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Background: Overexpression of EGFR is associated with carcinogenesis in more than 70% of head and neck cancers. Anti-
EGFR monoclonal antibodies bind to the extracellular domain of EGFR and block the EGFR downstream signaling pathway, 
which results in the suppression of the growth of the tumor cells. Escherichia coli is the preferred system for expressing various 
recombinant proteins, including single chain antibodies, but the formation of inclusion bodies negatively affects the efficacy 
of this system. Several strategies have been suggested to solve this problem, notably the utilization of molecular chaperones.
Objectives: In this study, we attempted to increase the soluble expression of huscfv antibody via co-expression with the 
cytoplasmic chaperones.
Materials and Methods: To achieve this purpose, chaperones plasmids pG-KJE8, pGro7, pKjE7, pTf16 and pG-Tf2 
encoding cytoplasmic chaperones were co-expressed with the humanized anti-EGFR scFv construct in E. coli. Different 
temperatures, incubations times, and concentrations of IPTG were used to produce an active antibody with the highest 
solubility. Results were analyzed by SDS-PAGE. Soluble huscFv was purified by Ni-NTA column and the biologic activity 
of the recombinant protein was determined by ELISA.
Result: The results indicated that the highest concentrations of humanized anti-EGFR scFv were obtained by co-expression 
of huscFv via chaperone plasmid pG-KJE8 with 0.2 mM concentration of inducer (IPTG), culture temperature of 25 °C, and 
4 h incubation time after induction.
Conclusion: In conclusion, co-expression with chaperones could be used as an efficient strategy to produce soluble active 
ScFvs in E. coli.
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1. Background
Epidermal growth factor receptor (EGFR) is a member 
of the human epidermal growth factor receptor 
(HER) family receptor kinases (ErbBs). EGFR plays 
essential roles in regulating cell survival, proliferation, 
differentiation, and migration (1). Overexpression or 
increased activity of this receptor underlies the initiation 
and the progression of various types of cancers, especially 
colorectal, pancreas, prostate, lung, breast, and head and 
neck cancers (2). Thus, inhibiting the EGFR signaling 
pathway is an obvious strategy for targeted therapy (3, 
4). One of the most effective approaches for EGFR-
based targeted therapy is monoclonal antibodies (Mabs) 
(5). Mabs bind to the extracellular domain of EGFR and 
block autophosphorylation and the intracellular signaling 
pathway. Cetuximab is an anti-EGFR Mab used for 

colorectal and head and neck cancers (6). Despite the 
benefits of this Mab, it has some limitations (7), such as 
inducing human antimurine antibody (HAMA) response, 
that restrict multiple uses of the antibody. On the other 
hand, the large size of this full-length Mab reduces its 
penetration into the tumor tissues (8-10) (11).
Single chain antibodies (ScFv) are truncated recombinant 
antibodies that are composed of variable heavy (VH) and 
light (VL) chains that are joined together by a flexible peptide 
linker. Humanized ScFvs maintain antigen binding sites and 
overcome the limitations related to the immunogenicity and 
the large size of full-length antibodies (12, 13). Moreover, 
ScFvs could be expressed in Escherichia coli; an organism 
recognized as a fast and economic system for large-scale 
production of recombinant proteins (14-16). Despite several 
advantages of this system, production of biologically active 
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recombinant antibodies by this bacterium is limited due to 
the formation of insoluble inclusion bodies (IBs). IBs are 
aggregates of over-expressed misfolded proteins that lack 
correct structure and hence are biologically inactive (17). 
To overcome this problem, several strategies have been 
developed, including periplasmic expression by the aid of 
signal peptide, expression in low temperature/low inducer 
concentration, and fusion with solubility-enhancing tags 
and co-expression with molecular chaperones. It has shown 
that the co-expression of ScFv with molecular chaperones 
facilitates the correct folding of the recombinant antibodies 
(18). The classes of cytoplasmic chaperones that have 
an important role in protein folding are GroEL, DnaK, 
GroES, Tig, DnaJ, and GrpE. It has been shown that the 
co-expression of ScFvs and the chaperone plasmids PG-tf2 
(GroES- GroEL- tig), ptf16 (tig), pGro7 (GroES- GroEL), 
pKJE7 (grp E- dnaJ- dnaK), and pG-KJE8 (groES- groEL- 
dnaK- dnaJ - grpE) leads to a noticeable increase in the 
expression of soluble proteins (19, 20). These chaperone 
plasmids contain pACYC- the origin of replication and 
carry a chloramphenicol-resistance gene (Cmr), araB and/
or Tet promoters, which can be induced by L-Arabinose 
and Tetracycline. The aim of this study was to evaluate 

the effects of cytoplasmic chaperones on the expression 
of soluble humanized anti-EGFR scFv in E. coli (21). 
In addition, we evaluated the effects of culture and 
induction condition on the solubility and the activity of the 
recombinant scFv co-expressed with selected chaperones.

2. Objectives
The aim of this study was to increase the expression of 
soluble humanized anti-EGFR scFv by co-expression 
with cytoplasmic chaperones under different conditions 
and to evaluate its activity on the EGFR-overexpressing 
tumor cell line A431.

3. Materials and Methods

3.1. Cell lines, ScFv Construct, Chaperone Plasmids
The E. coli strains, including BL21 (DE3), SHuffle® T7 
Express Competent (NEB), BL21 Rosetta DE3, Inv, and 
the expression vector pET22b (+) were purchased from 
Novagen and New England Biolabs, respectively. The 
chaperone plasmid set was purchased from Takara Bio 
Inc. (Table 1). pET22b - humanized anti-EGFR ScFv 
construct was designed by Veisi K et al.(22) (Fig. 1).

Table 1. List of the molecular chaperones used in this study. 
Plasmid Proteins Resistance marker Promoter Inducer

pG-KJE8 dnaK-dnaJ-grpE-groES-groEL Cm araB
Pzt1

L-Arabinose
Tetracycline

pGro7 groES-groEL Cm araB L-Arabinose
pKjE7 DnaK-dnaJ-grpE Cm araB L-Arabinose
pTf16 groES-groEL-tig Cm Pzt1 Tetracycline

pG-Tf2 tig Cm araB L-Arabinose

Figure 1. The schematic diagram of the recombinant pET22b-ScFv expression vector. The gene encoding anti-EGFR scFv was inserted into 
the pET22b vector under the control of the T7 lac promoter, in frame with a c-terminal histidine (6×His) tag.

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjnl4bwio7ZAhWPyqQKHYVCDy8QFggnMAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fc3029-shuffle-t7-express-competent-e-coli&usg=AOvVaw1DSJBL_LWpDLs7wUn3IqQ1
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjnl4bwio7ZAhWPyqQKHYVCDy8QFggnMAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fc3029-shuffle-t7-express-competent-e-coli&usg=AOvVaw1DSJBL_LWpDLs7wUn3IqQ1
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The expression construct was transformed into 
E. coli BL21 (DE3) and the transformation was 
confirmed by PCR using designated primers (Forward: 
5’-TGGCCATGCAAGTGCAGCTG-3’ and reverse 
5’- CTCGAGTTTGATTTC CAGTTTGGTG-3’). The 
conditions for PCR were as follow: initial denaturation 
at 94 °C for 3 min, cyclic denaturation at 94 °C for 30 
s, annealing at 57 °C for 30 s, extension at 72 °C for 1 
min, and a final extension cycle at 72 °C for 5 min. 

3.2. Selection of E. coli Host for Expression of 
Humanized Single Chain Antibody
Four Different strains of E. coli, including SHuffle® 
T7 Express Competent (NEB), BL21 (DE3), BL21 
Rosetta DE3, and BL21 Inv cells were competent. The 
expression vector pET-22b carrying the humanized anti-
EGFR single chain antibody (huscFv) was separately 
transformed into the competent cells. A single colony 
of each transformed strains was inoculated into the 
LB medium containing 100 µg.mL-1 of ampicillin and 
was incubated for 24 h at 37 °C on a shaker (140 x g) 
until the cultures reached the optical density ~ 0.7 at 
600 nm (OD600). The cultures were then induced by 
adding IPTG (1 mM) and each sample was evaluated 
after 4h and 24h. To analyze expression, the cells 
were harvested (10,000 x g, for 15 min) and analyzed 
by sodium dodecyl sulfate-polyacrylamide gel (12%) 
electrophoresis (SDS-PAGE).
For analyzing the solubility of the expressed scFv, 
the cells were dissolved in 10 mL of lysis buffer (50 
mM NaH2PO4, 100 mM NaCl, pH-8) and lysed by 
sonication (ten 30 s pulses interrupted by 30 s on ice). 
The lysate was then centrifuged at 10,000 x g for 10 
min at 4 °C and the soluble and the insoluble fractions 
were separated and analyzed by SDS-PAGE.

3.3. Co-Expression of Anti-EGFR-huscFv with 
Molecular Chaperones 
E. coli BL21 (DE3) cells containing pET22b- huscFv 
were separately transformed with five chaperone 
plasmids (pG-KJE8, pGro7, pKjE7, pG-Tf2, and 
pTf16). The cells were cultured in LB medium 
containing 100 mL LB medium with 20 µg.mL-1 
chloramphenicol and 50 µg.mL-1 ampicillin. Induction 
of cells carrying chaperones pGro7, pKjE7, and pG-Tf2 
was done by 0.6 mM L-arabinose, pG-KJE8 by 0.6 mM 
L-arabinose and 10 ng.mL-1 tetracycline, and pTf16 by 
10 ng.mL-1 tetracycline. For better results, plasmids 
were induced at the beginning of culturing.  After OD 
(595 nm) reached 0.6, different IPTG concentrations 
(0.05, 0.1, 0.2, 0.4, and 1 mM) and different incubation 
times were investigated at various temperatures. Then, 

the cells were harvested by centrifugation at 10,000 g 
for 10 min, resuspended in lysis buffer and sonicated. 
The lysate was centrifuged and the soluble and the 
pellet fractions were tested by 12% SDS-PAGE. The 
SDS-PAGE images were scanned and the density of 
bands was analyzed with ImageJ 1.42.

3.4. Purification of Soluble huscFv Fragments
After 4 h of culturing cells at optimal condition (0.2 
mM IPTG, 25 °C) in 200 mL of LB medium, cells were 
harvested and sonicated. The resultant supernatant was 
loaded on Ni-NTA column equilibrated with 2 mL of 
binding buffer (NaH2Po4 (100 mM), NaCl (300 mM) 
at pH 8). Then the column was washed with 25 mM 
imidazole to remove nonspecific proteins and the 
bound protein was released by adding the elution buffer 
(250 mM imidazole). Finally, the purified huscFv-anti-
EGFR was dialyzed against PBS (pH 7.4) to eliminate 
imidazole. The quality of purified huscFv was assessed 
by 12 % SDS–PAGE. Based on the size of the coding 
sequence for huscFv, the predicted molecular weight of 
recombinant antibody was 28kDa.

3.5. Assessment of Antigen-Binding Activity of huscFv 
by ELISA
The binding specificity of the humanized single chain 
antibody against EGFR was examined by enzyme-
linked immunosorbent assay (ELISA) test. The A431 
cells (106 cells/well) were coated overnight at 4 °C 
on ELISA plates. Afterward, the plates were washed 
and blocked with PBS containing 2% bovine serum 
albumin (BSA), 300 µL per well, for 1 h at room 
temperature. Next, 100 µL of various dilutions of 
soluble purified huscFv and cetuximab – as the positive 
control - were added to the plate and incubated for 1 h 
at 4 °C. The wells were washed with PBS, 3 times and 
after that incubated with the HRP-conjugated Protein 
L (1:2000 dilutions in 1% BSA PBS) (for scFv) and 
the HRP-conjugated anti-human IgG (for cetuximab) 
for 1 h. Finally, the reaction was stopped using TMB 
substrate and the absorbance values were determined 
by spectrophotometer at 450 nm.

4. Results

4.1. Transformation and Expression of the Humanized 
Single Chain Antibody
The pET-22b–huscFv construct encoding humanized 
anti-EGFR scFv with an in-frame C-terminal 6 His-
tag was transformed into E. coli BL21 (DE3) and the 
transformation was confirmed by polymerase chain 
reaction (PCR) (Fig. 2).

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjnl4bwio7ZAhWPyqQKHYVCDy8QFggnMAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fc3029-shuffle-t7-express-competent-e-coli&usg=AOvVaw1DSJBL_LWpDLs7wUn3IqQ1
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjnl4bwio7ZAhWPyqQKHYVCDy8QFggnMAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fc3029-shuffle-t7-express-competent-e-coli&usg=AOvVaw1DSJBL_LWpDLs7wUn3IqQ1
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Figure 2. PCR confirmation of the pET-22b-huscFv constructs 
transformation into the E. coli BL21 (DE3). Lane A –B) indicates 
the pET-22b-huscFv clones; Lane C) indicates the negative control; 
Lane D) indicates the DNA size marker.

To attain an appropriate level of expression, the humanized 
anti- EGFR ScFv was expressed in various strains of E. 
coli (SHuffle® T7 Express Competent (NEB), BL21 
(DE3), BL21 Rosetta DE3, and Inv). The cells containing 
ET22b-huscFv were cultured and induced by 1 mM 
IPTG for 4 h at 37 °C. SDS-PAGE analysis showed the 
highest expression of humanized anti- EGFR ScFv in 
E. coli BL21 (#c2527) with the molecular weight of 28 
kDa, in concert with the computed molecular weight of 
huscFv (Fig. 3). 

Figure 3. SDS-PAGE analysis of the expressions of huscFv in 
different strains of E. coli. Lane A) BL21 (DE3) before inductions; 
Lane B) BL21 (DE3) after 4h induction; Lane C) BL21 (DE3) after 
24h induction; Lane D)  Rosetta (DE3) before induction; Lane E) 
Rosetta (DE3) after 4h induction; Lane F) Rosetta (DE3) after 24h 
induction; Lane G) SHuffle® T7 strain before inductions; Lane H) 
SHuffle® T7 after 4h induction; Lane I) SHuffle® T7 after 24h 
induction; Lane J) BL21 (Inv) before induction; Lane K) BL21 
(Inv) after 4h induction; Lane L) BL21 (Inv) after 4h induction and 
Lane M) indicates the protein marker.

Analysis for the solubility of the expressed huscFv in 
BL21 (#c2527 by SDS-PAGE indicated that the majority 
of expressed huscFv appeared as IBs (Fig. 4).

Figure 4. SDS-PAGE analysis of the solubility of huscFv expressed 
in E. coli. Lane A) before induction; Lane B) after induction; Lane 
C) the soluble fraction; Lane D) the insoluble fraction and Lane E) 
indicates the protein size marker.

4.2. Soluble Expression of huscFv 
To increase the solubility of the anti-EGFR huscFv 
in E. coli, different chaperones plasmids (pGro7, pG-
KJE8, pTf16, pKjE7, and pG-Tf2) were separately co-
expressed with the humanized anti- EGFR ScFv. To 
optimize the expression of soluble proteins, different 
IPTG concentration (0.05, 0.1, 0.2, 0.4, and 1 mM) 
different incubation times and various temperatures 
were tested. The results indicated that at lower 
temperatures, low IPTG concentration, and incubation 
time up to 4h the co-expression of the humanized anti- 
EGFR ScFv with chaperones significantly increased the 
solubility of huscFv. 
Comparing the effects of various chaperones by the 
ELISA test revealed that the co-expression with chaperone 
plasmids pG-KJE8 and pGro7 increased the solubility 
more than other chaperones evaluated (Table 2).
To optimize the soluble expression, co-expression 
of humanized anti- EGFR ScFv with pG-KJE8 and 
pGro7 chaperone were performed and different IPTG 
concentrations (0.05, 0.1, 0.2, 0.4, 1 mM) at 25 °C for 
4 h were analyzed by SDS–PAGE.  Then images of 
SDS–PAGEs were scanned and the densitometry of each 
band was analyzed with Image J software. The results 
indicated that co-expression of huscFv with chaperone 
plasmid pG-KJE8 by 0.2 IPTG at 25° C for 4h, extremely 
improved soluble of huscFv antibody (Table 3).

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjnl4bwio7ZAhWPyqQKHYVCDy8QFggnMAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fc3029-shuffle-t7-express-competent-e-coli&usg=AOvVaw1DSJBL_LWpDLs7wUn3IqQ1
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjnl4bwio7ZAhWPyqQKHYVCDy8QFggnMAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fc3029-shuffle-t7-express-competent-e-coli&usg=AOvVaw1DSJBL_LWpDLs7wUn3IqQ1
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjnl4bwio7ZAhWPyqQKHYVCDy8QFggnMAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fc3029-shuffle-t7-express-competent-e-coli&usg=AOvVaw1DSJBL_LWpDLs7wUn3IqQ1
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjnl4bwio7ZAhWPyqQKHYVCDy8QFggnMAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fc3029-shuffle-t7-express-competent-e-coli&usg=AOvVaw1DSJBL_LWpDLs7wUn3IqQ1
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Table 2. The Comparison of the reactivity of soluble huscFv obtained by co-expression with different chaperones in ELISA. 

OD (450)Agent
0.674Humanized scFv
2. 793Humanized scFv + pG-KJE8
2.180Humanized scFv + pGro7
1.434Humanized scFv + pKjE7
1.870Humanized scFv +pTf16
1.107Humanized scFv + pG-Tf2
2.864Control  +

Table 3. Densitometric analysis of SDS-Page results using Image J software.
pelletSupernatantTimeIPTGChaperone

pGro7
63%36%4h0.05
56%44%4h0.1
53%46%4h0.2
58%42%4h0.4

pG-KJE8
63%37%4h0.05
61%39%4h0.1
46%54%4h0.2
57%42%4h0.4

Without chaperone
73%26%4h0.4

4.3. Purification of Soluble Humanized Anti- EGFR ScFv
The BL21 (DE3) cells containing pG-KJE8 and 
pET22b-huscFv in frame with the C-terminal 6 His-tag 
were co-expressed and induced by 0.6 mM L-arabinose, 
10 ng.mL-1 tetracycline and 0.2 mM IPTG at 25 °C for 
4 h. After sonication, the supernatant was collected and 

purified by Ni–NTA column and results were checked 
by SDS–PAGE.
In addition, the BL21 (DE3) cells without plasmids and the 
BL21 (DE3) cells containing huscFv plasmid but lacking 
chaperone plasmid were used as the controls (Fig. 5).

Figure 5. Analyses of huscFv expression by BL21 (DE3). Lane A) pET22b-huscFv before inductions; Lane B) pET22b-huscFv after 4h of 
induction; Lane C) pET22b-huscFv, sonication supernatant fraction; Lane D) pET22b-huscFv sonication pellet fraction; Lane E) pET22b-
huscFv, purified huscFv; Lane F) protein marker; Lane G) pET22b-huscFv + pG-KJE8 chaperone, before inductions; Lane H) pET22b-
huscFv + pG-KJE8 chaperone, after 4h induction; Lane I) pET22b-huscFv + pG-KJE8 chaperone, sonication supernatant fraction; Lane J) 
pET22b-huscFv + pG-KJE8 chaperone, sonication pellet fraction; Lane K) pET22b-huscFv + pG-KJE8 chaperone , purified huscFv and 
Lane L) indicates BL21 (DE3) without plasmid, 4h after induction (control).
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4.4. ELISA Test for Reactivity Analysis
The reactivity of the purified soluble huscFv co-
expressed with pG-KJE8 chaperon plasmid, with 
EGFR on A431 carcinoma cells was investigated 
using the ELISA test. The results indicated that huscFv 

co-expressed with chaperones were more reactive 
compared to huscFv expressed without the chaperone 
(Fig. 6) (OD value of 3.65), which indicates the correct 
folding of the purified protein. 

Figure 6. Analyses of the reactivity of the soluble anti-EGFR huscFv co-expressed with the chaperone plasmid pG-KJE8 and soluble anti-
EGFR huscFv expressed without chaperones on A431 cells. Co-expressed huscFv showed higher reactivity in compare to that expressed 
without chaperone.

5. Discussion
Single-chain antibodies have several advantages and 
are considered a promising treatment in cancer targeted 
therapy (23, 24). The E. coli expression system is the 
most commonly used system to produce recombinant 
proteins. In spite of economical and biological 
benefits of  E. coli expression system, it suffers from 
several noticeable shortcomings (15). One of its most 
serious limitations is the aggregation of misfolded 
recombinant proteins which leads to the formation 
of IBs (17, 25). Insoluble IBs are serious obstacles in 
producing biologically active recombinant proteins. 
Various approaches have been used to overcome these 
restrictions, including applying various molecular 
chaperones (26) and expression in the periplasmic space 
(27). In addition, reducing the inducer concentrations 
and the culture temperature decrease the speed and 
the level of expression, providing adequate time for 
proteins to fold correctly (28), (29). 
The periplasmic expression has several benefits 
compared to the cytoplasmic expression as the 
more appropriate formation of disulfide bonds, the 
small number of proteases and the presence of fewer 
proteins in the periplasmic space lead to higher quality 
proteins (30, 31). Targeting recombinant proteins to 

the periplasmic space by using signal sequences (e.g., 
PelB, ompA, PhoA …) in a Sec-dependent system poses 
some difficulties, such as protein aggregation in the 
cytoplasm. Using low temperature and co-expression 
with secretion chaperones (e.g., DnaK/ DnaJ and 
GroEL-GroES) could overcome this obstacle (32). In 
this study, we applied various strategies to produce 
active huscFv in the E. coli expression system. Co-
expression of different chaperone plasmids with huscFv 
under low temperature and low inducer concentration 
noticeably enhanced (up to 54%) the solubility of 
the recombinant scFv. Co-expressing pG-KJE8 
chaperone plasmid carrying dnaK-dnaJ-grpE-groES-
groEL cytoplasmic chaperone with huscFv resulted 
in highest solubility. This finding was in agreement 
with the report of Ha et al. (33) and showed that the 
co-expressing with pG-KJE8 chaperone plasmid had 
the highest effect on the solubility of anti-blood type 
A scFv and the target protein was expressed entirely in 
soluble form. In another study, Nishihara et al. showed 
that chaperone plasmids containing GroEL and GroES, 
alongside GrpE, DnaK, DnaJ, have synergic effects on 
the expression of insoluble proteins in E. coli (21). It 
has also been shown that the co-expression of Trigger 
factor (TF) with the recombinant human lysozyme 
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leads to higher expression of soluble proteins (20). 
The pGro7 chaperone plasmid, which contains groES-
groEL, is effective in enhancing the solubility as well. 
Jin et al. showed that co-expression of 3-OST-1 with 
pGro7 chaperone significantly increased the solubility 
of target protein (34). In a similar study, Watanabe K 
showed that various chaperones have different effects 
on the soluble expression of human ST6Gal I (hST6Gal 
I), and chaperon pGro7 is the most efficient chaperon 
(35). Fang et al. reported that co-expression with 
GroEs-GroEL enhanced the solubility of chondroitinase 
AC II in E. coli (36). The higher efficiency of the 
pG-KJE8 may be ascribed to the presence of groES-
groEL chaperones. Consequently, the pG-KJE8 may 
be considered a particularly suitable chaperone for 
huscFv. Despite the presence of groES-groEL, pGro7 
plasmid was not as effective as pG-KJE8, indicating 
that groES-groEL functions better in the presence of 
dnaK-dnaJ-grpE. In our study, pG-Tf2, which contains 
the tig chaperone, was the least efficacious. Ultimately, 
comparing our results with previous works (37) 
illustrates that each specific chaperone has protein-
specific effects on the enhancement of solubility. 
Furthermore, applying the optimal condition, such as 
lower IPTG concentration and reducing temperature 
down to 25 °C, could significantly affect the solubility.

6. Conclusion
The results of this study revealed that co-expression of 
the pG-KJE8 cytoplasmic chaperone plasmid containing 
groES- groEL- dnaK- dnaJ – grpE chaperone with 
humanized anti-EGFR scFv under special conditions 
could increase the amount of the active soluble scFv. In 
addition, testing the binding activity of huscFv on the 
EGFR-overexpressing A431 cell line demonstrated that 
the solubility was associated with the higher binding 
activity, indicating the correct folding of scFv antibody 
in soluble form.

Acknowledgements
 This study was supported by a research grant (no. 
62420) from Tabriz University of Medical Science, 
Tabriz, Iran

References
1. Kuramochi H, Hayashi K, Nakajima G, Kamikozuru H, 

Yamamoto M, Danenberg KD, et al. Epidermal growth factor 
receptor (EGFR) mRNA levels and protein expression levels in 
primary colorectal cancer and corresponding liver metastases. 
Cancer Chemother Pharmacol. 2010;65(5):825-31. DOI: 
10.1007/s00280-009-1087-5.

2. Nie F, Yang J, Wen S, An YL, Ding J, Ju SH, et al. Involvement 
of epidermal growth factor receptor overexpression in 

the promotion of breast cancer brain metastasis. Cancer. 
2012;118(21):5198-209. DOI: 10.1002/cncr.27553.

3. Zhang H, Yun S, Batuwangala TD, Steward M, Holmes SD, 
Pan L, et al. A dual‐targeting antibody against EGFR‐VEGF 
for lung and head and neck cancer treatment. Int J Cancer. 
2012;131(4):956-69. DOI: 10.1002/ijc.26427.

4. Hirsch FR, Varella-Garcia M, Bunn Jr PA, Di Maria MV, Veve 
R, Bremnes RM, et al. Epidermal growth factor receptor in 
non–small-cell lung carcinomas: correlation between gene copy 
number and protein expression and impact on prognosis. J Clin 
Oncol. 2003;21(20):3798-807. DOI: 10.1200/JCO.2003.11.069.

5. Esteva FJ. Monoclonal antibodies, small molecules, and 
vaccines in the treatment of breast cancer. Oncologist. 
2004;9(Supplement 3):4-9. DOI: 10.1634/theoncologist.9-
suppl_3-4.

6. Bardelli A, Siena S. Molecular mechanisms of resistance to 
cetuximab and panitumumab in colorectal cancer. J Clin Oncol. 
2010;28(7):1254-61. DOI: 10.1200/JCO.2009.24.6116.

7. Quesnelle KM, Grandis JR. Dual kinase inhibition of EGFR 
and HER2 overcomes resistance to cetuximab in a novel in 
vivo model of acquired cetuximab resistance. Clin Cancer Res. 
2011;17(18):5935-44. DOI: 10.1158/1078-0432.CCR-11-0370.

8. Chames P, Van Regenmortel M, Weiss E, Baty D. Therapeutic 
antibodies: successes, limitations and hopes for the future. 
Br J Pharmacol. 2009;157(2):220-33. DOI: 10.1111/j.1476-
5381.2009.00190.x.

9. Goto M, Kuribayashi K, Umemori Y, Ohe Y, Asanuma K, 
Tanaka M, et al. High prevalence of human anti-mouse 
antibodies in the serum of colorectal cancer patients. Anticancer 
Res. 2010;30(10):4353-6. DOI: 10.1016/j.cca.2009.12.006.

10. Pluen A, Boucher Y, Ramanujan S, McKee TD, Gohongi T, di 
Tomaso E, et al. Role of tumor–host interactions in interstitial 
diffusion of macromolecules: cranial vs. subcutaneous tumors. 
Proc Natl Acad Sci U S A. 2001;98(8):4628-33. DOI: 10.1073/
pnas.081626898.

11. Steinitz M. Three decades of human monoclonal antibodies: 
past, present and future developments. Hum Antibodies. 
2009;18(1, 2):1-10. DOI: 10.3233/HAB-2009-0196.

12. Batra SK, Jain M, Wittel UA, Chauhan SC, Colcher D. 
Pharmacokinetics and biodistribution of genetically engineered 
antibodies. Curr Opin Biotechnol. 2002;13(6):603-8. DOI: 
10.1016/S0958-1669(02)00352-X.

13. Huston JS, McCartney J, Tai M-S, Mottola-hartshorn C, 
Jin D, Warren F, et al. Medical applications of single-chain 
antibodies. INT REV IMMUNOL. 1993;10(2-3):195-217. DOI: 
10.3109/08830189309061696.

14. Samuelson JC. Recent developments in difficult protein 
expression: a guide to E. coli strains, promoters, and relevant 
host mutations. Heterologous Gene Expression in E coli: 
Springer; 2011. p. 195-209. DOI: 10.1007/978-1-61737-967-
3_11.

15. Sørensen HP, Mortensen KK. Soluble expression of recombinant 
proteins in the cytoplasm of Escherichia coli. Microb Cell Fact. 
2005;4(1):1. DOI: 10.1186/1475-2859-4-1.

16. Terpe K. Overview of bacterial expression systems for 
heterologous protein production: from molecular and 
biochemical fundamentals to commercial systems. Appl 
Microbiol Biotechnol. 2006;72(2):211. DOI: 10.1007/s00253-
006-0465-8.

17. Villaverde A, Carrió MM. Protein aggregation in recombinant 
bacteria: biological role of inclusion bodies. Biotechnol Lett. 



73Iran J Biotech. 2020;18(2): e2314

Nazari A et al.

2003;25(17):1385-95. DOI: 10.1023/A:1025024104862.
18. Gupta P, Aggarwal N, Batra P, Mishra S, Chaudhuri TK. Co-

expression of chaperonin GroEL/GroES enhances in vivo 
folding of yeast mitochondrial aconitase and alters the growth 
characteristics of Escherichia coli. Int J Biochem Cell Biol. 
2006;38(11):1975-85. DOI: 10.1016/j.biocel.2006.05.013.

19. Grall N, Livny J, Waldor M, Barel M, Charbit A, Meibom KL. 
Pivotal role of the Francisella tularensis heat-shock sigma factor 
RpoH. Microbiology. 2009;155(8):2560-72. DOI: 10.1099/
mic.0.029058-0.

20. Nishihara K, Kanemori M, Yanagi H, Yura T. Overexpression 
of trigger factor prevents aggregation of recombinant proteins 
in Escherichia coli. Appl Environ Microbiol. 2000;66(3):884-9. 
DOI: 10.1128/AEM.66.3.884-889.2000.

21. Nishihara K, Kanemori M, Kitagawa M, Yanagi H, Yura T. 
Chaperone coexpression plasmids: Differential and synergistic 
roles of DnaK-DnaJ-GrpE and GroEL-GroES in assisting 
folding of an allergen of Japanese cedar pollen, Cryj2, in 
Escherichia coli. Appl Environ Microbiol. 1998;64(5):1694-9.

22. Veisi K, Farajnia S, Zarghami N, Khorshid H, Samadi N, Safdari 
Y, et al. Development and evaluation of a Cetuximab-based 
humanized single chain antibody against EGFR-overexpressing 
tumors. Drug Res (Stuttg).. 2015;65(12):624-8. DOI: 10.1055/
s-0034-1394369.

23. Ahmad ZA, Yeap SK, Ali AM, Ho WY, Alitheen NBM, Hamid 
M. scFv antibody: principles and clinical application. Clin Dev 
Immunol. 2012;2012. DOI: 10.1155/2012/980250.

24. Safdari Y, Farajnia S, Asgharzadeh M, Omidfar K, Khalili M. 
humMR1, a highly specific humanized single chain antibody for 
targeting EGFRvIII. Int Immunopharmacol. 2014;18(2):304-
10. DOI: 10.1016/j.intimp.2013.12.006.

25. Jaliani HZ, Farajnia S, Safdari Y, Mohammadi SA, Barzegar A, 
Talebi S. Optimized condition for enhanced soluble-expression 
of recombinant mutant anabaena variabilis phenylalanine 
ammonia lyase. Adv Pharm Bull. 2014;4(3):261. DOI: 10.5681/
apb.2014.038.

26. Eiamphungporn W, Yainoy S, Prachayasittikul V. Enhancement 
of solubility and specific activity of a Cu/Zn superoxide 
dismutase by Co-expression with a copper chaperone in 
Escherichia coli. Iran J Biotechnol. 2016;14(4):243. DOI: 
10.15171/ijb.1465.

27. Karkhane AA, Yakhchali B, RASTGAR JF, Hemmat J, Shariati 
P, Khodabandeh M, ZOMORODIPOUR A. Periplasmic 
expression of Bacillus thermocatenulatus lipase in Escherichia 
coli in presence of different signal sequences Iran J Biotechnol, 
2012; 10(4): 255-262.

28. Hu X, O’Hara L, White S, Magner E, Kane M, Wall JG. 
Optimisation of production of a domoic acid-binding scFv 
antibody fragment in Escherichia coli using molecular 
chaperones and functional immobilisation on a mesoporous 
silicate support. Protein Expr Purif. 2007;52(1):194-201. DOI: 
10.1016/j.pep.2006.08.009.

29. Duilio A, Tutino ML, Marino G. Recombinant protein 
production in Antarctic Gram-negative bacteria. Recombinant 
Gene Expression: Springer; 2004. p. 225-37. DOI: 10.1385/1-
59259-774-2:225.

30. Ellis M, Patel P, Edon M, Ramage W, Dickinson R, 
Humphreys DP. Development of a high yielding E. coli 
periplasmic expression system for the production of humanized 
Fab’fragments. Biotechnol Prog. 2017;33(1):212-20. DOI: 
10.1002/btpr.2393.

31. Wan EW-M, Baneyx F. TolAIII co-overexpression facilitates the 
recovery of periplasmic recombinant proteins into the growth 
medium of Escherichia coli. Protein Expr Purif. 1998;14(1):13-
22. DOI: 10.1006/prep.1998.0941.

32. Baneyx F, Mujacic M. Recombinant protein folding 
and misfolding in Escherichia coli. Nat Biotechnol. 
2004;22(11):1399. DOI: 10.1038/nbt1029.

33. Ha DTN, Hai TN. Co-expression of recombinant single chain 
variable fragment recognizing blood antigen fused with sumo 
and chaperones in Escherichia coli. AJOB. 2018;40(4). DOI: 
10.15625/2615-9023/v40n4.11689.

34. Jin W, Li S, Chen J, Liu B, Li J, Li X, et al. Increased soluble 
heterologous expression of a rat brain 3-O-sulfotransferase 
1–A key enzyme for heparin biosynthesis. Protein Expr Purif. 
2018;151:23-9. DOI: 10.1016/j.pep.2018.06.007.

35. Watanabe K-i, Hidari K, Suzuki T. Cold-shock protein 
expression system facilitates the solubility of human ST6Gal 
I in Escherichia coli. Open Glycosci. 2012;5:13-8. DOI: 
10.2174/1875398101205010013.

36. Fang Y, Fu X, Xie W, Li L, Liu Z, Zhu C, et al. Expression, 
purification and characterisation of chondroitinase AC II 
with glyceraldehyde-3-phosphate dehydrogenase tag and 
chaperone (GroEs-GroEL) from Arthrobacter sp. CS01. 
Int. J. Biol. Macromol. 2019;129:471-6. DOI: 10.1016/j.
ijbiomac.2019.02.056.

37. Eberhardt F, Aguirre A, Menzella HG, Peiru S. Strain 
engineering and process optimization for enhancing the 
production of a thermostable steryl glucosidase in Escherichia 
coli. J Ind Microbiol Biotechnol. 2017;44(1):141-7. DOI: 
10.1007/s10295-016-1866-z.


