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Abstract: The production of proteins in sufficient amounts is key for their study or use as
biotherapeutic agents. Escherichia coli is the host of choice for recombinant protein production given
its fast growth, easy manipulation, and cost-effectiveness. As such, its protein production capabilities
are continuously being improved. Also, the associated tools (such as plasmids and cultivation
conditions) are subject of ongoing research to optimize product yield. In this work, we review the
latest advances in recombinant protein production in E. coli.
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Introduction

The study of proteins or their use in biotechnological
applications often requires their isolation from other
cellular components. Purification can be performed
from the natural source of the protein; however, this
approach is usually cumbersome and inefficient for
most of them. The coding sequence for the protein of
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interest can be inserted into an appropriate expression
vector and transformed into a prokaryotic host, such as
the bacterium Escherichia coli. Using E. coli as a micro-
bial cell factory for producing recombinant proteins
lowers the costs of production and improves the yield.
Nowadays, many proteins of commercial interest are
produced in E. coli.' In the lab, the recombinant pro-
duction of proteins in E. coli is the method of choice for
their structural and functional study.

From gene cloning to protein purification, the cellu-
lar and molecular tools needed in all steps of the process
are widely accessible, and many alternatives are avail-
able. Still, failure to obtain a functional recombinant pro-
tein is not uncommon, due to protein toxicity to the host
or aggregation in inclusion bodies. That is why there is
continuous interest in novel approaches that optimize
recombinant protein production in E. coli. Numerous
reviews have covered different aspects of the topic in
detail >~ In this review, we cover advances reported in
the last 5 years, in the areas of host engineering,
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expression vector design, and culture conditions. The
newly developed tools show much promise in the field,
and we expect them to disseminate in the scientific com-
munity rapidly. Lastly, for those who are about to
embark on the fascinating world of the heterologous
expression of proteins, we advise not only to read this
review, but also refer to our previous one, given that both
are complementary.*

The BL21(DES3) strain: all hail the king

Amid the biotechnological revolution that occurred in
the last decades of the 20th century, different E. coli
lines were tested for their characteristics in the pro-
duction of recombinant proteins. The B line emerged
as the winner given its salient features. One deriva-
tive, BL21(DE3), has become the preferred host for
recombinant protein production. Genome sequencing
of strains of the B line has helped understand the
molecular basis of useful phenotypes for heterologous
protein synthesis.®®

Fast cell growth and nonmotility

In rich media, common E. coli strains have a doubling
time of about 20 minutes. Differences in growth time
are more notorious in minimal media: B cells typically
grow faster than other lines (such as the cloning strain
K-12 and its derivatives) under these conditions.® Many
researchers rediscover that the B cells are nonmotile:
When culture vessels are left unattended on the bench,
B cells sink to the bottom while cultures with cloning
strains remain turbid. Due to a large deletion in fIi
genes required for flagellar proteins biosynthesis, B
cells do not have flagella.® Some authors have proposed
that this in part explains the fast cell growth of B cells
as flagellar biosynthesis and assembly is an energy-
intensive process.’

Diminished acetate production

Compared to K-12, E. coli B produces less acetate during
cultivation with glucose as the sole carbon source.'® The
pH of cultivation media is typically around 7.0, so ace-
tate is in equilibrium with acetic acid, which in turn
diffuses into the cell, altering internal pH control and
impairing cell viability.!* Also, during cultivation, acid
production further lowers pH causing more acetic acid
to accumulate. In line with this, Wang et al. showed that
cultivation at pH 7.5-8.5 improves the production of
recombinant proteins by lowering acetate stress.'2

Protease deficiency

Accumulation of any given protein is a fine balance
between its biosynthesis and its degradation. Deficiency
in key proteolytic systems in E. coli B can extend the
lifetime of recombinant proteins in certain cases. An
IS186 insertion in the promoter of the lon gene elimi-
nates this major protease.'® Also, a deletion in the gene
for the outer membrane protease OmpT can lead to less
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proteolysis during purification, as cell disruption causes
a massive release of this protease.'*

Superior secretion capabilities
In some occasions, secretion of the foreign proteins yields
better results than production in the cytoplasm.'® B cells
secrete more proteins than other laboratory strains,
partly due to the existence of a second T2S secretion
system.9

The features above tipped the scale in favor of
the B line for the production of recombinant proteins.
A major breakthrough came with the generation of the
derivative BL21(DE3) by Studier and Moffat.}® The
BL21(DE3) strain carries a copy of phage T7 RNA poly-
merase (T7TRNAP) under control of the lacUV5 promoter.
Genes of interest are cloned under control of a T7 pro-
moter in expression plasmids, and protein production
begins upon addition of the gratuitous inducer isopropyl
B-D-1-thiogalactopyranoside (IPTG). This system pro-
vides the user with full control of the induction of protein
synthesis with high selectivity and activity. All of these
attributes established BL21(DE3) as the preferred
host. Its genome has been sequenced and recently
curated (GenBank entry CP001509.3).8 Later derivatives
improved other aspects inherent to the production of for-
eign proteins in E. coli, such as rare codon usage and
disulfide bond formation. However, the system based on
the T7RNAP and its promoter has remained virtually
the same since its inception.

Advances in Strain Engineering

As explained above for BL21(DE3) and derivatives,
strain engineering has advanced the capabilities of
E. coli as a cell factory (Table I). Genome manipulation
for maximizing heterologous protein production can be
undertaken by two different approaches: hypothesis-
driven and discovery-driven. A hypothesis-driven strat-
egy aims to manipulate molecular components of a
known pathway or process and directly tackling the prob-
lem that hampers protein production. In a discovery-
driven strategy, cells are mutagenized and then screened
or selected for increased protein production.

Hypothesis-driven strain design

Popular strains such as BL21(DE3) pLysS (for control
of basal expression), CodonPlus or Rosetta (for codon
bias correction), Origami, SHuffle or CyDisCo (for cor-
rect disulfide bond formation), Tuner or Lemo21 (for
tunable induction), and many others were rationally
constructed using this approach.* In the last 5 years,
several strains were described in which known molecu-
lar systems were exploited to enhance protein produc-
tion. For example, protein secretion via the Tat
secretion pathway allows for export of fully folded pro-
teins (fused to a TorA signal peptide) up to 150 kDa in
molecular mass. This system can be an excellent alter-
native to the Sec pathway; however, its low abundance
may result in poor yields.)” Browning et al. engineered
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BL21 by placing the strong inducible promoter ptac
upstream of the chromosomal tatABCD operon. The
resulting strain, dubbed TatExpress BL21, was shown to
secrete 30 mg L ™! of recombinant human growth hor-
mone into the periplasm.'®

Another recent development pertains tighter control
of basal expression and tunability of protein production
by dual transcription-translational control aided by
riboswitches. For extremely toxic proteins, leaky expres-
sion can lead to cell death. The BL21(DE3) pLysS strain
contains a plasmid (pLysS) with the gene for the T7 lyso-
zyme, a natural inhibitor of TTRNAP.® This provides an
efficient mechanism to inhibit the small amount of
T7RNAP synthesized in the absence of inducer, due to
its stochastic transcription from the lacUV5 promoter.
However, even with this tighter control, leaky expression
is still known to occur. Moreover, IPTG is a potent
inducer of gene expression. Fine-tuning its concentration
to reduce the expression of a toxic gene product is a labo-
rious task. In this case, tunable systems allowing for easy
and predictable optimization of inducer concentration
are highly desirable. The Dixon lab devised the RiboTite
system, consisting of the BL21(IL3) strain (or more
recently, the BL21[LV2] strain?®) and the pETORS plas-
mid.2! BL21(IL3) possesses the T7TRNAP gene with a
very similar configuration as in BL21(DE3). However, an
orthogonal riboswitch sequence is contained in the 5'
untranslated region of the TTRNAP gene and also before
the gene of interest cloned in the pETORS expression
plasmid. A riboswitch is a segment in a messenger
RNA that folds into intricate structures that block
gene expression by interfering with translation. Bind-
ing of an effector molecule induces a change in con-
formation permitting the regulation of expression
post-transcriptionally. In RiboTite, the riboswitch is a
modified version of the adenine-sensing add A-riboswitch
from Vibrio vulnificus engineered to bind the effector
pyrimido-pyrimidine-2,4-diamine (PPDA).22 So, the
expression of the foreign coding sequence can only occur
in the presence of both IPTG and PPDA, which effec-
tively reduces leaky expression to almost undetectable
levels. Moreover, the amount of recombinant protein
can be modulated by tuning PPDA concentration.

The problem of codon bias in recombinant protein
production can be addressed by supplementing extra cop-
ies of genes coding for rare tRNAs. These extra copies
were included in the pRIL and pRARE plasmids, leading
to the strains BL21(DE3) CodonPlus and Rosetta, respec-
tively. Interestingly, Lipinszki et al. integrated the six
least abundant tRNA species into a ribosomal operon in
the chromosome of E. coli BL21(DE3).2® In this way,
expression of rare tRNAs is coupled to the actual needs
for translational capacity. Additionally, the burden of a
second plasmid and supplementation of its corresponding
selection antibiotic are avoided. The resulting strain,
named SixPack, outperformed (or performed as well as)
both BL21(DE3) and Rosetta2(DE3) in the production of
recombinant proteins.

Rosano et al.

Coexpression of proteins requires cloning the
corresponding genes in compatible plasmids. Alterna-
tively, the Duet series of plasmids from Novagen allows
for cloning two coding sequences under separate T7 pro-
moters in the same plasmid. Up to eight proteins can be
coexpressed using compatible Duet plasmids. However,
the stoichiometric control of protein level is almost
impossible. In the Duet system, all coding sequences are
under the influence of the same promoter, which can pose
a problem if the levels of the components of a heterolo-
gous metabolic pathway need to be fine-tuned for opti-
mum yield. In an impressive work combining genetic
engineering, rational design, and directed evolution,
Meyer et al. created the Marionette strains.?* In these
cell lines (available in MG1655, DH10B, and BL21 back-
grounds), the genes for 12 different genetic regulators
were inserted in the genome. The chosen transcription
factors control gene expression by binding (positive regu-
lator) or detaching (negative regulator) from their cog-
nate promoter and respond to chemical inducers added
to the medium. Theoretically, up to 12 genes of interest
can be cloned (the authors tested a five-enzyme lycopene
biosynthetic pathway) in plasmids, with each coding
sequence under the control of a different inducible pro-
moter of the sensor array. In this way, the level of each
recombinant protein can be manipulated at will by
adding the proper inducer, with little cross-reactivity,
high specificity, low leakiness, and ample dynamic range.

Discovery-driven strain selection and screening
In a discovery-driven approach, mutagenesis with chem-
ical agents or transposons, directed evolution methods
or spontaneous mutations under strong selection pres-
sures are used to alter the bacterial genome. Then,
selections and screening assays are performed to pick
strains displaying better protein production than the
wild-type. In this strategy, previous knowledge of mech-
anisms that hamper protein production is not necessary.
Discovery-driven approaches work well for optimizing
the synthesis of toxic proteins. For example, the expres-
sion of toxic recombinant proteins causes cell death or
poor growth. So, growth of IPTG-resistant colonies may
indicate that genome modification in that strain allowed
for gene expression of the offending protein. The popular
C41(DE3) and C43(DE3) strains were isolated in this
way.2® Protein production was tolerated because homol-
ogous recombination of the lacUV5 promoter of the
T7RNAP gene in the original BL21(DE3) strain with
the lac promoter of the lac operon resulted in a weaker
promoter (placWeak). Thus, TTRNAP levels are reduced
in comparison to BL21(DE3) and then, sublethal
amounts of recombinant protein can be obtained.?®

The process is greatly facilitated if additional strong
selection or screening methods are used, most impor-
tantly in cases where the expression of the protein does
not cause growth impairment. For example, the recom-
binant protein can be fused to an antibiotic selection
marker or a fluorescent protein.2”2° The underlying
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assumption is that if the marker protein is functional,
then the heterologous protein must be correctly folded
as well. Although some examples can be found
(reviewed in Schlegel et al.>%), alas, mutations in the
isolated over-producing strains are typically not char-
acterized. Also, successful outcomes can sometimes be
protein-dependent, that is, when the production of
other proteins (even homologues) is tested, the iso-
lated strain may fail to produce significant amounts.?!
This limits the applicability of the isolated strains and
explains why, apart from C41(DE3) and C43(DE3),
there have not been major advances in strain isolation
of the B line with superior expression capabilities
using mutagenesis approaches. Of importance, the de
Gier lab reported the isolation and characterization
of the E. coli membrane protein production strain
Mutant56(DE3), which showed better yields for the
production of membrane proteins than C41(DE3) and
C43(DE3).%2 In this strain, the mutation that allowed
better protein production changed one amino acid in
T7RNAP, weakening its binding to the T'7 promoter.

Advances in Plasmid Design

The sequence encoding for the protein of interest is gen-
erally cloned in an expression plasmid. The plasmid
must contain at least a promoter and a translation initi-
ation region to direct the expression of the coding
sequence, a selectable marker, and replication elements.
Additionally, the vector may contain other genetic ele-
ments to facilitate the detection, purification, or solubili-
zation of the protein, such as sequences encoding for
affinity tags and fusion partners. In the last few years,
there have been many advances in all of these features,
which are described later.

Promoters and translation initiation regions
Promoters influence protein yield by modulating two
key aspects in the expression of heterologous genes:
stringency of repression before induction (low strin-
gency leading to high levels of leaky expression) and
rate of transcription after inducer addition. An “ideal”
promoter should not allow for basal expression and
should permit the synthesis of high amounts of mes-
senger RNA (“strong” promoter) after induction. Also,
manipulation of RNA levels by adjusting inducer con-
centration (tunability) is another desirable trait.

As already explained, the T7 promoter is the most
widely used for recombinant protein production. It is
present in the pET series of vectors and is probably one
of the strongest promoters known. However, when using
the BL21(DE3)/pET vectors system, the levels of recom-
binant proteins are difficult to manipulate, as IPTG is a
potent inducer even at very low concentrations. For this
reason, other alternatives such as the tunable araBAD
promoter may be more suitable.?® The list of promoters
used for recombinant protein production is long and
includes more than 10 different options, where the user

1416 PROTEINSCIENCE.ORG

can select for strong/weak, tunable/constitutive, or
chemically inducible/thermally inducible promoters.*3*

In the last few years, tools for the determination of
the best promoter for a given coding sequence for the
protein of interest were generated. Yang et al. have
designed a vector suite for the screening of 10 IPTG-
inducible promoters (T7, A3, lpp, tac, pac, Spb6, lac, npr,
tre, and syn). These promoters are contained in plasmids
with a PLICing position, so that a target previously
amplified with phosphorothioated primers can be cloned
into 10 vectors in a single step without using restriction
enzymes.® Similarly, Cheng et al. devised a method for
rapid promoter replacement, called ReToAd (“retreat to
advance”).2® Seven promoters were cloned in a specific
region of the vector containing the gene of interest by
whole-plasmid amplification and touchdown polymer-
ase chain reaction (PCR) in a single reaction. Then,
colonies were screened for optimized protein produc-
tion. PLICable promoters and ReToAd are interesting
methods to select the best promoter for any given pro-
tein. Undoubtedly, their dissemination and inclusion
of other promoters are warranted. Of note, Anilionyte
et al. discovered that variants of the promoter PthrC
are self-inducible by growth phase transition (specifi-
cally, when the culture reaches an optical density
around 0.5, a common value used for inducer addi-
tion).3” The use of PthrC-derived promoters in expres-
sion vectors eliminates monitoring cell density and
manual induction, which would be useful in high-
throughput trials of protein production.

Translation initiation regions contain a Shine-
Dalgarno sequence and a linker region to the start
codon. These sequences are optimized for protein pro-
duction in expression vectors. However, due to clon-
ing procedures, new suboptimal sequences may be
generated between the promoter and the start of the
gene of interest (“cloning scars”). Mirzadeh et al. pro-
posed a PCR-based method to generate a library of the
vector—coding sequence junction.?® Briefly, the cloning
scar sequence was changed in all possible combinations
by PCR with degenerate primers. The library was trans-
formed in E. coli, and protein production was screened
via cell sorting as the coding sequence of interest was
fused to green fluorescent protein (or more recently, by
translationally coupling the coding sequence to an anti-
biotic resistance gene®®). The authors reported a
1000-fold difference between low and high expression
vectors, which highlights the importance of optimizing
the translation initiation region. Nevertheless, new
restriction-free cloning methods are becoming increas-
ingly popular and permit cloning of the gene without
generating cloning scars.°

Selection markers

Plasmid maintenance is ensured by including a selection
marker. Under the selection pressure, only cells con-
taining the plasmid survive. In protein overproducing
strains, accumulation of the heterologous protein causes

Recombinant protein production in Escherichia coli



a metabolic burden and nonproducing cells eventually
overtake the culture, resulting in yield decline over
time.*! Commonly, plasmids contain genes conferring
antibiotic resistance. Media supplementation with anti-
biotics is simple, cost-effective, and convenient and is by
far the most common strategy for protein synthesis at a
lab scale. However, at larger scales, the use of antibiotics
is frowned upon due to its associated costs, environmen-
tal pollution, and regulatory restrictions. Much progress
has been made to develop antibiotic-free selection sys-
tems, most importantly, in the area of plasmid-addiction
and nutrient prototrophies. Recently, Ali et al. designed
expression vectors containing the gene encoding the
enzyme enoyl-acyl carrier protein reductase from Vibrio
cholerae (fabV), which confers resistance to Triclosan, a
nonantibiotic biocide polychloro phenoxy phenol.*? Pro-
tein production levels were the same when compared to
cells carrying the same expression plasmid containing a
B-lactamase gene for selection. Also, the construction of
high-copy number expression plasmids with increased
stability has been described. Primelles Eguia et al. used
a par locus, a cis-acting locus that allows stable plasmid
inheritance, to assure retention of the plasmid pAR-
Kanl*® After 8 hours of induction, almost all cells
maintained the vector in the absence of antibiotic. In con-
trast, if cells bearing the commercial pET28 vector are
grown in the absence of antibiotic, only 5% retain the
plasmid.

The systems mentioned earlier select for plasmid-
containing cells, but they do not select for protein-
overproducing ones. Even if cells contain the expression
vector, protein production can diminish over time due to
accumulated mutations and insertion of mobile sequences
in the coding sequences of interest.*** Rubjberg et al.
reported a very interesting approach that rewards over-
producing cells. The system relies on product-addiction
for mevalonate production, so only over-producing cells
can survive.*® This feat was achieved by placing two non-
conditionally essential genes under the control of the
pBAD promoter in a mevalonate-producing E. coli strain.
Then, an engineered mevalonate-responsive AraC vari-
ant was provided so that cells became product-addicted.
The resulting strain showed high-yield and stable
mevalonate production over 95 generations. Another
advantage is that the system does not rely on external
inputs, that is, supplementation of media. The system
works for this particular case (mevalonate production)
but this strategy and others relying on similar princi-
ples*®*” pave the way for future advances.

Affinity tags and fusion partners

Overproducing the protein of interest in E. coli is just
the first of many challenges in the process. Subsequent
goals include the detection and purification of the pro-
tein to homogeneity (at least >95% purity as judged by
gel electrophoresis in denaturing conditions). Fusion
of the protein of interest to affinity tags and fusion
partners markedly facilitate downstream processing.

Rosano et al.

Commercial antibodies are available for many of the
tags (for example, anti-His tag, anti-FLAG, anti-Strepll
tag, to name a few) allowing for easy detection of the
tagged protein by western blot. Also, the tags can bind
to their cognate substrates or cofactors when
immobilized in resins, thus permitting protein purifica-
tion by affinity chromatography. Moreover, some fusion
partners have solubility-enhancing properties that
increase the yield of soluble protein. Typical examples
include glutathione S-transferase (GST), maltose bind-
ing protein (MBP), and members of the small ubiquitin-
like modifier (SUMO) family of proteins.* Choosing one
of the many options is not trivial, as fusion tags may
work in one case but not in another. To easily screen
among different fusion partners, Correa et al. designed
a T7 vector suite (based on the pET32 plasmid) that
includes six histidine-tagged proteins with solubility-
enhancing properties.®®*® Cloning of the coding
sequence of interest is achieved by restriction-free clon-
ing using only a pair of primers for all vectors.

In the last 5 years, there have been many reports
describing new fusion partners and affinity tags, includ-
ing in-depth reviews.?%! In the area of small peptide
tags, Ojima-Kato et al. reported that the addition of the
sequence coding for serine-lysine-isoleucine-lysine (SKIK
tag) after the initial N-terminal methionine codon mark-
edly improves the expression of recombinant proteins.??
Nguyen et al. devised the NT-11 tag, derived from the
first 11 amino acid residues of a duplicated carbonic
anhydrase from Dunaliella.?® The NT-11 tag enhanced
the soluble production of all tested proteins, which were
also His-tagged. Moving up to fusion tags of higher molec-
ular mass, the Kumar lab designed a 34-amino acid
heparin-binding affinity tag (HB-tag).>#®> HB-tagged
proteins can be purified using a heparin-agarose resin
under naturing or denaturing conditions. Tagged pro-
teins can be eluted by a simple NaCl gradient. Han et al.
used a truncated maltotriose-binding protein from
Pyrococcus furiosus (MBP-Pyr) as a solubility enhancing
tag. They also included a modified histidine tag, con-
sisting of intercalating histidine and glutamate residues
(HE tag). MBP-Pyr is closely related to the widely used
MBP tag. However, higher expression and solubility of
HE-MBP(Pyr)-fusion proteins relative to His-tagged
MBP(Pyr)-fusion proteins was achieved.’® The Zarate
lab used small (<10 kDa) metal-binding proteins as
fusion tags (SmbP and CusF), which have the dual func-
tion of solubility enhancers and binding to resins with
immobilized metal ions.>"%®

Even though heterologous protein aggregation in
inclusion bodies (IBs) is typically undesired, there has
been increased advocacy for IBs.%%° IB formation
allows high product yield and purity and the production
of toxic proteins in denaturing conditions. In some
cases, this strategy may be the only option to produce a
recombinant protein. In that venue, Jong et al. discov-
ered that a 39-amino acid signal sequence of the protein
TorA from E. coli (ssTorA) promoted the formation of
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IBs of even highly soluble proteins such as thioredoxin
and MBP.®! The ssTorA tag is an interesting tool for
producing proteins where other strategies have failed
or may even become the first choice in particular cases.

Culture Conditions and Growth Monitoring
Changing the conditions of the culture is the easiest way
to alter the growth of E. coli and directly impacts on the
volumetric yield of the recombinant protein. Researchers
often overlook the benefits of optimizing external factors
(except the temperature of the culture after induction).
Previously, we alerted that Luria-Bertani (LB) medium
(arguably, the most popular media for growing E. coli) is
far from being the most suitable media for protein over-
production. Simply switching to richer broths (like Ter-
rific Broth) leads to higher final cell densities. Also,
autoinduction media has gained popularity, and many
examples of successful protein production by growing
E. coli in autoinduction media abound in the literature.
Autoinduction media consists of at least two carbon
sources: glucose and lactose (glycerol is also added to
increase yields).®? Glucose is the preferred carbon source,
and once it is depleted (typically during exponential
growth), lactose starts being consumed. This, in turn,
induces protein production from systems based on the lac
promoter. There are several advantages of using auto-
induction media: higher bacterial densities are achieved,
the time point of induction is highly reproducible, and
stopping the culture for IPTG addition is no longer
needed. Briand et al. have shown that autoinduction can
also be achieved by internally altering cell metabolism.
They serendipitously discovered that producing human
Hsp70 in E. coli somehow interferes with the function of
the endogenous enzyme glyceraldehyde 3-phosphate
dehydrogenase, leading indirectly and consequently to
Lacl removal and subsequent expression of the gene of
interest, if under the influence of lac-based promoter.®®
This platform (named SILEX, Self-InducibLe Expres-
sion) allows autoinduction without any medium adapta-
tion and works under many culture conditions.

Complex media provide abundant availability of
nutrients but little control over the metabolic state of
cells in culture. Protein production is benefited by lower-
ing the growth rate so that the equilibrium between syn-
thesis and folding can be reached. Culture temperature
is the easiest way to manipulate growth rate. However,
in large bioreactors, temperature control can increment
the costs of production exponentially, so other means of
growth rate control are utilized. We agree with the view
of Krause et al. that there is a disconnection between
principles applied in recombinant protein production in
fed-batch cultures and shake-flask cultures.®* In the for-
mer, degree of aeration and rate of glucose feeding are
closely monitored, as these parameters are of utmost
importance to attain high yields. However, at lab scale,
this is rarely taken into account. Luckily, advances in
this area show promising results that will lead to their
adoption. For example, controlled carbon source supply
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in shake flasks has been achieved by controlled release
of glucose by its diffusion from silicone beads®® or in situ
degradation of polysaccharides.%® Oxygen availability
can be modulated by proper flask design®’ or by adding
immiscible oxygenated oils.®® Lastly, devices that moni-
tor these parameters and others have been adapted for
cultures in microplates and shake flasks so that the best
conditions for recombinant protein production can be
found.®® However, because culture condition monitoring
at shake-flask scale involves specialized hardware, it is
still not widely used.

Lastly, light may soon become another parameter to
adjust during cultivation with the introduction of blue
light-inducible TTRNAPs (Opto-T7RNAPs).”® To create
Opto-T7TRNAP, the polymerase was split into two parts,
which were then each fused to light-inducible dimerizers.
Upon illumination of the culture with LEDs emitting
blue light, the dimerizers interact, and a functional
T7RNAP is generated. Thus, blue light acts as an inducer
of expression. Moreover, Opto-T7RNAP dissociates in
the dark, thereby allowing for dynamic and precise con-
trol of protein production. The blue light/Opto-T7TRNAP
systems can replace IPTG as an inducer, which is an
attractive feature, especially at high-scale fermentations.

Toolkits for the Expressionist

The reviews that cover the field of recombinant protein
production in E. coli describe the many molecular tools
available for a successful outcome. Yet, many researchers
outside the field who require a recombinant protein are
overwhelmed by the amount of information. In fact,
many have confessed to us that this is one of the reasons
for the abandonment of the project. In this section,
three toolkits equipped with different amounts of
resources, depending on the research group’s needs,
are described (Fig. 1).

The starter kit

At this point, it should be clear that every lab aiming
at obtaining a recombinant protein in E. coli should
have at least a stock of the BL21(DE3) strain (including
a pLys stock for tighter control of basal expression) and
vectors of the pET series. We strongly recommend the
T7 vector suite from Correa et al.*® Cloning into these
six different plasmids is quite easy and requires one
pair of primers for PCR as employed in restriction-free
cloning. These plasmids will also allow for surveying
the effect of five (or six in the latest update?®) fusion
tags on solubility. Other reagents needed in this kit
include nickel-NTA-agarose beads for purification and
the Tobacco Etch Virus (TEV) protease (which can be
prepared in house™) for tag removal.

The intermediate combo

In addition to the tools listed earlier, strains that correct
for codon usage usually improve the levels of production
of recombinant protein dramatically.”? If the gene of
interest has not been codon-optimized, then the BL21
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Figure 1. Toolkits available for recombinant protein production. The items in the figure are those thoroughly tested over many
years of widespread use, so novel discoveries described in the text were not included. MB, membrane.

(DE3) CodonPlus or Rosetta strains are must-haves.
Strains [like Lemo21(DE3) and Tuner™ (DE3)|”® and
vectors (for example, containing the araBAD pro-
moter)™ that allow for tunable levels of synthesis are
good choices for better controlling the amount of recom-
binant protein produced, which can be particularly help-
ful in cases of protein toxicity. This intermediate combo
is suitable for meeting the needs of protein-intensive
methodologies, such as nuclear magnetic resonance or
X-ray crystallography. In fact, the components enumer-
ated in this section are the most widely used combina-
tion in structural biology projects.”

The professional platform

Finally, in addition to the tools listed earlier, a com-
plete platform encompasses others needed for chal-
lenging projects. In cases of membrane, very toxic,
disulfide-rich or aggregation-prone proteins, then spe-
cialty strains and vectors come in handy. For membrane
proteins, the C41(DE3) and C43(DE3) (and the newly
developed Mutant56) strains give better results than
BL21(DE3). Correct disulfide-bridges configuration can
be achieved by using the Origami and SHuffle strains
and derivatives. In our hands, the plasmid suite from
Takara encoding for different sets of molecular chaper-
ones is suitable in cases of aggregation-prone proteins. If
protein coproduction is needed, the Duet series of vectors
(Novagen) has been used with much success. Also, vec-
tors for screening the effect of different promoters of gene
expression are good additions to the platform. The novel
tools described in this article are included in this
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subsection, mainly due to the lack of dissemination in the
scientific community. However, we have no doubt they
will become more popular in the future once researchers
start including more and more of them in their recombi-
nant protein production schemes.

Where the Field Is Heading

It is exciting that novel strategies and molecular tools
for recombinant protein production in E. coli are
being reported regularly. We especially praise those
that allow for testing multiple variants at once easily.
This increases not only the chance of success but also
the chances of adoption by newcomers that appreciate
easy setups and efficient use of resources. We believe
that the use of strains and vectors suites for fast opti-
mization will become the norm. Also, innovations in
protein design and engineering must be adopted to
maximize protein production. In general, researchers
are reluctant to alter the sequence of the protein, as
most amino acid substitutions can be destabilizing or
disrupt protein function.”® Nevertheless, tweaking
the protein sequence by directed evolution methods can
improve the production of recombinant proteins.
Depending on the introduced mutation, the overall
structure and function can be retained.”®"” Also, tools
allowing for post-translational modifications are still
scarce. Even though glycosylation patterns can be
obtained using engineered E. coli strains,”®"® more
research is warranted in this area. Finally, even
though the popularity of E. coli as a host is high, other
microorganisms should be considered as options, such
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as Bacilli strains, Pseudomonas fluorescens, Corynebac-
terium glutamicum, and many others. In this regard,
recently described shuttle vectors for easy transfer
between bacteria are nice additions to the arsenal of

tools available for recombinant protein production.
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