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Abstract

Despite the importance of recombinant protein production in academy and industrial fields, many issues
concerning the expression of soluble and homogeneous product are still unsolved. Although several strate-
gies were developed to overcome these obstacles, at present there is no magic bullet that can be applied for
all cases. Indeed, several key expression parameters need to be evaluated for each protein. Among the dif-
ferent hosts for protein expression, Escherichia coliis by far the most widely used. In this chapter, we review
many of the different tools employed to circumvent protein insolubility problems.
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1 Introduction

With the advances in genome sequencing nowadays, over 1,900
genomes are publicly available (http://www.microbesonline.org)
generating massive information in this area. A typical microbial
genome codes for between 1,500 and 8,000 proteins while in
eukaryotic genomes is around 10,000-60,000 proteins. Despite all
this information, and in contrast with nucleic acids, obtaining the
target protein from the natural host in a soluble, homogeneous
state and enough quantities for biochemical and structural studies
is very uncommon. This makes the production of the target pro-
tein in a recombinant form the method of choice. Different expres-
sion hosts are available for recombinant expression, including
bacterial, fungal, or eukaryotic host cells. Among these, the use of
the enterobacterium Escherichia coli is the most commonly
employed with approximately 60 % of all recombinant proteins in
the literature and nearly 30 % of the currently approved recombi-
nant therapeutic proteins produced on it [1, 2]. This is mainly due
to the low cost, fast growth, easy handling, high yield of target
protein and the extensive knowledge of the genetics of E. coli.
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However, when working with eukaryotic proteins, it has being
estimated that approximately only 30 % of the cloned genes can be
expressed in a soluble form in E. colz where the rest of the targets
are degraded, expressed as insoluble aggregates known as inclusion
bodies (IBs) or undetectable in cell extracts [3]. This is especially
the case for membrane proteins or those requiring posttransla-
tional modifications for folding or function. In order to overcome
these limitations, several E. coli strains were developed as well as
vectors carrying promoters with different strengths, fusion of the
gene of interest with molecular tags that can aid in the purification
and/or soluble production of the target protein, or the co-
expression of chaperones or biological partners that can improve
protein folding and stability [4, 5]. Furthermore, with the advent
of the high-throughput screening (HTS) technology, all these vari-
ables can be evaluated in a simultaneous, fast, automated, and reli-
able manner in order to find the combination of the parameters
that enable a soluble protein production [6]. Despite all this, solu-
ble and homogeneous expressions of the target protein are not
always the case. In this regard, many efforts were done with some
success in the refolding of insoluble proteins from IBs [3, 7].

As an alternative strategy, the introduction of rational or,
moreover, random mutations into the gene of interest in order to
obtain a variant with stabilized properties or increased soluble
expression has shown to be an attractive and effective approach in
the soluble expression of target proteins, thus being a suitable last
resource when everything else fails [8, 9].

2 Common Problems When Expressing Recombinant Proteins in E. coli

One of the main reasons why eukaryotic proteins often fail to be
produced as soluble proteins in E. colz is the requirement of
posttranslational modifications for correct folding. So a first step
could be a sequence-based prediction of these modifications.
In this regard, the ExPASy server (http: //www.expasy.org) contains
numerous bioinformatic tools that can estimate with a good
accuracy the presence or not of posttranslational modifications like
N- or O-glycosylation sites, phosphorylation sites, and protein
localization, among others [ 10]. All this information can give us an
idea of the possible success and help us in the strategy to follow for
protein expression. Other factors that can have an impact in the
soluble expression of the target are the codon usage, the sequence
at the translation initiation region (TIR), as well as the correct
formation of disulfide bridges. A brief description of the strategies
designed to obtain soluble recombinant proteins is given in the
next sections, and finally, in-depth information of them will be
given in the following chapters of this book.
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The presence of uncommon codons for E. coli can have a strong
influence in the gene expression. Because of the heterologous
nature of the target protein, the target gene may have codons that
are in low abundance in this host. This can lead into growth arrest,
premature translation termination, and low yield of protein pro-
duction, among others [11].

In order to overcome this problem, two different approaches
have been proposed: (1) the substitution of the rare codons pres-
ent in the gene sequence by de novo gene synthesis or (2) the
expression of the gene of interest in an E. co/i strain that is supple-
mented by tRNAs that are present in low abundance. In the for-
mer case, several algorithms were developed in order to optimize
the gene sequence to the host codon usage [12, 13]. More recently,
a software was developed in order to not only evaluate the codon
frequency but also the codon pair usage or codon context. This
approach suggests that codon pair usage and codon context can be
as important as the individual codon usage [14]. For the second
strategy, several commercially available strains have been developed
that co-express tRNAs for rare codons, like BL21 CodonPlus
(Novagen) and Rosetta™ (Invitrogen). The use of such strains
demonstrated to be effective for the soluble expression of several
targets [15, 16].

Finally, changing the rare codons can increase the translation
rate, but in some cases this can lead to protein aggregation and
misfolding as it was demonstrated for several proteins expressed in
E. coli [17]. This suggests that translation pauses can be necessary
in some cases for proper folding of individual domains [18]; thus
the procedure of gene optimization or the use of a codon opti-
mized for an E. coli strain cannot be used as a general rule.

Also at the DNA sequence level, it has been shown that the
sequence at the 5" of the gene can have an important impact in the
levels of protein expression due to the generation of secondary
structures in the messenger RNA that can hamper the translation
by the ribosome complex. In this regard, it was shown that
sequences immediately after the start codon up to position +25 can
have a profound effect in protein expression. For these reasons,
there are some programs that enable the optimization of the TIRs
in order to improve protein expression by defining silent mutations
in the first seven codons [19]. More recently a predictive method
for designing synthetic ribosome binding sites was developed
where different translation initiation rates can be targeted, thus
enabling the rational control and fine tuning of recombinant pro-
tein expression [20, 21].

In the same way, in bacteria, the half-life of mRNA is much
shorter than in eukaryotic cells. It was shown that mutation in the
gene coding for RNaseE confers increased mRNA stability [22].
A BL21 derivative strain containing such mutation is commercial-
ized by Invitrogen under the name of BL21 Star.
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2.2 Disulfide Bonds:
A Common
Posttransiational
Maodification Implies
a Common Problem
for Recombinant
Protein Expression

Disulfide bonds correspond to a covalent linkage between two sul-
fur atoms from two cysteine residues. They are frequently essential
for proper folding, stability, and /or function of the target protein,
thus a very important feature to take into account when expressing
a target gene [23]. The presence of disulfide bonds can be pre-
dicted by web-based servers in order to estimate if the target
protein can require such posttranslational modification [24, 25].

Disulfide bonds are formed in oxidizing environments like
the eukaryotic endoplasmic reticulum or the bacterial periplasm.
The formation of disulfide bridges in the periplasmic of E. coli,
requires the action of DsbC system were DsbA catalyze disulfide
formation whiles DsbC catalyze the isomerization of incorrectly
formed disulfide bridges. The cycle can be restarted by the actions
of the membrane proteins DsbB and DsbD that recycle DsbA and
DsbC, respectively [26]. The expression of recombinant proteins
in the periplasm of E. colz has allowed the correct formation of
disulfide bridges of several targets [ 26, 27]. Purification of proteins
from the periplasm is usually easier than purification of proteins
from total cell lysates, since the periplasm contains a less complex
protein mixture than the cytoplasm [28]. Targeting proteins to the
periplasm of E. co/z can be achieved by the addition of an N-terminal
leader peptide that, depending on its nature, can use the Sec (rela-
tively slow, posttranslational translocation) or the SRP (fast,
cotranslational translocation) pathways that transport proteins
through the inner plasma membrane as unfolded precursors [29,
30]. There is another translocation system: the twin-arginine trans-
location pathway, named Tat pathway, that, in contrast with the
aforementioned pathways, catalyzes the translocation of proteins
in their folded state [31].

However, one common drawback of periplasmic expression is
that the translocation machinery can be saturated, which can be
toxic for the host cell and decrease the final yield of the target pro-
tein. By using a strain where the expression intensity can be pre-
cisely controlled like Lemo21(DE3) (New England Biolabs), the
saturation of the translocation machinery can be avoided, and thus
these negative effects are minimized [32, 33].

As an alternative to periplasmic expression, engineered E. coli
strains that contain a more oxidizing cytoplasm were developed in
order to improve disulfide bond formation in this compartment.
These strains contain mutations in the genes for glutathione reduc-
tase (gor) and thioredoxin reductase (z7xB) involved in the mainte-
nance of the reduced environment in the cytoplasm and a mutation
in the peroxiredoxin gene akpC essential for restoring growth in
these mutants [23, 34]. One strain containing such mutations and
used for the expression of disulfide bridges containing proteins is
Origami, commercialized by Novagen [35]. However, a common
problem for using such strains is the lack of disulfide bond isomeri-
zation. In this regard, a strain containing the trxB/gor/ahpC
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mutations that express the DsbC isomerase in the cytoplasm of E.
coli was developed and commercialized by New England Biolabs
known as Shuffle, allowing the soluble expression of some disulfide-
containing proteins in its cytoplasm [36]. Recently, by the co-
expression of the sulthydryl oxidase from S. cerevisiae Ervlp and
the E. coli disulfide isomerase DsbC, disulfide bonds were gener-
ated in proteins expressed in the E. coli cytoplasm with the reduc-
ing pathways intact. Moreover, for some cases it was shown that
the addition of a catalyst for the formation of disulfide bonds could
be more effective than the removal of the reducing pathways [37,
38]. In the same sense, after making N-terminal fusions with DsbC
with 28 different small disulfide-rich proteins, it was found that the
strain BL21(DE3)pLysS was much more efficient in producing
soluble and oxidized folded proteins in comparison to Origami
B(DE3)pLysS or Shuffle T7 Express lysY cells [39]. Interestingly,
when one of the fusions was used to evaluate if the disulfide bound
formation occurred in the cytoplasm of BL21(DE3)pLysS cells or
during the extraction and purification steps, it was found that this
process occurred ex vivo [39].

3 Boosting Protein Purification and/or Expression

3.1 The Use
of Fusion Tags/
Proteins

3.2 Affinity Tags

With the advent of genetic engineering, the target gene can be eas-
ily cloned in frame with different affinity and/or solubility-
enhancing tags that can be exploited to increase protein solubility
and yield and facilitate protein purification or downstream process-
ing. In this regard, we can separate the fusion tags in three main
categories. In the first category, referred as affinity tags, we found
short tags that can be placed as N-terminus or C-terminus of the
partner and can be recognized by special matrices or molecules
serving for affinity purification of the fusion protein. In the second
category, extremely soluble proteins with chaperone activities or
thermostable characteristics in some cases are fused in order to
transfer some of these properties to the fusion partner and improve
the folding and/or the final yield of the target protein. Usually
these tags are expressed as N-terminal fusions and are termed
solubility-enhancing tags. Finally, we also have proteins that can
offer a double purpose, in one hand, can be recognized by other
molecules, thus serving for purification purposes, and, in the other
hand, can improve the soluble production of the target protein,
thus improving the target protein purity and yield [4, 40, 41].

Among the affinity tags, the His-tag is one of the most commonly
used for purification of recombinant proteins in E. coli. This small
tag (0.84 kDa) consists of 6-10 histidines in tandem and can
reversibly interact with metal ions most commonly Ni or Co immo-
bilized in a metal chelate matrix (Ni-NTA, Qiagen; Sepharose 6,
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3.3 Solubility-
Enhancing Tags

GE; or Talon resins, Clontech) [42], thus allowing mild elution
conditions like the use of a competitor such as imidazole. The His-
tag has several advantages like its small size and relatively inert
nature, making it compatible with most downstream applications.
Because the ternary structure of the His-tag is not necessary for
metal coordination, it is possible to purify the protein in denatur-
ing conditions or even perform the refolding procedure on column
[43,44]. Also the purification scheme has been automated in small
and large-scale formats and has been used widely in HTS proto-
cols, demonstrating the versatility of this tag [45—47].

As a disadvantage, when working with low-yield expressed
proteins, it was shown that increasing the culture volume does not
correlate with an increase in recovery. Moreover, there is a decrease
in recovery because of the presence of small chelators mainly asso-
ciated with the periplasm of E. cols that can decrease the binding
capacity of the purification resin [48]. This can be improved by
removing the periplasmic material before cell lysis [48]. Also it was
shown that several histidine-rich E. coli proteins can bind to the
column (like ArnA, SlyD, and GImS), especially when working
with low-expressing protein targets [49]. This reduces the purity
of the target protein, consequently requiring the addition of more
purification steps, thus reducing the final yield.

In this regard, some E. co/i strains that are mutants in some of
these proteins have been developed in order to overcome this issue
[50, 51], and one is commercially available as NiCo21 (New
England Biolabs).

Another strategy is the use of an alternative affinity tag such as
Strep-tag II. This is also a small tag consisting of eight residues
(WSHPQFEK) and can be specifically recognized by an engineer-
ing version of streptavidin (Strep-Tactin) [52]. Elution can be
done as for the case of His-tag using mild conditions by competi-
tion with D-desthiobiotin for the Strep-tag II. Despite the binding
capacity of the Strep-Tactin containing media can be lower when
comparing to Sepharose 6 resins for His-tagged proteins, for
example, its greater specificity makes it a good option when work-
ing with proteins that are expressed in very low quantities [52, 53].
Purification schemes for the Strep-tag II include prepacked col-
umns as well as 96x well plates (www.iba-lifesciences.com). A vari-
ation of the Strep-tag II named Twin-Strep-tag® was recently
developed and exhibited higher stability and affinity for the inter-
action with the Strep-Tactin. This tag consists of two Strep-tag®II-
binding sequences connected by a short linker and showed to be
more suitable for purification of diluted samples [54].

A common strategy to overcome the solubility problem is to
fuse the target protein with a very stable and soluble one that can
drive the resulting expression. It was shown for many proteins
that were not soluble when expressed alone, that when expressed
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as a fusion with other protein can be produced in a soluble and
homogeneous state. Moreover, after cleavage and removal of the
fusion partner, the target remained soluble demonstrating the util-
ity of this approach [6, 39, 55, 56].

Among the commonly used solubility-enhancing fusion pro-
teins, we can find the maltose-binding protein (MBP), glutathione
S-transferase (GST), thioredoxin A (TrxA), disulfide isomerase C
(DsbC), small ubiquitin-like modifier protein (SUMO), and
N-utilization substance A (NusA).

An attractive feature of MBP and GST is that they can be used
also as affinity tags. MBP is a 42 kDa protein expressed in the E.
coli periplasm and can bind strongly to amylose resins, and elution
can be done with free maltose [57]. For the case of GST, it is a
26 kDa protein from Schistosoma japonicum that can bind to gluta-
thione resins, and elution is achieved by the application of reduced
glutathione allowing a single-step purification process [58].
Despite GST protein is widely used, it has been shown to be a poor
solubility enhancer, since in many cases after cleavage of the fusion,
the target protein precipitates [6, 55, 59]. However, expression
can be improved for some proteins or peptides, and the purifica-
tion by glutathione resins makes it still an attractive option. Vectors
tor the expression of GST fusions can be found in the pGEX series
from GE Healthcare or pET41a-c/pET42a-c from Novagen.

MBP was fused to either N- or C-terminus, where the expres-
sion and folding of eukaryotic fusion proteins was increased in many
cases [59-61]. Vectors for MBP fusion can be found in the pMAL
series from New England Biolabs or pIVEX from Roche. Also if the
natural signal peptide of MBP is present (MalE), expression can be
directed to the periplasm of E. coli. This was used recently for the
successful expression of disulfide-rich venom peptides [27].

TrxA is an 11.6 kDa E. coli thermostable (Tm: 85 °C) oxido-
reductase that is expressed in very high yields. When used as a
fusion tag, some of these properties can be transferred to the target
protein improving its folding, solubility, and stability [62-64].
Moreover in a comparative study, all positive hits with Trx-fusions,
remained still soluble after tag cleavage [6]. Expression vectors for
fusion with Trx are pET32a-c from Novagen.

SUMO is a yeast protein (11.2 kDa) that when used as
N-terminal fusion protein during prokaryotic expression can pro-
mote folding and soluble expression of the target protein [65-67].
Another advantage of this fusion is that it can be cleaved by a spe-
cific and efficient protease (yeast Ulpl) which recognize tertiary
structure elements and a Gly-Gly-containing motif in the
C-terminus of SUMO and can leave a native N-terminus on the
target (except for proline) [66].

The E. coli disulfide isomerase DsbC (25 kDa) has isomerase
and chaperonin activities [34] and has been successfully used as a
fusion partner for the soluble expression of disulfide-containing
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3.4 Tag Removal

3.5 Cloning Methods

targets as mentioned earlier [39, 68]. The pET40 (Novagen)
expression vector allows fusion with DsbC.

Finally, the transcription elongation and anti-termination fac-
tor of E. coli NusA (55 kDa) have also demonstrated to be useful
for enhancing soluble protein expression [69]. In a comparative
study after using several aggregation-prone target proteins, it was
shown that the solubility-enhancing properties of NusA were com-
parable and similar to the well-studied MBP validating its utility
[70]. Fusion with NusA can be achieved with the pET43.1a-c and
pET44a-c vector series from Novagen.

Because TrxA, SUMO, DsbC, and NusA do not facilitate puri-
fication on their own, they are used in conjunction with small affin-
ity tags like the aforementioned His-tag or Strep-tag II to enable
protein purification. It is important to underline that despite some
trends in fusion proteins were found in several studies, there is no
rule for which is the best suited for the protein of interest, so it is
better to test several different fusions in order to find the best option.

Once the protein is expressed, in most of the cases, it is necessary to
remove the fusion tag. This can be achieved by incorporating an
aminoacidic sequence between the fusion tag and the protein of
interest that can be recognized by a specific protease. Several prote-
ases appear as possible options for tag removal like enterokinase
(DDDDK'X), factor Xa (IE/DGR’X, where X can be any residue
except for R or P), thrombin (LVPR'GS), PreScission™ protease
(GE Healthcare, LEVLFQ'GP), and tobacco etch virus (TEV) pro-
tease (ENLYFQ’'G), among others [41]. Between these, TEV pro-
tease is a very specific protease with several advantages like that it
can be produced in the lab with high yields in E. co/s[71], and cleav-
age can be done at 4 °C. Moreover, despite reducing conditions are
optimal for cleavage (usually 1 mM DTT), if avoided, cleavage can
still occur [27] which is preferable for disulfide-containing proteins.
Also, it was demonstrated that the last glycine residue from the
cleavage recognition site can be substituted by all residues except for
proline, but at the expense of cleavage efficiency, allowing the release
of a target protein with a native N-terminus [72].

Finally, fusion proteins were not only used for expression/
purification purposes, but they were also used to obtain the crystal-
lographic structures of several targets. This last brings the addi-
tional advantage that if the structure of the fusion is known, it can
also help in the structure determination process of the target pro-
tein. Such is the case for some fusions with MBP, GST, Trx, and
GFP, among others [73-76].

In order to succeed in the soluble expression of a “difficult” target
protein, a recommended strategy is to test different fusion proteins,
which requires the cloning of the gene of interest in several vectors.
Doing this by restriction-based methods can be a complicated task,
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principally when different restriction sites are present and even fur-
ther when working with several targets at the same time. Nowadays
some methodologies were developed as alternatives to the restric-
tion-based cloning to facilitate the easy transter of a DNA fragment
into several vectors. Commercial kits like Gateway (Invitrogen)
[77] and In-FusionTM (Clontech) [78] are efficient recombina-
tion-based cloning methods. For the case of Gateway, a suite of
vectors for the easy transfer of the same DNA fragment between
vectors is available. More recently, a cloning method based only in
PCR reactions was developed and initially termed as RF cloning
(REF, restriction free) [79]. In this method, the DNA is amplified
with primers that contain complementary sequences with the site
of insertion in the destination plasmid. So after the first PCR,
the generated megaprimer is used in a second PCR to amplify the
whole plasmid, inserting in this reaction the gene of interest in the
desired position. The advantage is that insertion can be done at any
position in the destination vector avoiding extra sequences to be
added to the gene of interest, and if several vectors contain the
same insertion sequence, the same megaprimer can be used in all of
them, facilitating the cloning stage and allowing an automated
HTS cloning approach [4, 79]. So by using a vector containing a
fusion protein, just by inserting in the same position of the fusion
other genes (like MBP, GST, SUMO, etc.), one can easily make its
own suite of expression vectors where the site of insertion for the
target gene is conserved along all vectors [80]. Recently, an
improved protocol for RF cloning termed Transfer-PCR was devel-
oped where the generation of the megaprimer and subsequent inte-
gration of the PCR product into the destination vector occur in a
single PCR reaction [81]. A web-based tool was developed for the
correct design of the primers for RF cloning and is freely available
(http: //www.rt-cloning.org) [82]. The use of this kind of tools for
molecular cloning is very useful for the generation of the genetic
constructs necessary for finding a condition for soluble expression.

At the culture level, several parameters like induction temperature
and medium composition can have an important effect in soluble
protein yields. It was shown that lower temperature during induc-
tion (16-25 °C) can increase the final yield of soluble protein.
It was assumed that a slower translation rate could favor the correct
folding of the protein [83]. However, the lower temperature can
also decrease the final biomass, so if the protein is well expressed,
this can hamper the final yield [6]. In general, it is necessary to
evaluate different temperatures to find the optimal condition. At
the medium level, several media have been used for protein expres-
sion: Luria Broth (LB), 2xYT, Terrific Broth (TB), Super Broth
(SB), autoinduction medium, and others. Among these media, the
autoinduction medium, developed by Studier [84], has been used
with success for protein expression screening in a wide range of
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scales because it produces a high level of biomass. Thus, there is no
need to monitor the growth; induction of cultures in well plates
occurs at a comparable growth phase, which is preferable in HTS
experiments; and there is a tighter control of protein induction
improving expression of toxic proteins [6, 84]. A disadvantage of
this medium is that it is adversely affected by aeration level. This can
be reduced by decreasing the level of lacI repressor provided by the
expression vector [85]. Recently, it was demonstrated that the oxy-
gen sensitivity of expression in autoinduction medium can be prac-
tically obviated. This was achieved by using a glucose fed-batch-based
autoinduction medium where the glycerol carbon source was sub-
stituted with the EnBase system [86]. This system is based on a
soluble polysaccharide component within the medium and slow
release of the glucose units from the polymer chain by an added
specific biocatalyst [85, 87]. This kind of rich media allows an
increase in the biomass production, so expression conditions can be
evaluated in a reduced format like a 24x deep wells, enhancing the
sensibility of automated HTS screenings for soluble protein pro-
duction [4, 85, 88]. Also and as it was mentioned along the text,
several strains should be used in order to find the proper condition;
thus a combination of temperature and strain should be included in
the screening. These in conjunction with the use of different con-
structs (i.e., fusion tags) make a considerable number of conditions
to evaluate. In this regard, the HTS methods have had a pivotal
role in making this kind of approaches possible [4, 6, 88, 89].

4

Inclusion Bodies’ Renaturation

Frequently proteins accumulate, as insoluble aggregates in the
cytoplasm or periplasm of E. coli known as inclusion bodies (IBs).
As dramatically as it seems, this is not always a negative issue. Some
advantages of expressing the protein as IBs are the high yield of its
expression and the homogeneity in composition where in some
cases the recombinant target can account for more than 90 % of
the proteins in that fraction, facilitating the purification of the tar-
get after renaturation [90]. Renaturation conditions involve the
evaluation of several parameters like pH, ionic strength,
temperature, and addition of low molecular weight compounds,
among others. In this regard, several approaches in a 96x well for-
mat have been developed to facilitate the optimization of the
refolding conditions, and automated HTS protocols for protein
refolding were proposed [7, 91]. Apart from the mentioned
parameters, these can be combined with several methods to per-
form the refolding process like dilution, dialysis, or in-column
refolding methods [7, 43, 92].
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An attractive and counter-intuitive strategy is to introduce a tag
that reduces the solubility of the fusion protein and can direct the
expressed protein into insoluble IBs. This is particularly useful if
the target protein is toxic to the host when soluble and correctly
folded. In this regard, a mutant variant of the N-terminal autopro-
tease NP, of classical swine fever virus termed EDDIE, when fused
to the N-terminus of the target protein can reduce its solubility in
such a way that the fusion accumulates as IBs. When changing from
chaotropic to kosmotropic conditions, the protease becomes active
and can perform the autocleavage of the fusion, leaving a native
N-terminus in the target protein [93, 94]. The comprehension of
IBs nature has dramatically changed in the last years. Often, it was
assumed that IBs were made of inert aggregates composed of dena-
tured or partially folded polypeptides rather from mature native
molecules. Nevertheless, in the last decades, it was shown in several
cases that IBs can be made with native and active proteins [95-98].
This opens the possibility of using them in downstream applica-
tions without the need of performing protein renaturation in appli-
cations where protein aggregation is not an impediment, thus
facilitating production /purification and reducing costs [99-101].

5 Protein Characterization

Obtaining the protein in a soluble state does not assure proper
folding of the target protein. A common scenario is to find that the
protein is soluble but forms aggregates. This is indicative of
unfolded regions. A last purification step by size-exclusion chro-
matography (SEC) is recommendable to not only remove some
remaining impurities but also to assess the oligomeric state of the
sample. Protein quality assessment, can be implemented at the ana-
lytical level, with microgram quantities of protein by coupling for
example, Ni Sepharose 6 beads or His MultiTrap FF 96-well plates
(GE Healthcare) with the minicolumns for analytical SEC (ASEC),
Superdex™ 5 /150 GL (GE Healthcare), when still evaluating dif-
ferent expression conditions [88, 102, 103]. By using an autosam-
pler for ASEC, the characterization step can be completely
automated requiring only 14 min for each sample [102]. Also,
sometimes it is necessary to evaluate different combination of addi-
tives, like for the case of membrane proteins, a combination of
different detergents and /or lipids and genetic constructs in order
to find a condition that gives a soluble and homogeneous sample.
This kind of screening requires the purification of microgram to
milligram of protein. A very useful alternative is to make GFP
covalent fusions with the target protein and performing fluores-
cence-detection size-exclusion chromatography (FSEC). By using
this approach, it is possible to determine the soluble expression
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level, oligomeric state, thermostability, and approximate molecular
mass using only nanogram quantities of unpurified protein, allow-
ing working directly with the soluble extracts [ 104, 105]. Recently,
a similar approach was developed where instead of fusing the target
protein with GFP, a special fluorescent probe that can specifically
recognize the His-tag was used, thus overcoming the limitations
that can be associated in some cases with GFP fusions like the pres-
ence of false positives or protein aggregation issues following
fusion cleavage [106].

6 Directed Evolution for Soluble Protein Expression

Despite the evaluation of many expression and growth conditions,
it is often impossible to obtain the target protein in a soluble and
stable manner. Under these circumstances, instead of exploring
more expression parameters, one can change the physical proper-
ties of the target by making mutations or deletions in the target
sequence in order to improve the solubility/stability of the recom-
binant protein. When structural and functional information are
available, these sequence modifications can be achieved by ratio-
nally designed site-directed mutagenesis[ 107,108 ]. Unfortunately,
for most of the interesting targets, structural information is not
available so rational design is not possible. In these cases, an inter-
esting alternative is the use of directed evolution. This approach is
based on an iterative process consisting of a first step of sequence
diversification followed by a second step of selection of the
improved mutants. The diversification process is usually achieved
by random mutagenesis (error-prone PCR, chemical mutagenesis,
or a mutator E. coli strain) [109] and/or in vitro recombination
(DNA shuffling) [110]. In the directed evolution approaches, a
library of mutants generated by a random process is screened for
the solubility/stability of the target protein. So, after mutation
occurs, one must select those few mutants with the improvements
in the desired phenotype among the millions of futile mutants gen-
erated. In this regard, one can perform the selection by analyzing
the activity of a reporter protein (reporter tag) or in special cases
the activity of the target protein [111].

One folding reporter tag that was used successfully for the evo-
lution of active and soluble mutant variants is the GFP-folding
reporter [112, 113]. In this system, the test protein is expressed as
an N-terminal fusion with GFP. So the fluorescence of E. co/i cells
is directly related to the productive folding of the fused protein
[112]. In this way, the isolation of the brightest cells in the search
for the mutations that improve solubility can be done using simple
colony-plating techniques or fluorescence-activated cell sorting
(FACS) in a flow cytometer. Later this system was improved even
further by the design of a selt-complemented split GFP [114]
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derived from an exceptionally well-folded variant of GFP, “super-
folder GFP” [115]. In this case, the target protein is fused as an
N-terminal fusion to a small GFP fragment (residues 215-230,
GFP11), while the GEP detector fragment (residues 1-214, GFP1-
10) is expressed separately in another vector. So if the target pro-
tein is expressed in a soluble form, the GFP11 fragment can interact
with GFP1-10, leading to the development of fluorescence [114].

In a different approach, the target protein can be expressed as
an N-terminal fusion with a selectable marker such as the chloram-
phenicol acetyltransferase (CAT; 25 kDa), thus conferring resis-
tance to chloramphenicol. It was observed that if the fusion protein
is expressed in a soluble form, the cell is resistant to higher concen-
trations of chloramphenicol than when it is expressed in an insolu-
ble form [116]. By using this method, it was possible to obtain
soluble variants of the membrane-associated human cytochrome
P450 (1A2), confirming the usefulness of this method [117].

More recently another antibiotic was used as a selectable
marker but in a split manner linking in vivo protein stability to
antibiotic resistance. In this case the target protein is inserted into
the TEM1-f-lactamase (resistance to B-lactam antibiotics) as part
of a tripartite fusion [8]. The antibiotic-resistance gene is separated
between residues 196 and 197, for the insertion of the target pro-
tein gene. Thus, when protein is expressed in a soluble and stable
form, the two fragments of f-lactamase can interact and thereby
confer resistance to p-lactam antibiotics [8]. This method showed
a low false-positive rate and, as for the CAT, is based on a selection
rather than a screening for obtaining improved mutants.

Another elegant approach is the colony filtration (CoFi) blot.
This is based in the fact that IBs can be separated from soluble
proteins by filtration at the colony level. So after transforming bac-
teria with the mutant library, colonies are transferred to a filter
membrane where protein expression is induced and cells are then
lysed. Soluble proteins can diffuse through the filter and bind to
the nitrocellulose membrane for detection [118, 119]. An anti-His
antibody can be used for the detection of His-tagged soluble vari-
ants making it an easy to adopt method. Cornvik and colleagues
randomized the N-terminal region of 32 mammalian proteins, and
mutants were selected for soluble expression using this methodol-
ogy. By this approach, the success rate for soluble expression was
increased from 34 to 68 %, showing the high potential of this
methodology [118].

Just as in the HTS, usually many different expression condi-
tions for the same protein are evaluated; in the directed evolution
approach, a library of mutants generated by a random process is
screened for the solubilization /stabilization of the target protein.
The key issues in this strategy are the diversity of the library and the
selection /isolation method employed for finding the mutant with
the improved characteristics.
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7 Conclusions and Future Perspectives

Although a lot of progress has been made in recombinant protein
expression, this field is still far for the generation of a universal
protocol, so many different parameters are necessary to be evalu-
ated for each target. The development of robotic technologies has
facilitated the evaluation of an important number of different con-
ditions reducing cost and eftort through miniaturization of experi-
ments. At present there are novel technological approaches (strain
engineering, fusion technologies, and protein purification, among
others), which are key factors that should be used in the lab to
increase the success for the production of a soluble and homoge-
neous target protein.
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