Chapter 1

Recombinant Protein Expression in E. coli: A Historical

Perspective

Opher Gileadi

Abstract

This introductory chapter provides a brief historical survey of the key elements incorporated into commonly
used E. coli-based expression systems. The highest impact in expression technology is associated with
innovations that were based on extensively studied biological systems, and where the tools were widely
distributed in the academic community.

Key words E. coli, Promoter, Recombinant protein, Protein engineering, Expression vectors

1

Introduction

Early studies on purified proteins depended on proteins found in
relatively high abundance, or with distinct solubility and stability
profiles, such as hemoglobin, albumin, and casein. Even with the
expansion of interest into a wider universe of enzymes, hormones,
and structural proteins, researchers have sought to purify proteins
from sources (organisms, tissues, and organelles) containing the
highest abundance of the desired protein. It was recognized, even
before the era of genetic engineering, that microorganisms and
cultured cells could be ideal sources for protein production. A
remarkable example, just before the development of recombinant
DNA technologies, was the overproduction of the lactose repres-
sor (product of the lacl gene). This protein is normally produced
in E. coli at ~10 copies/cell. Muller-Hill and colleagues [1] used
clever selection techniques to isolate promoter mutations that led
to a tenfold increase in protein expression; this allele (lacI) was
then transferred to a lysis-deficient bacteriophage, allowing achiev-
ing very high copy numbers of the phage (and the lacI? gene),
leading to the target protein being ~0.5 % of total cellular protein [1];
all this—without restriction enzymes and in vitro DNA recombi-
nation! The emergence of precision recombinant DNA techniques
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led to the production of the first biotechnology-derived drugs,
insulin, growth hormone, and interferons, subsequently expand-
ing to 23 FDA-approved biologic drugs produced in E. coli [2].
Concurrently, thousands of other proteins were produced in
bacteria for research purposes. In this chapter, I will briefly review
the major innovations that created the toolkit for recombinant
protein expression in E. coli.

2 Expression from E. coli RNAP Promoters

We have already seen the first principles driving high-efficiency
recombinant gene expression: strong promoters, and high gene
copy numbers. A third principle that became important early on is
inducible gene expression; typically, an expression process will
involve growth of cells in the absence of expression, then induction
of gene expression through transcriptional regulatory elements or
by infection or activation of viruses. Expression vectors were devel-
oped based on a small number of well-studied gene promoter sys-
tems, which remain popular to this day (reviewed in ref. 3). The
Lac promoter/operator and its derivatives (UV5, tac) are induc-
ible by galactose or Isopropyl p-p-1-thiogalactopyranoside (IPTG),
and repressed by glucose. The phage lambda Py promoter is one
of the strongest promoters known for E. coli RNA polymerase
(RNAP). When combined with a temperature-sensitive repressor
(c1847), the Py promoter can be induced by a temperature shift,
avoiding the use of chemical inducers [4]. The araBCD promoter,
tightly regulated by the araC repressor/activator, avoids leaky
expression in the absence of the inducer arabinose [ 5]. Interestingly,
synthetic E. colz RNAP promoters based on a consensus derived
from multiple sequence alignment perform rather poorly [6, 7];
rather, it is a combination of the canonical —35 and —10 elements
with less defined downstream sequences, as well as an optimal envi-
ronment for protein synthesis initiation and elongation that drives
the highest levels of expression.

3 Maximizing Expression Levels

For most applications, E. coli RNAP promoters have been super-
seded by expression systems using bacteriophage promoters and
RNA polymerases. The bacteriophage T7 polymerase is highly
selective for cognate phage promoters, and achieves very high lev-
els of expression [8]. The commonly used T7 expression systems
are regulated by a double-lock: lac operators (repressor-binding
sites) are placed at the promoter driving the target gene as well as
the promoter driving the expression of the T7 RNA polymerase [9].
Expression is repressed in the absence of inducer, and is rapidly
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turned on when IPTG is added. There is some expression in the
absence of inducer, which can be further reduced by including
glucose in the growth medium (catabolite repression) [10] and by
expressing T7 lysozyme, an inhibitor of T7 RNA polymerase, from
plasmids pLysS or pLysL [9]. With the successful implementation
of these principles, other issues become rate-limiting. High-level
expression of foreign genes may be hampered by codon usage that
is nonoptimal for the host cell. This makes a real difference [11],
and has been addressed using either synthetic, codon-optimized
genes, or by co-expressing a set of tRNA molecules that recognize
some of the codons that are rare in E. colz (available as commercial
strains, such as Rosetta™ and CodonPlus). Sequence optimization
may also affect other impediments to gene expression, such as
mRNA secondary structure or mRNA degradation, as well as
secondary advantages such as eliminating or introducing restriction
sites.

4 Fusion Tags

The next major development has been the introduction of generic
purification tags. The general principle is to genetically fuse the
protein of interest to another protein or peptide, for which affinity
purification reagents are available. The tags introduced in the late
1980s are still very widely used. The earliest were epitope tags
[12]: short peptides that are recognized by monoclonal antibodies,
allowing affinity purification and elution with free peptides (e.g.,
FLAG[13], HA [14], and myc [15] tags). These were followed by
the hexahistidine tag [ 16 ] which allows purification by immobilized-
metal affinity chromatography (IMAC), and the full-length protein
glutathione S-transferase (GST) [17] which binds to glutathione-
sepharose. Short peptide tags are sometimes concatenated to
provide better avidity of binding to the affinity columns, allowing
more stringent washes and better purity, but these are mostly used
for expression in eukaryotic cells. Tags can be removed using
sequence-specific proteases (enterokinase, the blood-clotting fac-
tors X and thrombin, viral proteases such as TEV and the rhinovi-
rus 3C protease, SUMO protease, engineered subtilisin, or inteins).
Fusion tags seem to perform at least two functions: first, providing
a handle for affinity purification; and second, promoting the solu-
bility of the target protein by changing the overall hydrophobicity
and charge and by providing chaperone-like functions. Because the
selectivity and the solubilizing effect are context-dependent, there
has been a continuing development of new fusion tags to address
specific goals in different cell types.

It is frequently observed that the highest expression levels of a
recombinant protein do not necessarily correlate with the highest
yields of soluble, properly folded protein. In fact, rapid production
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of heterologous proteins more often leads to aggregation and
precipitation, with no recovery of active protein. This problem has
been addressed using three approaches: modulating growth and
induction conditions; moditying the host strain; and engineering
the target protein. Many eukaryotic proteins expressed in E. cols
are only soluble when induced at low temperatures, typically
15-25 °C. Other changes in induction conditions, such as the use
of carefully calibrated autoinduction media [10] and the use of
moderately active promoters, have on occasion led to higher yields.
Host strains have been engineered to over-express chaperone pro-
teins [18-20], to encourage disulfide bond formation [21], or to
remove autophosphorylated sites from active protein kinases [22].
Finally, proteins can be recovered from denatured precipitates
using refolding techniques following solubilization in guanidine or
urea; however, refolding methods seem to be mostly effective only
for a subset of proteins, predominantly extracellular domains or
proteins. The recent application of high-throughput and design of
experiment methods to optimize refolding conditions may help to
rescue more proteins that cannot be properly folded during expres-
sion in bacteria.

5 The Protein Is the Most Important Variable

The most dramatic improvements in recovery of soluble proteins
have come from optimizing the sequence of the expressed protein.
The degree of flexibility in the engineering of the target protein
depends on the purpose of the project. In many cases, a truncated
protein that contains a well-folded globular domain will be solubly
expressed, while the full-length protein may contain intrinsically
disordered and hydrophobic regions that drive aggregation. This is
particularly relevant when expressing proteins for crystallization,
and it has been noted that constructs truncated to include the
structured domains tend to express and crystallize well [23]. In
addition to truncations, internal mutations that stabilize the pro-
tein can dramatically affect the yields of soluble proteins [24] as
well as membrane proteins [25, 26]; identifying these mutants
most often requires molecular evolution techniques, as there is
rarely any solid basis for rational design, especially if
the structure of the protein is unknown. A more natural version
relies on natural diversity: very often, systematic cloning and test-
expression of multiple orthologues of the target protein can lead to
the identification of a related protein that does express well in
E. coli. Alternatively, synthetic versions of the target proteins based
on multiple sequence alignments have been used in some instances
to generate better yields.
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6 High-Throughput Methods

With the advent of genomic-scale studies, there was a need to
streamline and parallelize the cloning process. New methods were
developed to enable cloning of PCR-generated DNA fragments
into vectors without prior cleavage by restriction enzymes, and
cloning of each fragment into multiple vectors. These methods
include variants of ligation-independent cloning (LIC) [23, 27-29]
and site-specific recombination methods [30]. The choice of
method depends on the details of the experimental goals: LIC
methods require only minimal (or no) additions to the cloned
sequence, while recombinase-based methods (e.g., the Gateway®
method) [30] add obligatory sequences within the encoded pro-
tein. On the other hand, when there is a need to repeatedly clone
the same fragment into multiple vectors, recombinase-based meth-
ods allow a sequence-verified DNA insert to be transferred in a
virtually non-mutagenic manner. An additional development to
enable efficient cloning with low background has been the intro-
duction of toxic genes in cloning vectors that are inactivated by the
insertion of the cloned fragments [31, 32].

7 Heteromeric Complexes

It has been realized for a long time that attempts to express indi-
vidual polypeptides in heterologous cells may fail because the
native structure of the protein requires hetero-oligomerization.
Techniques for co-expression of several components of a protein
complex were applied sporadically, combining more than one
protein/transcription unit on a single plasmid, or by combining
separate compatible plasmids in a bacterial cell (or a combination
of both). Recently developed systems for recombining multiple
coding sequences into one plasmid [33] will allow generating pro-
tein complexes efficiently and systematically in E. cols.

8 One Method Fits All?

A search of GenBank for organism/vector yields >8000 hits; it
would be safe to estimate the number of E. coli expression vectors
is at least 1000. There are probably >10* publications describing
the expression and purification of individual proteins, all differing
at least slightly in the experimental details; the information is very
difficult to collate. The structural genomics projects in the US,
Europe, and Japan have systematically expressed and purified pro-
teins from a variety of organisms, with extensive documentation
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and several benchmarking studies to evaluate the success of
different approaches. A paper published jointly in 2008 by most of
the big players [ 34] shows that a fairly narrow range of techniques
accounts for the vast majority of successfully produced proteins.
Some more detailed comparative studies (e.g., [29, 35]) have
shown that by far the most common combination is BL21(DE3)-
derived host strains supplemented with rare-codon tRNAs; growth
in rich medium, with either IPTG-driven or autoinduction at
20-25 °C. The biggest impact on the yield of soluble protein is
linked to (1) construct selection (truncation,/mutation); (2) fusion
tags, and (3) lowering the temperature during induction. Do these
statistics mean that more than 35 years of method development is
almost redundant, beyond a handful of core methods that cover all
our needs? Probably not; the aggregate statistics hide the fact that
the parameters of the structural genomics projects allowed for a
considerable failure rate; in practice, the core methods (and the
variants used) could recover soluble proteins for less than 50 % of
eukaryotic target proteins that were attempted. Individual proteins
may be rescued by more sophisticated solutions developed over the
years, as documented in this volume. However, it is likely that
these methods will have a marginal effect on the overall success
rates of expressing cukaryotic proteins in E. colz, leaving us with a
sizeable fraction of proteins that cannot be productively expressed.

9 Future Prospects

What are the future prospects? On one hand, it is sensible to trans-
fer proteins that consistently fail to be produced in E. colz to other
expression systems, which are becoming more efficient and cost-
effective. However, it is likely that bacteria will continue to be a
major workhorse for recombinant protein expression. One point
that emerges from this historical survey is that most significant
developments were based on thorough knowledge of particular
biological systems. Indeed, the choice of E. co/i and Coliphage-
derived elements was a consequence of decades of fundamental
research on these organisms, starting from the 1940s [36]. A
recent splendid example of the use of in-depth fundamental
research is the development of CRISPR-Cas9 systems for gene
editing [37, 38]. So, true innovation in expanding the universe of
proteins that can be produced in bacterial cells is likely to come
from unexpected areas, based on in-depth knowledge. I would
hazard a guess that big developments will come from synthetic
biology. The engineering of E. coli host strains has proceeded
piecemeal, typically adding or modifying individual proteins or
pathways [39, 40]. Yet, a variety of other bacteria are used as host
strains, including Pseudomonas and Bacillus subtilis, which provide
specific advantages. With the advent of fully engineered bacterial
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cells [41] and the reconstitution of complex metabolic pathways
[42, 43], it is plausible that novel “protein factories” will be
designed to incorporate features from a variety of expression sys-
tems, to provide features that are missing or suboptimal in current
E. coli hosts. These may include posttranslational modifications,
chaperone functions, incorporation into membranes with control-
lable lipid composition, and secretion to the culture media. Parallel
efforts will include extensive protein evolution to derive well-
behaved and highly expressed versions of the proteins of interest.

As a final note, it is maybe obvious that the most widely adapted
techniques and expression systems are those that were widely avail-
able to the academic community (at least), either through open
distribution (by organizations such as Addgene [44]) or through
reasonably priced vendors. It is imperative that future core tech-
nologies are not protected to an extent that makes them practically
inaccessible to the majority of researchers. A sensible mix of com-
mercial licensing and academic freedom-to-operate can benefit
both the inventors and the society at large.
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