgIB. This implies that in the
future other ‘more eukaryotic’ glycoproteins might be
expressed in E. coli as well.

Conclusions

Although other expression hosts, such as mammalian cell
systems, are being explored and applied for RPP, E. coli
remains a very often used host. Its fast growth on cheap
substrates, its well-characterized genetics, the many
molecular toolboxes available, and the high cell densities
that can be reached, favor its use. Despite these enviable
characteristics, E. coli faces some major drawbacks as well.
Proper folding is often problematic, with the result that the
protein ends up in inclusion bodies, hindering recovery
of activity. Furthermore, E. coli cells produce acetate as a



J Ind Microbiol Biotechnol (2011) 38:1891-1910

1905

by-product in aerobic fermentations, which inhibits growth
and the formation of the heterologous protein. Probably the
most important obstruction for the universal use of E. coli
in RPP is its difficulty in performing PTMs, such as the
formation of disulfide bonds and glycosylation. Many
engineering strategies have attempted to overcome these
shortcomings. Stress-related phenomena have been map-
ped and by finding an optimal expression of chaperones,
proper folding has been promoted. Moreover, by modifying
the expression of stress-related sigma factors or by deleting
specific proteases, the stress response associated with RPP
could be controlled. In addition, secretion pathways have
been characterized and exploited for the production of
extracellular proteins, thereby avoiding proteolysis and
inclusion body formation. Furthermore, many efforts have
been made to minimize acetate production in E. coli cul-
tivations, primarily by preventing the occurrence of over-
flow metabolism. Finally, in the last decade, research has
also focused on the possibility of carrying out PTMs in
E. coli. Strains have been developed with an altered cyto-
plasmic redox state to allow the formation of disulfide
bonds and heterologous glycosylation pathways have been
introduced. To summarize, all these research efforts have
resulted in an extensive list of E. coli strains, many of
which are commercially available. Taking into account all
the research projects that focus on the production of more
difficult eukaryotic proteins in E. coli, no doubt this host
will remain an important workhorse in RPP in the future.
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