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Abstract

Human growth hormone (somatropin) is one of the most widely used recombinant proteins that stimulates
growth, cell reproduction, and cell regulation in humans. Synthetic production of this protein normally results
in low yields and inclusion body formation. To overcome these difficulties, the production of somatropin along
with two common signal peptides, namely TorA and SufI, in co-expression with a cytosolic chaperone, GroEL/ES,
was evaluated in the present study. The target protein and the two signal sequences (TorA and SufI) were synthe-
sized and cloned into an expression plasmid (pET-22) by using Nde l and Xho l endonucleases. The expression
vector (pGro7) containing chaperone proteins (GroES/EL) and one of the expression vectors containing the
signal sequence (and the target protein) were co-expressed in the BL21 DE3 expression host. The results showed
that although some of the expressed proteins exit the cytoplasm and enter the periplasmic space, there is also
an accumulation of proteins (probably as inclusion body) inside the cytoplasmic area. Western blot analysis sho-
wed that the inclusion of a signal sequence in the cassette containing the target protein could help to secrete the
protein in the periplasmic space and culture media when compared with control groups. The result of these ex-
periments show that the TAT secretion system promotes transportation of the target protein out of the cyto-
plasm. This secretory system completes folding of the protein structure and transfers the mature protein to the
periplasmic space.

Key words: chaperone, GroEL/ES, human growth hormone, somatropin, TAT system

Introduction

Escherichia coli  is one of the most popular orga-
nisms for the expression and production of recombinant
proteins. Because of numerous molecular tools and pro-
tocols such as a vast catalog of expression plasmids,
a large number of engineered strains, and many cultiva-
tion strategies, E. coli is an organism of choice for the
production and manipulation of recombinant proteins
(Rosano and Ceccarelli, 2014). Despite its extensive use
as a cell factory, the lack of eukaryotic posttranslational
modifications, mis folding, and inclusion body formation
are the main disadvantages of E. coli (Rosano and Cec-
carelli, 2014). When conventional methods are used, pro-
teins are often unrecoverable because of the formation
of inclusion bodies or proteolytic degradation (Baneyx
and Mujacic, 2004). Normally, inactive aggregate forms
of the proteins are accumulated in the cytoplasm and

more solubilizing/refolding steps are applied during the
downstream process to obtain the correctly folded and
active molecules. Therefore, engineering of transporting
and folding pathways could address these limitations to
produce more biologically active forms of proteins.

Human growth hormone (hGH) or somatropin is
a single chain polypeptide containing 191 amino acid re-
sidues; it has a molecular mass of 22 kD and is syntheti-
zed and secreted by the anterior pituitary gland. The
endogenous growth hormone (GH) does not need post-
translational modifications such as glycosylation, and
therefore, E. coli host is considered as a prokaryotic
choice for the industrial production of the recombinant
hGH (rhGH) (Baneyx and Mujacic, 2004). The major
concerns, however, with the use of E. coli as a host for
the production of hGH are inclusion body formation, low
recovery, and high cost of purification (Kim et al., 2013;
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Levarski et al., 2014; Nguyen et al., 2014). To overcome
the issues related to protein mis folding and inclusion
body formation, several strategies have been proposed
among which the co-expression of molecular chaperones
facilitates correct folding of proteins and gene fusions in
which fusion partners such as signal sequences facilitate
transport of the proteins to the periplasm and culture
media (de Marco et al., 2007). 

It is well known that molecular chaperones and other
folding catalysts facilitate protein folding and maintain
protein homeostasis in vivo (Horwich, 2013). Molecular
chaperones use ingenious mechanisms to prevent aggre-
gation and promote efficient folding. The most abundant
and functionally important classes of chaperones existing
in E. coli are DnaK, DnaJ, GrpE, GroEL, and GroES
(Grall et al., 2009). The GroEL/ES chaperonin system
of E. coli has been studied extensively (Hartl and Hayer-
Hartl, 2009; Horwich, 2013). GroEL interacts with at
least 250 different cytosolic proteins. Most of these pro-
teins are in the size of 20 to 50 kDa and have a complex
α/β or α+β domain topologies (Fujiwara et al., 2010;
Kerner et al., 2005). During overproduction of recombi-
nant proteins, native chaperones may become scarce,
whichresultsin inclusion body formation. However, if
chaperones are co-expressed with recombinant proteins,
they can help the preferred folding of recombinant pro-
teins (Schlieker et al., 2002). Numerous studies on the
co-expression of molecular chaperones with the recombi-
nant proteins in E. coli have shown large quantities of
correctly folded proteins (Goyal and Chaudhuri, 2015).
Despite the large number of publications reporting the
chaperone-dependent contribution to increase the quanti-
ties of soluble target proteins in E. coli, there are no stu-
dies on attempts to fold hGH recombinant proteins that
are overexpressed simultaneously with the help of co-
expressed GroEL/ES chaperone inside E. coli cells.
It has been shown that the co-expression of multiple cha-
perone systems results in increased solubility of some
proteins up to 7-fold (de Marco et al., 2007).

In addition to the use of chaperones, signal sequen-
ces could also be used to help the secretion of proteins
to the extracellular space; this could enable to minimize
the degradation of proteins inside the cell. Fusion of the
N-terminus of the proteins with appropriate signal se-
quences could facilitate transportation of the proteins to
the oxidative environment ofthe periplasm and culture
media (Choi and Lee, 2004). By targeting the proteins to

the outside of the cytoplasm, the downstream process in
the industrial production of therapeutic proteins could
be simplified and become more affordable and cost-effi-
cient. The most common translocation systems in E. coli
are the signal recognition particle (SRP)-dependent path-
way and the TAT system (Klatt and Konthur, 2012; Sil-
verman et al., 2012). The TAT pathway has a unique fea-
ture in transferring correctly fully/semi-folded proteins
outside the cells. The SufI protein and trimethylamine
N-oxide reductase (TorA) are the two best-characterized
prototype proteins exported by the E. coli TAT system
(Bagherinejad et al., 2018). 

Because there is no general rule for selecting a suit-
able signal peptide to ensure successful protein secre-
tion, in the present study, we fused the N-terminus of
hGH with one of the two signal peptides (TorA or SufI)
and co-expressed the protein with the GroES/EL mole-
cular chaperonin system. 

Our main aim wasto improve the production of func-
tional recombinant proteins by minimizing the formation
of inclusion bodies by transporting the majority of pro-
teins out of the cytoplasmic space. 

Materials and methods

Materials

All chemicals and reagents were obtained from Merck
(Darmstadt, Germany) and were of analytical grade. The
culture media (Nutrient and Luria agar/broth) were pur-
chased from Oxoid (Hampshire, UK), and chlorampheni-
col and ampicillin were obtained from Sigma Chemical
Co. (USA). DNA polymerase (Taq and PFU polymerase)
and endonucleases were purchased from Fermenras
(Thermo Scientific, USA). Qiagen gel extraction kit was
used for all purification from agarose gels according to the
manufacturer’s instructions. The primers were synthesi-
zed and purified by Tag Copenhagen A/S (Denmark).

Strains and plasmids

The constructs were synthesized by Biomatik (Ca-
nada) using E. coli optimization platform coding. E. coli
strains were purchased from Invitrogen (USA). The ex-
pression vector pET-22(b) was obtained from Novagen
(Madison, USA). The chaperone plasmid set was ob-
tained from TaKaRa (Japan). The pGro7 plasmid con-
taining GroEL and GroES chaperones under the araB
promoter was used in this study.
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Cloning

The hGH DNA sequence was obtained from www.
drugbank.ca. After codon optimization, the sequences
were ordered for chemical synthesis in fusion with the
selected signal sequences (TorA and SufI). The pGEM
plasmid encoding these sequences was constructed, and
unique restriction enzymes NdeI and XhoI were intro-
duced at the 5N and 3N ends, respectively. After plasmid
preparation, pGEM plasmids were digested by XhoI and
NdeI endonucleases. In parallel, plasmid pET-22(b) was
digested by the same enzymes, and the cohesive ends of
the vector fragments were re-ligated using NdeI and Xho I
endonuclease, thus yielding either pET-22(b)-TorA--hGH
or pET-22(b)-SufI-hGH. His-tag was introduced at the
C-terminus of somatropin to enhance purification and we-
stern blotting. The constructs were checked and confir-
med by polymerase chain reaction (PCR) and digestion. 

Transformation

Following plasmid preparation, an electroporation
platform (GenePulser II, BioRad, USA) was used for
co-transformation of the recombinant pET-22(b) and
pGro7 plasmid (encoding chaperone) to the expression
host strain E. coli BL21 (DE3). The electroporation sy-
stem was set at 25 μF, 2.5 kV, and 200 Ω. The pulse
duration was 4.8 ms. Following recoveryof the cells, se-
lective plates containing ampicillin 20 μg/ml and chlo-
ramphenicol 34 μg/ml were spotted and streaked out
with the tube content and incubated at 37EC for 24 h.
The transformed cells were transferred to a culture me-
dium containing appropriate antibiotics (ampicillin for
the pET-22(b) system and chloramphenicol for the Ta-
KaRa system). To grow the resistant colonies, they were
cultured overnight at 37EC.

Growth conditions

A single colony from the streaked plate was inocula-
ted in 10 ml fluid LB medium containing appropriate
antibiotics and incubated at 37EC and 200 rpm over-
night. This culture was used at 0.6 OD as an inoculum
for 50 ml media containing ampicillin and chlorampheni-
col as the selective marker. Following induction by IPTG
and L-arabinose at the final concentrations of 1 mM and
4 mg/ml, respectively, the cultures were re-incubated at
37EC and 200 rpm for 4 h. As control, the same proce-
dure was applied for the cassette containing somatropin
without any signal sequence and chaperone.

Expression study

Samples from the cytoplasm, periplasm, and culture
media were prepared after 4 hours of induction to in-
vestigate the effects of signal sequence and chaperone
on the translocation of hGH.

Samples of culture media

To study the secretion of somatropin in the culture
medium, 1 ml of the culture medium was centrifuged for
15 minutes at 7000 g and 4EC. The supernatant was
used for determining the secretory expression of soma-
tropin into culture media.

Periplasmic samples

The pellet obtained from the centrifugation of the
above media was used to prepare the periplasmic
sample. Cold osmotic shock method was used for the
extraction of the periplasmic content of the pellet to
make the cells more penetrable, so that proteins could
exit from the periplasmic space without damaging the
cell membranes. For this purpose, 1 ml of hypertonic so-
lution (sucrose 25%, EDTA 5 mM, Tris-HCl 50 mM) was
added to the sample. The mixture was shaken on ice for
60 min, and the supernatant was then collected and kept
at !20EC for protein analysis. Subsequently, 1 ml of
hypotonic solution (MgCl2, 5 mM) was added to the
pellet and re-suspended and shaken for 60 min. The cell
suspension was centrifuged again for 15 min at 7000 g
and 4EC, and the supernatant was kept at !20EC. The
supernatants from the two steps of centrifugation was
pooled and used as the periplasmic sample.

Cytoplasmic extracts

The pellet collected by centrifugation from the pre-
vious step was re-suspended in phosphate buffer
(100 mM, pH 7.2). The cells were sonicated (Hielscher,
Germany) on ice for 5 times (10 s), 80% amplitude with
10 s intervals. Following sonication, the suspension was
centrifuged for 15 minutes at 7000 g and 4EC, and the
supernatant was collected and kept at !20EC as the
cytoplasmic fraction.

Preparation of cell samples for protein product analyses
by western blotting

Proteins extracted from culture medium, periplasmic,
and cytoplasmic fractions were subjected to sodium do-
decyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and concomitant western blotting, as described
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3000 bp

1000 bp

500 bp

I          II          III          IV         V         VI         VII

Table 1. Sequences of forward and reverse primers used in this study

Reference Description/Sequence (5N63N) Primers

This study  CAT ATG AACAACAAC GAT CTGTTT CA  TorA-hGH Forward

This study  CTC GAG TTA GTG GTGGTGGTG GT  TorA-hGH & SufI-hGH Reverse 

This study  CAT ATG TCA CTG AGT CGT CGC CA  SufI-hGH Forward 

This study  CAT ATG TTT CCG ACG ATC CCG CTG  hGH Forward

This study  CG CTC GAG TTA AAA GCC ACA ACT ACC TTC  hGH Reverse

elsewhere (Sambrook et al., 1989). SDS-PAGE was per-
formed in 15% (w/v) acrylamide-resolving gel with 5%
stacking. Proteins were stained by Coomassie brilliant
blue R-250. Western blotting was performed using di-
aminobenzidine and anti-hGH monoclonal antibody
(CinnaGen, Iran) to confirm the expression of hGH.

Results

The structure of expression cassettes

The pGEM plasmids harboring the signal sequences
and hGH were first digested by Xho I and Nde I to en-
sure integrity of the ordered sequences. The insert in
plasmids containing hGH without signal sequences was
599 bp in length, whereas the lengths of SufI-hGH and
TorA-hGH were 650 and 700 bp, respectively. After con-
firmation of the target sizes, the requested sequences
were amplified by PCR using the primers given in Ta-
ble 1. For the PCR reaction, the optimum conditions
were determined through the gradient method. Fol-
lowing digestion by Nde I and Xho I, the inserted frag-
ments were ligated to pET-22(b). The recombinant plas-
mids were co-transfectedto E. coli  BL 21 (DE3) with the
pGro7 plasmid from the TaKaRa kit containing GroEL
and GroES chaperones.

Expression study

Figure 2 presents the SDS-PAGE analysis of various
fractions (cytoplasm, periplasm, and culture). As shown
in Figure 2, when no signal sequence was used, the hGH
protein was mostly retained in the cytoplasmic fraction
(Lane II). The molecular weight of hGH is 22 kDa. When
the signal sequences were used to co-express hGH with
GroEL/ES chaperones, the amount of proteins secreted
to different fractions was different from the above men-
tioned control. As shown in Figure 3 and Figure 4, when
TorA and SufI were used as signal sequences, the target 

Fig. 1. Nde I and Xho I digestion profile of pGEM bearing hGH
with or without signal sequences. The expected sizes of hGH,
TorA-hGH, and SufI-hGH are 599, 700, and 650 bp, respecti-
vely. Lanes: I – DNA ladder mix; II – uncut pGEM plasmid
containing hGH-TorA; III – pGEM plasmid containing hGH-
TorA digested with Nde I and Xho I; IV – uncut pGEM plasmid
containing hGH-SufI; V – pGEM plasmid containing hHG-SufI
digested by Xho I and Nde I; VI – uncut pGEM plasmid con-
taining hGH; VII – pGEM plasmid containing hGH digested

with Nde I and Xho I

protein exited the cytoplasm and entered the periplasm.
Although some proteins remained in the cytoplasmic
space of a cell, the amount of proteins leaving the cell
was much greater than the control expression when no
signal sequences were used (Fig. 2). Certainly, these
processes require optimization to achieve the maximum
excretion of protein of interest. The use of hypertonic
solution, for example, yielded better results than hypo-
tonic solution with regard to the exit of the target pro-
tein to the cytoplasmic environment. 
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Fig. 2. SDS-PAGE analysis of the hGH samples obtained from
different fractions. Expression pattern of hGH without signal
sequences on polyacrylamide gel. Lanes: I – molecular weight
marker; II – cytoplasmic sample; III – periplasmic sample; and
IV – samples of culture fraction. The molecular weight of hGH

is 22 kDa

Western blot analysis of TorA-hGH co-expressed with
GroEL/ES chaperones is shown in Figure 5. Lane II and
lane III show the periplasmic fraction of hGH following
osmotic shock with hypertonic and hypotonic solutions,
respectively. As shown in the figure, hGH was present
neither in the periplasm nor in the culture fractions (la-
ne IV). However, when hGH was analyzed in the cyto-
plasmic fraction, a sharp band of approximately 22 kDa
was observed (Fig. 5, lane V). In the presence of TorA as
a signal sequence and GroEL/ES chaperones, the hGH
pattern of expression differed from that of the afore
mentioned control. In Figure 5, lane VI to lane IX illus-
trate the pattern of hGH expression in culture, peri-
plasmic, and cytoplasmic fractions. Although the target
protein wasexported to the periplasmic space and out-
side the cells, most of the proteins were localized in the
cytoplasm. The hypertonic solution eluted more proteins
than the hypotonic solution. 

Western blot analysis of SufI-hGH co-expressed with
GroEL/ES chaperones is shown in Figure 6. In the pre-
sence of SufIas a signal sequence and GroEL/ES chape-
rones, the hGH pattern of expression differed from the
control. In Figure 6, lane I to lane V illustrate the pat-
tern of hGH expression in culture medium, periplasmic 

Fig. 3. Expression pattern of hGH when TorA wasused as
a signal sequence. Co-expression of TorA-hGH and the
GroEL/ES chaperone protein following osmotic shock in hypo-
tonic and hypertonic solutions. Lanes: I – protein molecular
weight marker; lanes II and III – are different samples from
cytoplasmic fractions; IV – periplasmic fraction following os-
motic shock with a hypotonic solution; V – periplasmic frac-
tion following osmotic shock with a hypertonic solution;

VI – secretory fraction to culture fraction 

Fig. 4. Expression pattern of hGH when SufI wasused as a sig-
nal sequence. Co-expression of SufI-hGH and the GroEL/ES
chaperone protein following osmotic shock in hypotonic and
hypertonic solutions. Lanes: I – protein molecular weight mar-
ker; II – periplasmic fraction following osmotic shock with
a hypotonic solution; III – periplasmic fraction following osmo-
tic shock with a hypertonic solution; lanes IV and V – are diffe-
rent samples from secretory fractions to culture fraction; 

VI – cytoplasmic fraction

cytoplasm and fractions. Although many of the target
proteins were still located in the cytoplasm,the amount
of secreted protein in hypertonic solution eluted was
higher than in hypotonic solution. 
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Fig. 5. Western blot analysis of TorA-hGH co-expressed with
GroEL/ES chaperones. Co-expression of TorA-hGH and
GroEL/ES chaperonesunder the conditions described in the
Methods section. Lanes: I – protein molecular weight marker;
II – periplasmic fraction following osmotic shock with a hyper-
tonic solution of hGH; III – periplasmic fraction following os-
motic shock with a hypotonic solution of hGH; IV – secretory
fraction to culture fraction for hGH; V – cytoplasmic fraction
for hGH; VI – secretory fraction to culture fraction of hGH
when using TorA as a signal sequence; VII – periplasmic frac-
tion following osmotic shock with a hypotonic solution of hGH
when using TorA as a signal sequence; VIII – periplasmic frac-
tion following osmotic shock with a hypertonic solution of
hGH when using TorA as a signal sequence; IX – cytoplasmic

fraction of hGH when using TorA as a signal sequence

Fig. 6. Western blot analysis of SufI-hGH co-expressed with
GroEL/ES chaperones. Co-expression of SufI-hGH and
GroEL/ES chaperonesunder the conditions described in the
Methods section. Lanes: I – protein molecular weight marker;
II – secretory fraction to culture fraction of hGH when using
SufI as a signal sequence; III – cytoplasmic fraction of hGH
when using SufI as a signal sequence; IV – periplasmic frac-
tion following osmotic shock with a hypertonic solution of
hGH when using SufI as a signal sequence; V – periplasmic
fraction following osmotic shock with a hypotonic of hGH

when using SufI as a signal sequence

Thus, as shown in these figures, when the SUfI or
TorA signal sequences were fused to the growth hor-
mone for co-expression with GroEL/ES chaperones,
significant amounts of the expressed proteins were re-
leased outside the cytoplasmic space.

Discussion

A major concern with the expression of recombinant
proteins in E. coli  is the formation of insoluble aggrega-
tes known as inclusion bodies. Additional steps such as
solubilization and refolding are normally required to be
added to the procedures prior to the purification sche-
mes. Recovery of biologically active proteins from the ag-
gregated state is a time-consuming and costly procedure.
In such cases, maximizing the yields of therapeutic pro-
teins in the periplasmic space or culture fraction could
become an attractive method for overcoming the above
concern. Different strategies have been used to transmit
the recombinant protein to the periplasmic space or
culture fraction. Fusion of the protein with a signaling
peptide and co-expression with chaperone proteins,
which help in correct folding of the proteins, is an at-
tractive strategy. The present study aimed to investigate
the effect of TorA and SufI signal sequences on the se-
cretory expression of hGH. Moreover, because mole-
cular chaperones are known to interact with folding
intermediates and facilitate protein folding, we syste-
matically investigated the effect of GroEL/ES chapero-
nes to gain further insight on the process of inclusion
body formation in E. coli. 

In control cells transfected with plasmids with no
signal sequences added to hGH, most hGH proteins
were accumulated as inclusion bodies in the cytoplasm.
Co-overexpression of plasmid-encodingTorA-hGH or
SufI-hGH and GroEL/ES chaperone led to the increase
in the levels of the proteins in the periplasm and culture
medium. Although not all proteins exited the cytoplas-
mic space under tested conditions, the secretion rate
and recovery could be improved by optimizing the pro-
cesses. Culture conditions such as temperature, pH, and
culture fraction compositions have enormous effects on
the export of proteins out of the cells. Choi and Lee
(2004) showed that reductionof the induction tempera-
ture could markedly solubilize most of the inclusion
bodies of somatropin under optimized culture conditions
in the periplasmic space (Choi and Lee, 2004).
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The TAT pathway has been used with very promising
results for exporting the protein of interest to outside
the cytoplasm (Matos et al., 2014). This strategy could
offer several advantages, including a proper disulfide
bond formation, more biologically active form of the pro-
tein, and improved product quality by lowering contami-
nation with nucleic acids, lipopolysaccharides, and host
cell proteins. Various recombinant proteins such as
cMyc, KLF4, Oct4, Sox2, antibodies, GFP, alkaline phos-
phatase (PhoA), phytate containing 4 disulfide bonds
(AppA), anti-interleukin 1β scFv, and growth hormone
have used this system (TAT pathway) for secreting their
target protein into the cytoplasm and periplasmic space
(Kang et al., 2012; Low et al., 2013; Matos et al., 2014;
Mergulhao et al., 2005; Stanley et al., 2000). The highly
distinctive feature of this system is that correctly folded
proteins could be exported to the periplasmic space.
Thus, it is one kind of a quality control system that could
actively differentiate correctly folded active form of the
proteins from inactive ones. 

It is not possible to evaluate the direct influence of
GroEL/ES folding machine on the folding of the fusion
protein in the current setting. Nevertheless, secretion of
the protein to the periplasmic space and culture medium
is only possible through the anti-aggregating activity of
the chaperones, which is also evident in other studies
(Bagherinejad et al., 2018). It is well established that
GroEL/ES chaperone has disaggregation activity based
on its ability to renature heat-treated RNA polymerase
(Ziemienowicz et al., 1993). It has also been shown that
the co-expression of GroEL/ES markedly enhances so-
luble and functional expression of recombinant human
interferon-gamma in E. coli (Yan et al., 2012). Through
the continuous assistance of the GroEL/ES chaperonin
system, a large number of subunits have the opportunity
to assemble the homodimer correctly. Expression stu-
dies using western blotting analysis and SDS-PAGE
confirmed that somatropin could be expressed by both
cassettes. However, the pattern was different for the two
signal sequences. Western blotting results showed that
the TorA signal sequence could transport more expres-
sed proteins to the periplasmic space and culture frac-
tion than the SufI signal sequence. 

Conclusions

Overall, our results indicate that (I) fusing the hetero-
logous protein with TAT signal sequences and co-expres-

sion with chaperones could export the recombinant
protein to outside of the cytoplasmic space and reduce
inclusion body formation and (II) TorA signal sequence
was more active in transporting the target protein to the
culture fractionthan the SufI signal sequence. These
data confirmed previous work regarding the potential of
the TAT pathway for industrial applications. These fin-
dings suggest that the TAT secretion system promotes
transportation of the target protein out of the cytoplasm.
This secretory system completes folding of the protein
structure, transfers the mature protein to the periplas-
mic space, and helps in its transformation. 
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