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Introduction
From 1980s recombinant DNA technology has been widely used 
for the production of therapeutically valuable proteins using 
microbial host systems [1]. This technology has been rapidly 
emerging in the field of biotechnology, which prevents to 
sacrifice vast numbers of wild or domestic animals for producing 
therapeutic proteins. Federal regulatory agencies are widely 
accepted to use E. coli as a model to produce heterologous 
proteins [2,3]. The expression of foreign proteins in the microbial 
systems is challenging because these proteins generate metabolic 
burden to the host. Due to the foreignness, producing higher 
concentrations of soluble heterologous protein is a significant 
problem. Because these foreign proteins tend to misfold and 
form insoluble inclusions in the cytoplasm of the host [4,5].

Several viral and anti-viral protein antibodies significantly 
explored for controlling viral infections [6]. Recombinant protein 
production categorically grouped into enzymes, anticoagulants, 
scaffold proteins, antibodies, growth factors, interferons, and 
hormones. Several commercial host expression systems like 
prokaryotes (bacteria) and eukaryotes (yeast, fungi, insects, 
mammalian cells, plants, and animals) have been used to produce 
heterologous recombinant proteins (Table 1).

Among them, E. coli has been widely reported for producing 
recombinant proteins. As mentioned earlier, recombinant 
protein production has challenges to control the inclusion 
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Abstract
Escherichia coli (E. coli) have been widely used genetic model for the production 
of recombinant proteins. Because of its simplicity in cloning and fast replication, 
scientists have chosen E. coli to generate higher yields of heterologous proteins. 
In recent years, the demand for recombinant proteins increased for biomedical 
applications from basic research to diagnostics. However, the abundance in the 
expression of soluble recombinant proteins in E. coli is challenging. More often, 
recombinant proteins misfold and form aggregates in the host. In this chapter, 
we propose the strategies for enhancing the soluble expression of disulfide bond 
proteins and non-disulfide bond proteins. 
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body formation. To overcome this problems selecting specific 
recombinant constructs which are compatible with particular 
hosts are essential. Additionally, maintaining plasmid copy 
number, inducer concentrations, growth medium, protein 
folding mechanisms, protein docking, purification strategies 
are helpful to enhance the final yield of the soluble recombinant 
protein [15-17].

      Studies have shown that presence or absence of disulfide 
bonds strongly influences protein folding mechanisms to 
strengthen the expression of the soluble recombinant protein. 
Mispairing of disulfide bonds leads to protein denaturation, 
which forms inclusion bodies. In parallel, increase in the number 
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of cysteine residues leads to misfolding of recombinant proteins. 
Such circumstances, foldases or chaperones assist the protein 
folding process and minimizes the misfolding of recombinant 
proteins [18,19]. Prevention of inclusion bodies is cost-effective 
and challenging for scientists across the globe. There are several 
standardized refolding techniques were established to recover 
the biologically active form of the recombinant proteins [20]. In 
the current review, we focus on how to enhance the solubility of 
recombinant protein expression in E. coli. 

Fusion Partners and Chaperones
Biopharmaceutical industries are widely using gene fusion 
methods for enhancing the solubility of recombinant proteins. 
Biomedical research has shown that fusion partners are playing 
an essential role in increasing the stability of blood circulation, 
controlling cytotoxicity and methods for targeted drug delivery, 
etc. [21]. The role of fusion partners in the expression of 
recombinant proteins are categorized mainly based on its 
function. Affinity tags and solubility enhancing tags are mostly 
used for protein purification and protein folding respectively. 
Affinity tags are often a short stretch of amino acid sequence 
that shows a strong affinity towards the chromatography matrix 
immobilized ligand (Figure 1).

The affinity tag fusion to the recombinant proteins work based 
on the single step purification without prior knowledge of any 
known target proteins. Recent advances in affinity tags enhance 
the purification rate. However, scientists are still looking for 
unique affinity tags to improve protein purification methods. 
Among them, different lengths of polyhistidine affinity tags 
were used extensively for recombinant protein production using 
plasmid expression system (pET vectors). The polyhistidine fusion 
forms readily co-ordination bond with polycationic metal ions 
immobilized matrix material, which offers single-step affinity 
purification. In addition to polyhistidine tags, most of the pET 
vectors were customized with tags of N-utilization substance 
A, thioredoxin, DsbA, DsbC and the peptidyl-prolyl cis-trans 
isomerase for enhancing and purifying the soluble recombinant 
proteins. Furthermore self-cleaving affinity tags like inteins and 
AKT protein kinase tags were used in purification of recombinant 
proteins. The other fusions tags, such as N-terminal glutathione 
S-transferase (GST) was constructed to pGEX plasmid expression 
system, which was also used for the purification using glutathione 
sepharose affinity column. However, fusion proteins crosslink to 
the resin often leads to inclusion bodies, dimerization of GST and 
it is a major drawback.

Additionally, tags of Maltose Binding Protein (MBP) often used 
for increasing the solubility of recombinant proteins. MBP tags 
can also serve as an affinity tag for protein purification. Recently, 
a study has shown that histidine maltose binding protein fusion 
tags enhances the soluble recombinant proteins. pMAL plasmid 
expression system is commercially available for cytoplasmic or 
periplasmic protein production. Amylose crosslinked resins were 
used for affinity purification of fusion proteins. The calmodulin 
binding peptide (CBP) fusion partners linked at C or N -terminal 
of targeted proteins. This purification system influenced by the 
presence of Ca2+ that affects the calmodulin conformational 
changes to release their fusion partners. Fusion proteins of the 
streptavidin-binding peptide are affinity purified by streptavidin 
immobilized resins, and fusion partners are further eluted with 
biotin solution.

The SUMO (small ubiquitin-like modifier) family proteins are fused 
to recombinant protein and form a covalent bond with lysine 
residues, and SUMO proteases later remove the affinity tags. The 
eight amino acid short peptide, FLAG, a hydrophilic short amino 
acid tag has been extensively used for immunoprecipitation and 
selectively captures fusion protein with the specific antibody. The 
affinity tags are not permanent domains to the target recombinant 
proteins, and their selective removal is often recommended. The 
list of fusion affinity tags used for recombinant protein purification 
listed in Table 2. Affinity purification tags are designed with target 
recombinant protein by having proteolytic cleavable recognition 
sequences between the fused partners.

Chaperone Based Solubility 
Enrichments
Chaperone is a significant component of proteostasis network 
that possesses the highly conserved function of preventing 

Host Protein References

E. coli

Thrombin
Humanized Fab

Tumor-necrosis factor – Alpha
Hepatitis C virus multi-epitope 

protein
Plasmodium vivax Duffy binding 

protein

[3]
[7]
[8]
[9]

[10]

Pichia pastoris Tetanus toxin fragment C expression [11]
Baculovirus Norwalk virus capsid protein. [12,13]

Plant system
Foot and mouth disease virus 

(FMDV) [14]

Table 1 List of recombinant protein expression systems

Figure 1 Schematic description of recombinant protein destination 
within cell either degradation/accumulation of misfolded 
protein as inclusion bodies or function protein mediated 
by the proper folding mechanism. The target recombinant 
protein fusion with peptide/protein, the fusion partner, may 
serve as purification, anchoring the target protein or folding 
purpose or sometimes may serve multiple functions

Target recombinant protein

Fusion partner
peptide/protein

• His-tag
• MBP
• CBP
• GST
• Trx
• Strep
• SUMO
• FLAG
• DsbA & DsbC

1. Non-Disulfide 
bonded proteins

2. Disulfide 
bonded proteins

• Mis-pairing of 
disulfide bonds

• Insoluble 
aggregates

• Cell death
Foldases/Chaperones

Soluble & Functional 
protein

• Ease of protein folding
• Soluble & Functional 

protein



3

ARCHIVOS DE MEDICINA
ISSN 1698-9465

2018
Vol.3 No.1:6

© Under License of Creative Commons Attribution 3.0 License 

Journal of Molecular Biology and Biotechnology 

protein misfolding and aggregation. In E. coli, protein folding is 
controlled by four different chaperone systems. Among them, 
GroELS chaperonin system encapsulate client proteins and 
providing an isolated environment to achieve the state of native 
protein folding [26]. Another chaperone system in E. coli is more 
likely to Hsp 70 system of eukaryotes called as KJE system. This 
system has combination of three different chaperones DnaJ, DnaK 
and GrpE [27]. The major role of the KJE system in proteostasis 
is to unfold misfolded proteins, thereby giving another chance 
for unfolded proteins to refold. A combination of KJE with ClpB 
has been considered as disaggregation system (B+KJE) involved 
in protecting E. coli from heat shock [28]. Trigger factor has been 
excluded from other chaperone systems, which is engaged in 
preventing aggregation of translating polypeptides in E. coli [28].

Several studies have shown that co-expression of E. coli 
chaperones enhances the production of recombinant proteins. 
Co-expression of KJE chaperone components increases the 
solubility and production of recombinant proteins includes 
enzymes, antibodies, etc. [29,30]. In parallel, increasing solubility 
of heterologous proteins was reported with co-expression of 
other bacterial chaperones includes GroELS, ClpB and trigger 

factor. Even though there is a more significant advantage in co-
expression of molecular chaperones with recombinant proteins, 
few studies have shown the negatively impact the co-expression 
of chaperones on quality and quantity of specific heterologous 
proteins [31].

The Past and Present Strategies of 
Soluble Expression of Recombinant 
Proteins
The foreignness and excessive production of recombinant protein 
in the host change the pH, osmolarity, redox potentials in the 
cytoplasm, which further causes self-aggregation of recombinant 
proteins in the host. The primary challenge for scientists is to 
develop and tune-up the recombinant expression system to 
minimize and prevent the recombinant protein aggregation and 
enhance the soluble protein production. There was no standard 
method for soluble expression of aggregation-prone recombinant 
proteins. Factors include a selection of appropriate host, codon 
optimization, designing vector constructs, expression conditions, 

Fusion partner Fusion location Protein sequence
His-tag N/C-terminal HHHHHH

MBP (40 kDa) N/C-terminal

MKIKTGARILALSALTTMMFSASALAKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQ
VAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLP
NPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFL
VDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINA
ASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYA
VRTAVINAASGRQTVDEALKDAQTRITK

CBP (4 kDa) N/C-terminal GVMPREETDSKTASPWKSARLMVHTVATFNSIKELNERWRSLQQLA

GST (26 kDa) N- terminal

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYI
ADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHV
THPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKS
DLVPRGSPGIHRD

Trx (20 kDa) N/C-terminal MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKY
GIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLA

SBP (4.2 kDa) N- terminal MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP

SUMO-1 N/C-terminal LEVLFQGPGSMSDQEAKPSTEDLGDKKEGEYIKLKVIGQDSSEIHFKVKMTTHLKKLKESYCQRQGVPMN
SLRFLFEGQRIADNHTPKELGMEEEDVIEVYQEQTGG

FLAG (1 kDa) N/C-terminal DYKDDDDK
Poly-glutamate N/C-terminal EEEEEEEEEE

NUSA : 54.8kDa

MNKEILAVVEAVSNEKALPREKIFEALESALATATKKKYEQEIDVRVQIDRKSGDFDTFRRWLVVDEVTQPTKE
ITLEAARYEDESLNLGDYVEDQIESVTFDRITTQTAKQVIVQKVREAERAMVVDQFREHEGEIITGVVKKVNRD
NISLDLGNNAEAVILREDMLPRENFRPGDRVRGVLYSVRPEARGAQLFVTRSKPEMLIELFRIEVPEIGEEVIEIKA
AARDPGSRAKIAVKTNDKRIDPVGACVGMRGARVQAVSTELGGERIDIVLWDDNPAQFVINAMAPADVASI
VVDEDKHTMDIAVEAGNLAQAIGRNGQNVRLASQLSGWELNVMTVDDLQAKHQAEAHAAIDTFTKYLDID
EDFATVLVEEGFSTLEELAYVPMKELLEIEGLDEPTVEALRERAKNALATIAQAQEESLGDNKPADDLLNLEGV
DRDLAFKLAARGVCTLEDLAEQGIDDLADIEGLTDEKAGALIMAARNICWFGDEA

Dsb C 25.6kDa
MKKGFMLFTLLAAFSGFAQADDAAIQQTLAKMGIKSSDIQPAPVAGMKTVLTNSGVLYITDDGKHIIQGPMY
DVSGTAPVNVTNKMLLKQLNALEKEMIVYKAPQEKHVITVFTDITCGYCHKLHEQMADYNALGITVRYLAFPR
QGLDSDAEKEMKAIWCAKDKNKAFDDVMAGKSVAPASCDVDIADHYALGVQLGVSGTPAVVLSNGTLVP
GYQPPKEMKEFLDEHQKMTSGK

Dsb A 23.1kDa
MKKIWLALAGLVLAFSASAAQYEDGKQYTTLEKPVAGAPQVLEFFSFFCPHCYQFEEVLHISDNVKKKLPEGV
KMTKYHVNFMGGDLGKDLTQAWAVAMALGVEDKVTVPLFEGVQKTQTIRSASDIRDVFINAGIKGEEYDAA
WNSFVVKSLVAQQEKAAADVQLRGVPAMFVNGKYQLNPQGMDTSNMDVFVQQYADTVKYLSEKKG

Table 2. List of fusion partners used for the protein expression in E. coli [21-25].
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and fusion or co-expression partners such as fold ases and 
molecular chaperones that interact with the nascent polypeptide 
to achieve the functional tertiary structure of recombinant 
proteins.

The trial and error of various plasmid designs constructs and 
microscale expression studies often provide valuable information 
for soluble expression. Recombinant protein aggregation as 
inclusion formation is influenced by improper protein folding 
and mispairing of disulfide bond formation. The recombinant 
target protein with increased cysteine residues often requires 
the oxidative cytoplasmic environment, co-expression of foldase/
molecular chaperones, cofactors, lower temperature for proper 
post-translational modification of recombinant protein to increase 
their solubility. The extensive track record of recombinant protein 
production in the literature can be divided into strategies before 
and later inclusion bodies formation (Table 3). The in-vitro 
solubilization and refolding is not practical industrial application 
due to its lesser recovery and cost. This will suggest the soluble 
protein expression is the most desirable process as a potential 
alternative to inclusion bodies production.

The other factors that determine the solubility of proteins include 
1) amino acid sequence and buffer composition; 2) functional 
groups that determine the net charge; 3) Iso-electric point of the 

target protein; 4) turn forming residues; 5) low tRNA availability; 
6) mRNA secondary structure, etc.

Multiple Disulfide Bonds and Strategies 
for Avoiding the Inclusion Bodies
The structural conformation of the recombinant protein 
determines the quantity of soluble functional protein. Formation 
of disulfide bonds between inters- and the intra-polypeptide 
chain is an oxidative process. For this process, the cytoplasmic 
environment of E. coli should maintain an oxidative state. 
Due to the production of heterologous proteins, cells may not 
preserve the oxidative rich environment, which impacts the 
formation of stable disulfide bonds. At this stage, the cell uses 
its molecular machinery, which includes catalyzing enzymes, 
chaperones, and foldases to obtain the structural conformation 
of recombinant proteins by avoiding protein misfolding and 
aggregation. The naturally occurring non-disulfide bond proteins 
include polymerases, alcohol/lactate dehydrogenases, protein G, 
lysozyme, Calmodulin, casein, etc.

In eukaryotes, cellular organelles were compartmentalized with 
oxidative rich microenvironment, which mediates the formation 
of disulfide bonds with the nascent polypeptides. In contrast, 
prokaryotes like E. coli do not possess compartmentalized 

Factor Function Reference
Upstream strategies

Host system
Mutant E. coli strains that allow membrane protein expression
Overexpression of membrane F1Fo ATP synthase
The absence of recombinant protein inclusion bodies
Mutant strains for trxB
Mutant E. coli strains of C41(DE3) and C43(DE3)

[32,33]

Plasmid construct

Chaperone co-expression plasmids
Molecular chaperones for protein folding
pG-KJE8 expressing the dnaK, dna-J, grpE, groES, groEL
pGro7 expressing the groES, groEL
pKJE7 expressing the dnaK, DNAj, grpE
pG-Tf2 expressing the groES, groEL, tig
pTf16 expressing the tig
Fusion tags GST,  MBP & SUMO protease

[34-36]

Gene selection & codon optimization Structure of Gene & organization
Gene selection with initiation codon and adenine-rich expressed genes
Increases expression by codon-optimization
Avoid the codon bias for heterologous protein expression

[19,37]

N-terminal signal peptide for periplasmic 
secretion (SEC & TAT dependent systems)

Protein trafficking & translocation of unfolded proteins into periplasmic 
space
Co-expression of transport capacity proteins that facilitate protein 
translocation

[38,39]

Downstream strategies

Growth condition & medium components Growth medium - Addition of sucrose to the expression medium
The absence of reducing agents
Induction temperature – Low-temperature growth

[40,41]

Inducer concentration optimization Tuning inducer concentration [42,43]

Purification & Tag removal Co-expression of fusion tag
Tag removal and purification [44]

Screening of soluble variants Microscale screening of soluble variants [45]

Table 3 Snapshot view of upstream and downstream strategies for soluble expression.
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cellular organelles to maintain oxidative rich microenvironments. 
However, periplasmic space substitutes to maintain the oxidative 
rich microenvironments for protein folding processes. In E. 
coli, cytoplasmic redox potentials are negatively maintained by 
thioredoxin (trxB) and glutathione-based system. Mutants of 
thioredoxin and glutathione strains have shown efficiency in 
synthesizing disulfide bonds with native polypeptides [46].

Protein folding of the nascent polypeptide chain in the cytoplasm 
is achieved by different environmental conditions of the host cell. 
The first mechanism is to direct periplasmic space by N-terminal 
signal peptide or Sec-dependent mechanism, and this oxidative 
microenvironment favors the correct disulfide bond formation 
and to achieve the native structural conformation. The second 
way to the nascent polypeptide chain in the cytoplasm is to create 
oxidative microenvironment through trxB and gor/gshA mutant 
E. coli strains, co-expression of protein disulfide isomerase DsbC 
and cytoplasmic chaperone (Figure 2).

The nascent polypeptide chain in the cytoplasm has several 
destinations to achieve the structural and functional protein. 
The first mechanism is to direct periplasmic space by N-terminal 
signal peptide or Sec-dependent mechanism, and this oxidative 
microenvironment favors the correct disulfide bond formation 
and to achieve the native structural conformation. The second 
way to the nascent polypeptide chain in the cytoplasm is to create 
oxidative microenvironment through trxB and gor/gshA mutant 
E. coli strains, co-expression of protein disulfide isomerase DsbC 
and cytoplasmic chaperone (Figure 2).

Production of Recombinant Viral 
Proteins, Antibodies, and Biopolymers 
Pha
Recombinant viral proteins
Viral proteins are expressed in various recombinant host strains 
using customized vectors to achieve stable expression system 
(Table 1). Elucidation for molecular interactions of individual viral 
proteins in replication of viruses is most important. The cultivation 

of microorganisms in large quantities is a highly complicated and 
an expensive process. An alternative approach is the production 
of individual functional viral proteins in recombinant hosts. 
The fully functional recombinant viral proteins should have the 
properties of the native protein, such as induction of protective 
response, antigenicity, immunogenicity, native viral protein 
structure, and self-assembly into multimeric form [9]. Classical 
examples, T7 RNA polymerase expression [47], recombinant 
adenovirus vectors by homologous recombination [48].

Recombinant antibodies
Production of antibodies by a traditional monoclonal antibody 
(mABs) technology is most useful for therapeutic and diagnostic 
applications, which is approved by FDA. The mABs production 
takes place in hamster ovary cells or mouse cell lines. The 
screening and selection of stable antibody-producing cell lines 
are the expensive, laborious and time-consuming process. The 
recombinant E. coli is a best and choice for antibody production. 
As discussed earlier, the major hurdle of antibody di-sulfide 
formation for improper protein folding could be minimized by 
trafficking the recombinant protein to an oxidative compartment 
of the periplasmic region or mutant strains of thioredoxin (trxB) 
and glutathione (gor or gshA). Immunoglobulin antibodies of full-
length or fragments such as the single-chain fragment of variable 
region Fv (scFv), Fc (fragment of crystallization) and Fab (short 
fragment of antibody binding) are classical examples [33,49,50].

Recombinant biopolymers PHA
The biopolymers, polyhydroxyalkanoates [51] are produced by 
most of the naturally occurring bacterial members as intracellular 
reserves of “c” source. The bacterial groups such as Ralstonia 
eutropha, Pseudomonas putida, Bacillus pumilus, Aeromonas 
ichthiosmia, etc., The PHA biopolymer has been used extensively 
in applications of bioplastics, drug delivery, and synthetic tissues. 
PHA synthases are metabolic enzymes play the viral catalytic role 
in the synthesis of PHA. PHA is an internal reserve, and several 
other regulatory genes can control the production of PHA. The 
recombinant technology is under evaluation and emerging field 
for the synthesis of biopolymers [52].

Figure 1 Schematic description of recombinant protein destination within cell either degradation/accumulation of misfolded protein as inclusion 
bodies or function protein mediated by the proper folding mechanism. The target recombinant protein fusion with peptide/protein, the 
fusion partner, may serve as purification, anchoring the target protein or folding purpose or sometimes may serve multiple functions
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In conclusion, Successful recombinant protein production 
is indispensable for biomedical research. Although robust 
platforms are available, the limitations include the soluble protein 
production. In this review we presented the full scan of strategies 
for soluble recombinant protein production. We believe that 
this review will benefit the needs of the protein production 
community.
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