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Abstract

Overexpression of recombinant proteins in Escherichia coli results in inclusion body formation, and consequently
decreased production yield and increased production cost. Co-expression of chaperon systems accompanied
by recombinant protein is a general method to increase the production yield. However, it has not been
successful enough due to imposed intense stress to the host cells. The aim of this study was to balance
the rate of protein production and the imposed cellular stresses using a two-step expression system.
For this purpose, in the first step, green fluorescent protein (GFP) was expressed as a recombinant protein
model under control of the T7-TetO artificial promoter-operator, accompanied by Dnak/J/GrpE chaperon
system. Then, in the next step, TetR repressor was activated automatically under the control of the stress
promoter ibpAB and suppressed the GFP production after accumulation of inclusion bodies. Thus in this step
incorrect folded proteins and inclusion bodies are refolded causing increased yield and solubility of
the recombinant protein and restarting GFP expression again. Total GFP, soluble and insoluble GFP
fractions, were measured by Synergy H1 multiple reader. Results showed that expression yield and
soluble/insoluble ratio of GFP have been increased 5 and 2.5 times using this system in comparison with
the single step process, respectively. The efficiency of this system in increasing solubility and production
yield of recombinant proteins was confirmed. The two-step system must be evaluated for expression of
various proteins to further confirm its applicability in the field of recombinant protein production.
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INTRODUCTION

Recombinant  proteins  have  many
applications in the course of molecular
biology, food industries, and pharmaceutical
companies (1). The universality of the genetic
codons permits protein expression in
heterologous organisms (2). Escherichia coli
(E. coli) is one of the most frequently used
production host due to the extensive
information of its physiological and genetics
processes, ease of cultivation, low cost of
its growth, and achievement of high cell
density fermentations (3,4). Overexpression of
the recombinant protein in this organism often
leads to incorrect folding, aggregation,
and inclusion body formation. Limitation
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of the host chaperon capacity may be one of
the causes of this problem (5). Chaperons help
proper folding of the newly synthesized
proteins and refolding aggregated and
misfolded proteins to the native conformation
as protein quality control system in cells (6).
DnaK and GroEL/ES systems are two main
chaperon systems in the E. coli cells (7-9).
General approaches for increasing protein
production yields are based on the expression
of recombinant proteins accompanied by
chaperons whose unbalanced expression cause
severe stress in host cells lowering the success
of the system (10,11).
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Other researchers designed expression
processes to equilibrate protein production
and cellular stresses. Previously, a two-step
procedure reported by Marco et al. showed
efficient  enhancement of  solubility.
In the first step of this procedure
the four chaperon systems were coordinately
co-overproduced with recombinant proteins to
optimized folding. Then in the next step
protein biosynthesis was inhibited by removal
of isopropyl p- d-1-thiogalactopyranoside
(IPTG) to permit chaperone-mediated
refolding of the misfolded and aggregated
proteins in vivo. This strategy increased
the solubility of 70% of 64 different
heterologous proteins tested up to 42-fold (12).
Disadvantage of this method is the need of
external intervention for protein expression
inhibition which is impractical and time
consuming with expensive process in
the industrial scale. Dragosits et al. presented
a novel self-regulatory protein production
system that couples the control of recombinant
protein production with a stress-induced,
negative feedback mechanism. In their study
the soluble/insoluble ratio of recombinant

protein increased but total protein yield
decreased (13). In the present research
we investigated the latter system by

some modifications in the expression vectors,
expression conditions, and in the presence of
DnaK/J/GrpE chaperon system for increasing
protein solubility without decreasing total
protein yield. In this manner, recombinant
protein  production was suppressed by
the precise feedback system in the appropriate
time by the cell itself and after refolding
of the misfolded and aggregated proteins,
expression of recombinant protein was restarted.

MATERIALSAND METHODS

Bacterial strains

E. coli strains used in this study were
XL1-blue and BL21 [DE3]. All strains were
grown on LB agar plates or in LB broth
supplemented with 100 pg/mL ampicillin,
50 pg/mL kanamycin and/or 34 upg/mL
chloramphenicol as necessary.
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Plasmid construction
GFP and TetR plasmids

The schematic presentation of the produced
recombinant vectors is represented in Fig. 1.
Briefly, to produce the presented constructs,
Tet operator (TetO) sequence was inserted
downstream of the T7 promoter sequence
and a ribosome binding site sequence of
the pET28a vector (13). Then, the GFP coding
sequence was codon optimized for expression
in E. coli BL21L(DE3) cells and cloned
downstream of the ribosome binding site
sequence. Finally, the corresponding DNA
sequence was ordered to be synthesized by
Biomatik Company (Canada) and cloned into
the BgIII and Xhol restriction sites of
the pET28a plasmid.

The TetR repressor sequence was also
codon optimized for optimal expression in
E. coli BL21 and was cloned under the control
of stress-sensitive IbpAB promoter (PipaB)
and a mutant weak ribosome binding site
sequence. Finally, the corresponding DNA
sequence was ordered to be synthesized by
Biomatik Company (Canada) and cloned to
the Bglll and Xhol restriction sites of
the pET15-b plasmid. All of the above cloning
procedures were authenticated by restriction
endonuclease digestion and finally by
DNA sequencing (14). The confirmed pET28a
derived plasmid was designated as pET28-T7-
TetO-GFP and pET15b as pET15b-IPAB-TetR
plasmids.

Under this circumstance, GFP is expected
to be expressed under the control of
T7 promoter until formation of inclusion
bodies enough for activation of Pipas
promoter, which results in the production of
TetR protein, and consequently inhibition of
GFP production via activation of Tet-O
operator on the pET28-GFP.

Chaperon plasmid

In order to verify the effect of simultaneous
application of the chaperones on the production
yield of recombinant GFP protein produced
by the mentioned controllable system,
commercial vector pKJE7 from Takara
Company (Takara, Japan) was used for
expression of DnaK/J/GrpE chaperon system
under control of L-arabinose promoter.
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Fig. 1. The schematic presentation of the produced recombinant vectors. A, pET15b-TetR vector and B, pET28a-GFP vector

Protein expression

Co-transformation  of the  plasmids
was performed by electroporation using
Electro-competent E. coli BL21 (DE3) cells.
Then, the cells were cultivated in the presence
of suitable antibiotics in accordance with
the plasmids each cell harbored. For the one-step
procedure, a single colony from the cells
transformed with the pET28a-GFP was used to
inoculate 5 mL of LB medium supplemented
with kanamycin (50 pg/mL) and incubated
overnight at 37 °C and 180 rpm. The overnight
culture (500 pL) was used to inoculate
the 50 mL LB medium supplemented with
kanamycin (50 pg/mL) and incubated in
conditions mentioned above. At an optical
density of 0.6 at 600 nm, GFP expression was
induced by addition of 1 mM IPTG and cells
were further incubated overnight at 20 °C.
Expression of GFP was also optimized based
on tuning of three variables, including
temperature (25, 30, and 37 °C),
IPTG concentration (0, 0.5, 1, and 1.5 mM),
and post-induction cultivation time (2, 4, 6, 8,
and 24 h) (15). For the two-step procedure,
a single colony of the cells transformed with
the pET28a-GFP, pET15b-TetR, and pKJE7
was cultured in 5 mL of LB medium
supplemented with kanamycin (50 pg/mL),
ampicillin (100 pg/mL), and chloramphenicol
(25 pg/mL), and incubated overnight
as mentioned above. L-arabinose (0.4 g/mL)
was added first to induce chaperon system
expression, and IPTG (1 mM) was added at
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an optical density of 0.6 at 600 nm.
Then, the cells were further incubated
overnight at 20 °C. GFP expression was
investigated in various combinations of
pET28a-GFP with the two other plasmids
(pET15b-TetR  and  pKIJE7) (12,13).
In fact, host cell was transformed with
the plasmids in 3 combinations including
combination 1, pET28a-GFP and pETI15b-
TetR, for evaluation of the effect of TetR on
the GFP expression yield and soluble/insoluble
ratio; combination 2, pET28a-GFP and pKJE7,
for evaluation of the effect of DnaK/J/GrpE
chaperon system on GFP expression yield
and soluble/insoluble ratio; and combination 3,
pET28a-GFP, pET15b-TetR, and pKIE7,
for investigation of the two-step procedure
effect on total GFP expression and
soluble/insoluble ratio.

Protein purification and analysis of soluble
and insoluble protein ratio

Preparation of soluble and insoluble
GFP fractions were performed according to
the method based on single freeze-thawing
cycle for highly efficient solubilization of
inclusion body proteins and its refolding into
bioactive form (16). Briefly, the cells were
harvested at 5000 g for 20 min at 4 °C,
resuspended in 15 mL phosphate buffered
saline (PBS, 137 mM NaCl, 2.7 mM KCI,
10 mM Na;HPOs, 12H20, 2 mM KH2POs4,
pH 8.0), and then lysed by sonication on ice.
The lysate was centrifuged at 12,000 g for



20 min at 4 °C. The clarified supernatant was
collected as soluble fraction of GFP
and retained for analysis by sodium dodecyl
sulfate polyacrylamide gel -electrophoresis
(SDS-PAGE) and fluorescence measurement.
The insoluble pellet was resuspended in 20 mL
washing buffer (50 mM tris-Hcl pH 8.0,
100 mM NaCl, 1 mM EDTA, 1% Triton™
X-100, 1M wurea) and then analyzed by
SDS-PAGE. The pellet was washed with
20 mL washing buffer for three times,
then washed with PBS buffer to remove
Triton™ X-100 detergent and centrifuged
at 12000 g for 20 min at 4 °C. For subsequent
solubilization and refolding, the purified
inclusion body pellet was resuspended in
PBS buffer containing 2 M urea, frozen
at -20 °C for overnight, thawed at room
temperature, and centrifuged at 12,000 ¢
for 15 min at 4 °C. Supernatant was collected
as insoluble fraction of GFP and retained
for analysis by SDS-PAGE and fluorescence
measurement.

Fluorescence measurements

The total GFP, soluble, and insoluble
GFP amounts were measured using Synergy
H1 Multiple Reader (BioTek, USA) using
the following settings: 37 °C, excitation
wavelength 485 nm, emission wavelength
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535 nm and gain 75. The GFP fluorescence
values were reported as GFP fluorescence
per optical density at 600 nm (13).
Statistical analyses

Data are presented as mean + standard
deviation (SD) of at least three experiments.
Statistical ~ significance was tested by
two-tailed t-test and two-way ANOVA test.
Analyses were performed using GraphPad
Prism 8.0.2 software. P < 0.05 was considered
significant.

RESULTS

Optimization of GFP expression in one-step
procedure

Expression of the GFP protein by
the transformed E. coli BL21 cells with
pET28a-GFP plasmid was verified by
fluorescent microscopy (Fig. 2A). Then,
the optimized conditions for GFP expression
was investigated by evaluating the effects of
temperature, IPTG  concentration, and
post-induction incubation time. As shown
in Fig. 2B, the maximal GFP expression
was achieved at 25 °C, 1 mM IPTG
and a post-induction incubation time of 16 h
(results related to the effect of time
are not presented).

2000 1 F

| I
0

0.5 1 1.5 2

IPTG concentration (mM)

Fig. 2. GFP expression. A, Fluorescent microscopy of Escherichia coli BL12 transformed with pET28a-GFP plasmid. B,
Optimization of GFP expression in one-step procedure. The maximal GFP expression was achieved at 25 °C, 1 mM
IPTG and a post-induction time of 16 h. *** Indicates significant differences between groups, P < 0.001. GFP,
green fluorescent protein; IPTG, isopropyl B-d-1-thiogalactopyranoside.
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Fig. 3. Effect of two-step procedure on GFP expression. A, Effect of each plasmid combination (GFP, coexpression
of GFP and TetR plasmids, coexpression of GFP and DnaK/J/GrpE plasmids, and coexpression of GFP, TetR
and DnaK/J/GrpE plasmids) on total GFP expression. B, Effect of each plasmid combination on soluble and insoluble
fraction of GFP. C, Soluble/insoluble ratio of GFP in the presence of each plasmid combination. D, SDS-PAGE pattern
of total GFP in different combinations; M, protein marker (Thermo Scientific, #26610, USA); lane 1, E. coli BL21
(DE3) without any plasmid; lane 2, expression of GFP plamid; lane 3, coexpression of GFP and TetR plasmids; lane 4,
coexpression of GFP and DnaK/J/GrpE plasmids; lane 5, coexpression of GFP, TetR, and DnaK/J/GrpE plasmids.
E, SDS-PAGE pattern of soluble and insoluble fractions of GFP in different combination; M, protein marker
(Thermo Scientific, #26610, USA); lane 1, E. coli BL21 (DE3) without any plasmid; lanes 2 and 3, soluble and
insoluble fraction of GFP in the presence of GFP plamid; lanes 4 and 5, soluble and insoluble fraction of GFP
in coexpression of GFP and TetR plasmids; lanes 6 and 7, soluble and insoluble fraction of GFP in coexpression of GFP
and DnaK/J/GrpE plasmids; lanes 8 and 9, soluble and insoluble fraction of GFP in coexpression of GFP, TetR,
and DnaK/J/GrpE plasmids. *** Indicates significant differences between groups, P < 0.001. GFP, green fluorescent
protein; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; E. coli, Escherichia coli.

Effect of two-step procedure on GFP the two other groups but a significant increase

expression of soluble/insoluble ratio was observed
Figure 3 shows the effect of TetR (3 times). Figure 3A-3C shows that total

expression on GFP production. We observed GFP expression was increased 5 times using

GFP expression was increased 2.4 times the two-step expression procedure in

where the feedback loop, encoded by comparison with GFP  expression in

pET15b-TetR, was induced (Fig. 3A). the absence of TetR and DnaK/J/GrpE. On

Expression of TetR wunder control of the other hand, the main fraction of total GFP

stress-sensitive IbpAB promoter translated to was in the soluble form (soluble/insoluble

increased soluble/insoluble ratio of ratio 8.5).

the produced GFP (2.6 times higher than

the expression of GFP in the absence of TetR) DISCUSSION

(Fig. 3B,3C). As shown in Fig. 3A-3C,

co-expression of DnaK/J/grpE with GFP did Bacterial inclusion bodies are insoluble

not exhibit notable effect on the yield of protein aggregates formed in the bacterial

total GFP expression compared with cytoplasm and periplasm  during the
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overproduction of recombinant proteins,
especially those from mammalian or
viral origin (17,18). Factors including high
copy number of target gene, strong promoter,
as well as high temperature during protein
expression, and high inducer concentrations
favor high level expression of recombinant
protein and increase the possibility of
the inclusion body formation (19-22).
Reducing environment of bacterial cytosol,
amino acid sequence of protein with
highly  hydrophobic  proteins, lack of
post-translational modification, and eukaryotic

chaperones also favor this event (23).
Inclusion  bodies formation  imposes
a great obstacle in the production

and downstream processing of recombinant
proteins (24). Solubilization and refolding of
inclusion bodies into bioactive form is a
challenging task. If an efficient and convenient
way of decreasing formation of inclusion
bodies without decreasing protein production
yield could be developed, it would reduce the
need of excess chromatographic purification
steps and downstream processing costs (25).
At the midstream level, co-expression of
folding modulators such as chaperones,
lowering the transcription rate, and reducing
the growth temperature have been thoroughly
explored strategies which have been successful
for an important number of specific proteins
but they do not offer generic solutions to this
matter (26-28). Co-expression of molecular
chaperones and foldases from accessory
plasmids with no further control results in
imbalanced expression of these proteins
and has detrimental effects on the production
process (29,30). Dragosits et al. developed
a synthetic expression platform that enables
the cell to shut down the recombinant protein
production mechanism automatically by
itself through stress-induced feedback to
address challenges such as balancing protein
production and cellular stress. This system
limited stressful protein expression
and increased the total soluble fraction
but significantly decreased the protein yield.
The authors suggested further investigation on
promoter and repressor engineering, other
recombinant proteins, and different inducer
concentrations for avoiding such loss (13).
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In another study, Marco et al. used a two-step
procedure  that shows the  strongest
enhancement of the solubility. In the first step
of this procedure the four chaperon systems
were coordinately co-overproduced with
recombinant proteins to optimized folding
and in the next step protein biosynthesis was
inhibited by removal of IPTG to permit
chaperone mediated refolding of the misfolded
and aggregated proteins in vivo. This strategy
increased the solubility of 64 different
heterologous proteins up to 42 folds without
decreasing total protein  yield (12).
Disadvantage of this method is requirement of
external intervention to inhibit protein
expression and an impractical and expensive
process in industrial scale. We combined the
two methods with some modifications.
We substituted pNf-TetR with pET15b-TetR
and pET23b-GFP with pET28a. In this study,
both soluble/insoluble ratio and total GFP
expression was increased (2.5 and 5 times,
respectively), while in the study of Dragosits
et al. soluble/insoluble ratio was increased up
to 1.5 times but total GFP expression was
decreased 1.4 times as explained earlier.
This may be due to the use of pET15b vector
for cloning of TetR, which retains similar copy
number to pET28a as carrier of GFP encoding
sequence in  comparison  with  pNF.
Second reason may be related to the use of
DnaK/J/GrpE chaperon system and increasing
of chaperon capacity of bacterial cells which
resulted in folding of misfolded and
aggregated GFP, suppression of
stress-sensitive IbpAB promoter and excessive
expression of TetR as suppressor of
GFP expression and resuming of its
expression. It would be interested to test
the efficacy of this system with other
recombinant proteins.

CONCLUSION

Altogether, in the present study, the use
of an automatic negative feed-back system,
combined with co-expression of major

cytosolic chaperon system DnaK/J/GrpE,
resulted in an increased solubility and
total recombinant protein  expression.

Therefore, this system is very applicable,
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beneficial, and cost-effective in recombinant
protein expression field of biotechnology.

Further studies on wusing this system
for expression of various recombinant
therapeutic proteins are undergoing in
our laboratory.
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