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Abstract
The mature core protein of the Hepatitis C virus
(HCVC173) carrying pelB as a signal peptide
(PelB::core) was overexpressed in Escherichia coli as
18% and 23.3% of the host’s total protein, in flask and
fermentor cultivation, respectively. A final specific yield
of 25 ± 1 mg HCVC173/g dry cell weight and an overall productivity of 51±1 mg HCVC173/l/h were obtained
in the stirred-tank fermentor. The recombinant
PelB::core protein was overexpressed as the inclusion
body (IB) form, higher than the expected level when
compared to the HCVC173, which was also showed
by the analysis of secondary structure of mRNAs and
calculation of the Codon Adaptation Index of the gene.
The results showed that the combined effects of protein fusion and the signal sequence significantly
enhanced the production of recombinant mature
HCVC173 in E. coli. Therefore, the fusion form of the
mature HCV core protein and the conditions defined in
this study provide an alternative strategy for HCVC173
production in high cell density culture of E. coli.
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INTRODUCTION
Hepatitis C virus (HCV) has infected over 3% of peo*Correspondence to: Bagher Yakhchali, Ph.D.
Tel: +98 21 44580353; Fax: +98 21 44580399
E-mail: bahar@nigeb.ac.ir

ple worldwide and is the major agent causing chronic
liver infection, which often leads to liver cirrhosis and
lethal hepatocellular carcinoma (HCC). Antiviral therapy against HCV has been shown to decrease the risk
of HCC. The oncogenicity of several HCV proteins
including structural (the core protein and the envelope
glycoprotein E1 and E2) and non-structural proteins
has been confirmed (Fung et al., 2009; Irshad and
Dhar, 2006; Boulant et al., 2005; Feld and Hoofnagle
2005). Therefore, there is a high demand for the development of an HCV vaccine.
The HCV core protein is the most conserved structural protein that is derived from the initial 191 amino
acids of a long open reading frame (ORF). It modulates the cellular processes, contributes to viral replication and pathogenesis and exhibits membrane protein
features (Mohd-Ismail et al., 2009; Boulant et al.
2005; Mc Lauchlan et al., 2002; McLauchlan, 2000;
Yasui et al., 1998). In fact, the recombinant HCV core
protein can be considered as a prime vaccine candidate, a feasible vehicle or adjuvant for DNA vaccines,
and a useful protein to study the epidemiology and
biology of the HCV virus (Roohvand et al., 2007;
Alvarez-Lajonchere et al., 2006; Irshad and Dhar
2006).
Different heterologous systems have been used to
produce the recombinant HCV core protein in which
either the truncated protein or its fusion forms carrying
the His-tag and other proteins such as the maltose

245

Hemmat et al.

binding protein (MBP) and glutathione S-transferase
(GST) are expressed (Mikawa et al., 2009; Hitomi et
al., 1995). Generally no- or low-level expression
(Seong et al., 1996; Songsivilai et al., 1996) or formation of inclusion bodies (IB) (Boulant et al., 2005;
Linding et al., 2003) have been regarded as bottlenecks in the production of the mature HCV core protein in Escherichia coli. Consequently many
researchers have preferred to produce the truncated
protein in E. coli or express it in other hosts (MartinezDonato et al. 2006). Indeed, the truncated core protein
is not folded properly and is not suitable for structural
and conformational epitope studies. Moreover, the
hydrophobic C-terminal region of the protein stabilizes the structure of the free mature HCV core protein
(Acosta-Rivero et al., 2005).
This study describes the cloning and expression of
cDNA associated with the mature HCV core protein of
an Iranian subtype (1a genotype, GenBank accession
number: AF512996), coding for the first 173 amino
acids of the HCV polyprotein (HCVC173), in the
pET26b (+) based expression system carrying different leader sequences. For clarification of the experimental data, the primary structure and codon adaptation index (CAI) of the mRNA structures, and the
amino acid content of the produced recombinant proteins were reassessed. Moreover, a possible strategy
potentially useful for high expression of the mature HCV
protein in a laboratory-scale fermentor was studied.

marker for the determination of molecular mass, plasmid vectors and strains were obtained from Fermentas,
Novagen and Stratagen companies (USA), respectively. Analytical-grade chemicals were obtained from
Sigma and Merck (Germany).

MATERIALS AND METHODS

Bacterial strains and growth conditions:
Escherichia coli DH5α and BL21 (DE3) plysS strains
were used as cloning and expression hosts, respectively. Luria-Bertani broth and agar supplemented with
ampicillin (100 μg/ml) or kanamycin (30 μg/ml) were
used for growth and isolation of the recombinant
strains. LB medium or minimal medium containing
KH2PO4 (19.95 g/l), (NH4)2HPO4 (6 g/l),
MgSO4.7H2O (1.2 g/l) and trace elements solution (1
ml/l) were used for expression of the protein. The trace
elements solution was composed of FeSO4.7H2O (10
mg/l), CaCl2.2H2O (2 mg/l), ZnSO4.4H2O (0.5 mg/l),
SnSO4 5H2O (2 mg/l) and Na2B4O7.10H2O (0.02
mg/l). The media supplemented with glucose, peptone
or glycerol were used for the growth of bacteria and
production of the recombinant protein in shake-flask
culture. The semi-defined medium containing KH2PO4
(19.95 g/l), (NH4)2HPO4 (3 g/l), MgSO4.7H2O (2.5
g/l), trace elements (1 ml/l), supplemented with yeast
(10 g/l) and glycerol (20 g/l) was used as preculture
medium. Similarly, the same medium containing 30 g/l
of glycerol was used for batch fermentation. Feeding
during batch fermentation was carried out using a feed
medium containing glycerol (750 g/l), MgSo4 (15 g/l)
and trace elements (1 ml/l). The MgSo4 solution was
sterilized separately.

Materials: Restriction enzymes and T4 DNA ligase
were purchased from TaKaRa Co. (Japan). Protein

Plasmid construction: Cloning experiments were
performed according to standard methods described by

Table1. Plasmids used in this study.

Plasmids
pBluscriptII KS (+) Apr lacZ
pET-26b(+)
pBluntcore
pBluhiscore
pBlupelBcore
pET- ntcore
pET-hiscore
pET-pelBcore
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Description

Reference

Cloning vector
Expression vector
pBluscript II KS(+) with 519 bp mature
HCV core cDNA
pBluscript II KS(+) with 519 bp mature
HCV core+ 21bp(Met + 6X his)
pBluscript II KS(+) with 519 bp mature
HCV core cDNA
pET-26b(+) with 519 bp mature HCV
core cDNA
pET-26b(+) with 519 bp mature HCV
core + 21bp (Met + 6X his)
pET-26b(+) with 519 bp mature HCV
core + pelB (66bp)

Fermentas
Novagen
This study
This study
This study
This study
This study
This study
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Sambrook et al. (2001). Plasmids used in this study are
listed in Table 1. Briefly, two 519 bp and 540 bp DNA
fragments were amplified by PCR using coreF (5´CACCATATGAGCACGAATCCTAAACC-3´,
NdeI)/
coreR(5´CCAAGCTTCATTAAGAGCAACCAGGAAGG
-3´, HindIII), or coreHisF (5´-GATATACATATGCATCATCATCATCATCACATGAGC-3´, NdeI)/ coreR
primers. Similarly, another PCR was performed using
primer pairs of coreMscF (5´-GCATGGCCATGAGCACGAATCC-3´, MscI)/ coreR to amplify a 519 bp
DNA fragment. The PCR fragments were then cloned
into the pBluescript II KS (+) cloning vector, leading
to the construction of pBluntcore, pBluhiscore and
pBlupelBcore plasmids. Subsequently, the fragments
were excised from pBluntcore and pBluhiscore using
NdeI/HindIII and from pBlupelBcore using the
MscI/HindIII restriction enzymes and then subcloned
into the corresponding sites in pET26-b (+). The
resulting recombinant plasmids were named, respectively: pET-ntcore, pET-hiscore and pET-pelBcore
(containing pelB as signal peptide), and were subsequently transformed into E. coli BL21.
Protein expression studies
Flask-scale protein production: The LB medium (supplemented with 30 μg/ml of Kanamycin) inoculated
with an overnight culture of recombinant cells was
incubated at 37ºC until optical density at 600 nm
(OD600) reached 3.2. Then isopropyl l-beta-D-thiogalactopyranoside (IPTG) was added at a final concentration of 0.4 mM and incubation was continued for 2
h at 37ºC and then 3 h at 30ºC, with shaking at 150
rpm. The cells were harvested by centrifugation at
5000 g for 10 min. Total and soluble proteins were
analyzed as described previously (Rastgar Jazii et al.,
2007).
Protein production in fermentor: 1.8 liters of the semidefined medium was inoculated with 200 ml of an
overnight culture, and grown at 37ºC in a stirred-tank
fermentor (BioFlo 3000, New Brunswick Science
Corp. USA). The dissolved oxygen (DO) during the
fermentation was controlled at 40% saturation by
varying the agitation speed that ranged from 500 to
900 rpm, while the air flow rate was kept constant at
0.5 l/min. During the batch fermentation and feeding,
the inlet air was enriched with pure oxygen when
required.
When a suitable cell density (OD600 = 15) was
obtained at the early logarithmic phase of growth, the
promoter was induced by the addition of IPTG at a
final concentration of 0.4 mM and fermentation was

then continued for 4 h at 37°C and another 4 h at 30°C.
The pH was automatically maintained at 7 by HCl
(20%) or NaoH (2 M). After a decrease in the growth
rate during batch fermentation, exponential feeding
was initiated using the feed medium. The volume of
the feed was adjusted so as to reach a growth rate (μ)
of approximately 0.3. After harvesting and lysis of the
cells, the lysates were isolated and analyzed for
HCVC173 expression. The optical density of the culture was measured as mentioned above and converted
to the cell dry weight as described by Khalilzadeh et
al. (2003).
In order to extract the insoluble recombinant protein, the cell pellet was resuspended in lysis buffer (50
mM Tris-HCl (pH 8.5), 10 mM EDTA, 100 mM NaCl,
2 mM DDT, 1 mM PMSF, 0.4% (v/v) Triton X-100
and 70 μg/ml of lysozyme) and exposed to three freezing (-70ºC)/thawing (37ºC) cycles. After the third
thaw, DNase and MgSO4 were added to final concentrations of 20 μg/ml and 20 mM, respectively. The suspension was then incubated at 37ºC for 30 min, sonicated 10 times for 45 s and 30 s intervals and then centrifuged at 18,000 g for 20 min. The resulting pellet
was washed three times with washing buffer (50 mM
Tris-HCl (pH 8.5), 10 mM EDTA, 100 mM NaCl, 2
mM DDT, 1 mM PMSF) and the IBs were then separated.
Gel electrophoresis and Western blotting: The
expressed protein was evaluated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDSPAGE) according to the method of Laemmli (1970).
Western blotting was performed according to a previously described method (Hourioux et al., 2007). In the
latter procedure, the polyclonal antibody from a commercial kit (Asia-Lion Biotechnology Co. China) and
the rabbit anti-human IgG-horseradish peroxidase conjugate were used as primary and secondary antibodies,
respectively.
N-terminal sequencing: N-terminal sequencing of the
recombinant protein was performed according to the
method of Edman using an ABI Procise 492 Edman
Micro Sequencer connected online to an ABI 14ºC
PTH Amino Acid Analyzer (USA) (Niall 1973).
In silico study of RNA and protein structure: The Mfold
(Zuker, 2003) (http://mfold.bioinfo.rpi.edu/) and
GenScript’s
Optimum
GeneTM
softwares
(http://www.genscript.com/cgibin/tools/rare_codon_analysis) were used to analyze
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Figure 1. Shematic maps of three different cassettes corresponding
to: pelBcore, ntcore, hiscore. Relevant restriction sites used for
gene cloning with or without the pelB signal peptide are indicated.
T7 promotor (), PelB (
), core gene (), His-tag 6x () Stop
codon (
).





the secondary structure and codon usage of the HCV
mRNAs, respectively. Regions covering the first 126
bp of the corresponding mRNA, flanking the start
codon, were analyzed by the Mfold software. The
potential disorder of proteins was predicted using the
DisEMBL 1.5 software (http://dis.embl.de//). The signal peptide cleavage of the recombinant protein was
predicted using SignalP 3.0 (Bendtsen et al., 2004).

RESULTS
Expression of recombinant mature HCV core protein: Three different recombinant plasmids, pETntcore, pET-pelBcore and pET-hiscore encoding,
respectively, the whole mature HCV core protein (NTcore), the mature HCV core protein carring the pelB as
signal peptide (PelB::core) and the HCV core protein
with His (6x) tag (His::core) on its N-terminus were
constructed (Fig. 1). The recombinant strains harboring the pET-ntcore, pET-pelBcore and pET-hiscore
plasmids expressed the core protein with the expected
20 kDa molecular weight at different levels. Although
all three strains expressed the core protein, the pETpelBcore strain produced the most stable and highest
level of expression (18% of the host’s total protein)
(Fig. 2).
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Figure 2. A: SDS-PAGE analysis of three recombinant HCV core
proteins and B: SDS-PAGE and C: Western blot D: analysis of
periplasmic fluid of the PelB::core expressing strain. M: Protein
molecular weight SM0661 ladder, Fermentas, 1. Negative control
(Plys), 2. pelBcore, 3. ntcore, 4. hiscore strain, 5. Total PelB::core
protein, 6. Periplasmic proteins, 7. Cytosolic proteins, 8-10 Western
blot corresponding to 5-7. 11,12 PelB::core IB and its souble form.

Periplasmic expression of core protein: Protein
expression and secretion of PelB::core were evaluated
in LB and minimal media supplemented with glucose,
peptone or glycerol. Although the LB and the supplemented minimal media showed different expression
levels, none of them could support the targeting of the
soluble recombinant core protein into the periplasmic
space of E. coli as demonstrated by SDS-PAGE and
Western blot analyses (data not shown). Consequently,
the minimal medium supplemented with glycerol was
selected for high level production of the recombinant
HCV core protein.
Induction conditions were optimized in order to
improve PelB::core expression. However, no secretory
target protein was detected. Protein analysis showed
the expressed core protein mainly as IB and a small
soluble fraction entrapped through the inner membrane that could be released during IB extraction by
Triton X-100 treatment (Fig. 2D).
N-terminal sequencing of the overexpressed
recombinant protein revealed that the pelB signal peptide was not cleaved from PelB::core protein, thus not
allowing the translocation of the protein through the
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Figure 3. A: Growth kinetics of recombinant E. coli BL21 and B: PelB::core expression (20 kDa) during fed-batch fermentation at variable
specific growth rates (0.10-0.8/h) in A bioreactor containing 2 l of the defined medium. Lane f: protein ladder (SM0661 Fermentas). A: 1,
Induction time; 2, start of feeding and 3, harvesting time. B: a, negative control (before induction), b-e: PelB::core expression at 2, 3, 12 h
after induction and 7 h after incubation of the final biomass at 25°C.

inner membrane. This and earlier observations raised
important questions of why the PelB::core protein was
overexpressed whereas the two other proteins were
not, and why the signal peptide was not processed
from PelB::core and whether overexpression of the
PelB::core protein would continue during the scale-up
process.
Analysis by the signalP software indicated that the
pelB signal peptide could be processed and separated
from the N-terminal of the PelB::core proetin in E.
coli. However, this processing did not occur and
prompted reassessing the probability of the effect of
signal pelB on the aggregation of the fusion PelB::core
protein. The probability of the potential disorders of
PelB::core was analyzed and compared with its immature (HCVC191) and mature (HCVC173) forms.
These analyses indicated that the presence of the pelB
signal creates a disorder segment (located in amino
acids 10-17) in the PelB::core with over 50% disorder
probability. This is 50% up when compared to

HCVC173 but 50% down when compared to
HCVC191 that shows a segment disorder (located in
amino acids174-185) with 100% disorder probability.
Therefore, compared to the mature protein, the PelB
may have reduced the foldability of PelB::core and
increased its aggregation to form IBs.
Protein poduction in fermentor: In order to examine
the reproducibility of the large-scale production of
protein required for downstream processing, a cultivation procedure involving high-cell density culture
(HCDC) in a stirred tank fermentor was designed. The
preliminary experiments showed that the target protein
was produced mainly during the exponential phase of
growth. Therefore, the promoter was induced at the
early logarithmic phase by adding 0.4 M IPTG. It was
found that the pET-pelBcore strain had the highest
level of expression, which reached a maximum 3 h
after induction (Fig. 3B). In order to obtain large quantities of the recombinant protein, fermentation was

Table 2. Rare codon analysis of the recombinant constructs.

Recombinant
Construct
pelBcore
hiscore
ntcore

CAI
0.74
0.69
0.64

Average GC
content:
58.74%
56.70%
64.06

The percentage of low frequency expression
8%.
12%
16%.

Codon Adaptation Index (CAI), Average GC content and the percentage of low frequency expression of the
genes (the first150 nt) were evaluated by GenScript’s OptimumGeneTM softwares to analyze the secondary
structure and codon usage of the HCV mRNAs.
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allowed to continue by feeding the fermentor for 12 h,
until an OD600 of 46 was achieved. A final dry cell
weight (DCW) of 24 ± 0.1 g/l, together with the product yield and productivity of 25 ± 1 mg/g DCW and 51
± 1 mg/l/h were obtained, respectively. Interestingly,
maintaining the culture in a constant state at 25ºC for
7 h after the fermentation period, resulted in a 57%
increase in the PelB:core levels (Fig. 2B ).

DISCUSSION
In this study, three recombinant expression vectors
carrying the cDNA for the HCV mature nuclear protein HCVC173 were constructed, two of which contained the PelB signal peptide or a His (6x) tag at their
5’ ends. The recombinant vectors showed significantly
different levels of expression under similar conditions.
In fact, the PelB::core recombinant protein was
expressed at an acceptable level constituting 18% of
the host proteins, whereas the His::core and Nt-core
had low rates of expression. While a maximum 4-5
mg/l of the mature HCVC protein has been previously
reported (Hitomi et al., 1995), 8-9 mg/l of the protein
was produced in this study. Therefore, various parameters that affect the expression levels of recombinant
proteins including mRNA stability, translation initiation, codon usage, fusion to other proteins, stability
and protease sensitivity of the protein were examined
in this study.
The impact of coding regions adjacent to the translation initiation codon, mRNA folding and rate of
translation on expression levels in E. coli have also
been reported (Bhattacharya et al., 2005; Dethlefsen
and Schmit, 2005; Kudla et al., 2009; Sletta et al.,
2007). Comparison of different expression levels of
the three mRNAs and differences in their initial
regions imply that the codons for initiation of the
pelBcore (pelB signal peptide) translation may have
improved the expression efficiency of the recombiant
PelB::core protein.
Since the efficiency of prokaryotic mRNA translation can be affected by primary and secondary structures within translation initiation regions (Moll et al.,
2002; zhang et al., 2006), the three mRNA codons,
mRNA structures and their CAI were re-examined to
allow for interpretation of different expression levels.
As a result, pelBcore showed a more reduced folding
energy (ΔG) than the two other mRNAs, thus stabilizing mRNA by preventing its degradation. In a similar
report, the crucial positive effects of the signal peptide
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on the production levels of scFv-phOx, GM-CSF and
interferon α-2b have been demonstrated in E. coli
(Ramakrishnan et al., 2010; Sletta et al., 2007). In
addition, the presence of the pelBcore initiation codon
in the big loop may have enhanced the initiation of
PelB::core translation.
In the pelBcore protein, 11.28% of all translated
residues belong to the PelB signal peptide. This means
that not only the initiation but also the rate of pelBcore
translation may have been improved compared to the
other two mRNAs. In the meantime, the increase in the
pelBcore CAIs and reduction in the percentage of low
frequency expression (or increase in the high frequency) (Table 2) have been resulted from its rare codon
content caused by the PelB signal sequence.
In bacteria, the higher the translation activities, the
more mRNA protection from degradation will occur
due to ribosomoal occupation of the molecule, and this
protection in turn will induce more mRNA stability
and higher translation activities (Sletta et al., 2007). It
can therefore be concluded that pelBcore has higher
rates of translation and thus, will enjoy higher rates of
stability compared to the other two mRNAs, as shown
in the case of scFv-phOx, GM-CSF. The higher than
expected expression levels (twice as much as that in
Nt-core) indicate that other determinants, such as its
signal peptide may have assisted its expression levels
to increase. Similar reports are available in the case of
alkaline phosphatase and GM-CSF in E. coli (Le
Calvez et al., 1996).
The entire region of the HCV core protein has not
been previously overexpressed in E. coli, and the
GST-HCV core fusion protein has been expressed only
when the core gene was truncated to the first 123
residues (Seong et al., 1996; Songsivilai et al., 1996).
It has therefore been suggested that the hydrophobic
C-terminal region of the core protein affects its expression. Although glutathione S-transferase (GST) and
the maltose-binding protein (MBP) have been
employed to enhance the solubility of their fusion partners, none of the hybrid HCV core proteins has been
found to be soluble (Mikawa et al., 2009; Hitomi et al.,
1995). Since the pelB signal peptide caused overexpression of the mature HCV173 core protein, it can be
used as a preferred fusion partner over the GST or
MBP for overeexpression of the mature HCV core protein and other similar proteins.
As the presence of the potentially disordered segments in the protein can decrease expression, foldability and stability of the expressed protein (Linding et
al., 2003), the probability of the potential disorders of
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PelB::core was also analysed in this study. Indeed the
signal peptide of pelB that has improved the expression level of PelB::core may have increased its aggregation due to containing a disorder segment with over
50% probability of beta aggregation. Therefore, when
designing the hybrid protein, the presence of the
potential disorder segment (s), at least the intrinsic disorder proteins such as the HCV core protein should be
considered. On the other hand, the entrapment of a
small soluble fraction in the inner membrane of the
host could have been due to the nature of the membrane proteins and their interactions with the membrane (Boulant et al., 2005).
Since the HCV core protein is protease sensitive
(Boulant et al., 2005), the hybrid PelB::core protein
may decrease its proteolytic degradation and toxicity
resulting in improved expression levels. A similar
report on r-GM-CSF indicates that protein toxicity
coupled with protease-based degradation is the principal reason behind its low productivity in E. coli.
Moreover, dramatically increased expression levels of
r-GM-CSF fused to His-tag have been reported
(Bhattacharya et al., 2005). In this case, the expression
levels can be improved by applying a larger fusion
partner, such as MBP. Furthermore, it has been shown
that the IB form does not necessarily inactivate the
recombinant protein but in fact, the active IB can be
used as an efficient catalyst for many bioprocesses
(Garcia-Fruitos et al., 2007; de Groot and Ventura,
2006). Hence, the IB form of the HCV core protein
may be useful for its handling and storage during
downstream bioprocessing.
Most of the reported mature recombinant HCV core
proteins are in the IB form, and there is also a report
on soluble and low expression levels of HCV core120
and HCVcore176 in Pichia pastoris in which higher
expression levels were achieved when the HCV core
protein was expressed as a polyprotein together with
either E1 or E1 and E2 proteins (Martinez-Donato et
al., 2006). This report indicates that expression of the
hybrid HCV core protein can be considered an efficient strategy for its production.

CONCLUSIONS
As a whole, the signal sequence effect and the fusion
form of the PelB::core caused overexpression of the
HCV core protein due to improvement of its mRNA
stability, translation initation and higher translation
activity. Moreover, the semi-defined medium and

strategy described and applied here in HCDC may be
improved and used for production of the mature HCV
core protein and other protease-sensitive and toxic proteins in E. coli.
Acknowledgments
This study was supported by Iranian Research
Organization for Science and Technology (IROST) and
National Institute of Genetic Engineering and
Biotechnology (NIGEB). We gratefully thank Dr Parvin
Shariati for editing and valuable comments on the
manuscript and Dr. Safa Ali Fatemi and Mr. Habib
Ghomi for fermentation process assistance. We would
like to express special appreciation to Mrs. Soodabeh
Karimi for her useful comments.

References
Acosta-Rivero N, Rodriguez A, Mussachio A, Poutou J, Falcon V,
Torres D, Aguilar JC, Linares M, Alonso M, Perez A,
Menendez I, Morales-Grillo J, Marquez G, Duenas-Carrera S
(2005). A C-terminal truncated hepatitis C virus core protein
variant assembles in vitro into virus-like particles in the
absence of structured nucleic acids. Biochem Biophys Res
Commun. 334: 901-906.
Alvarez-Lajonchere L, Gonzalez M, Alvarez-Obregon JC, Guerra
I, Vina A, Acosta-Rivero N, Musacchio A, Morales J, DuenasCarrera S (2006). Hepatitis C virus (HCV) core protein
enhances the immunogenicity of a co-delivered DNA vaccine
encoding HCV structural antigens in mice. Biotechnol Appl
Biochem. 44: 9-17.
Bendtsen JD, NH, vonHeijne G, Brunak S (2004). “Improved prediction of signal peptides: SignalP 3.0.” J Mol Biol. 340: 783795.
Bhattacharya P, Pandey G, Srivastava P, Mukherjee KJ (2005).
Combined effect of protein fusion and signal sequence greatly enhances the production of recombinant human GM-CSF
in Escherichia coli. Mol Biotechnol. 30: 103-116.
Boulant S, Vanbelle C, Ebel C, Penin F, Lavergne JP (2005).
Hepatitis C virus core protein is a dimeric alpha-helical protein exhibiting membrane protein features. J Virol. 79: 1135311365.
de Groot NS, Ventura S (2006). Protein activity in bacterial inclusion bodies correlates with predicted aggregation rates. J
Biotechnol. 125: 110-113.
Dethlefsen L, Schmidt TM (2005). Differences in codon bias cannot explain differences in translational power among
microbes. BMC Bioinformatics. 6: 3.
Feld JJ, Hoofnagle JH (2005). Mechanism of action of interferon
and ribavirin in treatment of hepatitis C. Nature 436: 967-972.
Fung J, Lai CL, Yuen MF (2009). Hepatitis B and C virus-related
carcinogenesis. Clin Microbiol Infect. 15: 964-970.
Garcia-Fruitos E, Aris A, Villaverde A (2007). Localization of
functional polypeptides in bacterial inclusion bodies. Appl
Environ Microbiol. 73: 289-294.
Hitomi Y, McDonnell WM, Baker JR, Jr Askari FK (1995). High

251

Hemmat et al.
efficiency prokaryotic expression and purification of a portion
of the hepatitis C core protein and analysis of the immune
response to recombinant protein in BALB/c mice. Viral
Immunol. 8: 109-119.
Hourioux C, Ait-Goughoulte M, Patient R, Fouquenet D,
Arcanger-Doudet F, Brand D, Martin A, Roingeard P (2007).
Core protein domains involved in hepatitis C virus-like particle assembly and budding at the endoplasmic reticulum membrane. Cell Microbiol. 9: 1014-1027.
Irshad M, Dhar I (2006). Hepatitis C virus core protein: an update
on its molecular biology, cellular functions and clinical implications. Med Princ Pract. 15: 405-416.
Khalilzadeh R, Shojaosadati SA, Bahrami A, Maghsoudi N (2003).
Over-expression of recombinant human interferon-gamma in
high cell density fermentation of E. coli. Biotechnol Lett. 25:
1989-1992.
Kudla G, Murray AW, Tollervey D, Plotkin JB (2009). Codingsequence determinants of gene expression in E. coli. Science
324: 255-258.
Laemmli UK (1970). Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680-5.
Le Calvez H, Green JM, Baty D (1996). Increased efficiency of
alkaline phosphatase production levels in E. coli using a
degenerate PelB signal sequence. Gene 170: 51-5.
Linding R, Jensen LJ, Diella F, Bork P, Gibson TJ, Russell RB
(2003). Protein disorder prediction: implications for structural proteomics. Structure 11: 1453-1459.
Martinez-Donato G, Acosta-Rivero N, Morales-Grillo J,
Musacchio A, Vina A, Alvarez C, Figueroa N, Guerra I,
Garcia J, Varas L, Muzio V, Duenas-Carrera S (2006).
Expression and processing of hepatitis C virus structural proteins in Pichia pastoris yeast. Biochem Biophys Res Commun.
342: 625-631.
McLauchlan J (2000). Properties of the hepatitis C virus core protein: a structural protein that modulates cellular processes. J
Viral Hepat. 7: 2-14.
McLauchlan J, Lemberg MK, Hope G, Martoglio B (2002).
Intramembrane proteolysis promotes trafficking of hepatitis C
virus core protein to lipid droplets. Embo J. 21: 3980-3988.
Mikawa AY, Santos SA, Kenfe FR, da Silva FH, da Costa PI
(2009). Development of a rapid one-step immunochromatographic assay for HCV core antigen detection. J Virol
Methods. 158: 160-164.
Mohd-Ismail NK, Deng L, Sukumaran SK, Yu VC, Hotta H, Tan
YJ (2009). The hepatitis C virus core protein contains a BH3
domain that regulates apoptosis through specific interaction
with human Mcl-1. J Virol. 83: 9993-10006.
Moll I, Grill S, Gualerzi CO, Blasi U (2002). Leaderless mRNAs
in bacteria: surprises in ribosomal recruitment and translational control. Mol Microbiol. 43: 239-246.
Niall HD (1973). Automated Edman degradation: the protein
sequenator. Methods Enzymol. 27: 942-1010.
Puri N, Appa Rao KB, Menon S, Panda AK, Tiwari G, Garg LC,
Totey SM (1999). Effect of the codon following the ATG start
site on the expression of ovine growth hormone in E. coli.
Protein Expr Purif. 17: 215-223.
Ramakrishnan Nagasundara Ramanan WBT, Hamid RM, Siti
NAA, Tau Chuan L, Beng Ti T, Mohd Azmi ML, Mohd PA,

252

Raha AR, Arbakariya BA (2010). Effect of promoter strength
and signal sequence on the periplasmic expression of human
interferon-α2b in E. coli. African J Biotechnol. 9: 285-292.
Rastgar Jazii F, Karkhane AA, Yakhchali B, Fatemi SS, Deezagi A
(2007). A simplified purification procedure for recombinant
human granulocyte macrophage-colony stimulating factor
from periplasmic space of E. coli. J Chromatogr B Analyt
Technol Biomed Life Sci. 856: 214-221.
Roohvand F, Aghasadeghi MR, Sadat SM, Budkowska A, Khabiri
AR (2007). HCV core protein immunization with
Montanide/CpG elicits strong Th1/Th2 and long-lived CTL
responses. Biochem Biophys Res Commun. 354: 641-649.
Sambrook JRD (2001). Molecular cloning: a laboratory manual,.
Cold Spring Harbor Laboratory Press, New York.
Seong YR, Lee EK, Choi S, Chon SK, Im DS (1996).
Overexpression and simple purification of a truncated,
immunologically reactive GST-HCV core (1-123) fusion protein. J Virol Methods. 59: 13-21.
Sletta H, Tondervik A, Hakvag S, Aune TE, Nedal A, Aune R,
Evensen G, Valla S, Ellingsen TE, Brautaset T (2007). The
presence of N-terminal secretion signal sequences leads to
strong stimulation of the total expression levels of three tested medically important proteins during high-cell-density cultivations of E. coli. Appl Environ Microbiol. 73: 906-912.
Songsivilai S, Dharakul T, Kunkitti R, Thepthai C (1996).
Molecular cloning and expression of hepatitis C virus core
protein and production of monoclonal antibodies to the
recombinant protein. Asian Pac J Allergy Immunol. 14: 31-41.
Yasui K, Wakita T, Tsukiyama-Kohara K, Funahashi SI, Ichikawa
M, Kajita T, Moradpour D, Wands JR, Kohara M (1998). The
native form and maturation process of hepatitis C virus core
protein. J Virol. 72: 6048-6055.
Zhang W, Xiao W, Wei H, Zhang J, Tian Z (2006). mRNA secondary structure at start AUG codon is a key limiting factor for
human protein expression in E. coli. Biochem Biophys Res
Commun. 349: 69-78.
Zuker M (2003). Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Res. 31: 3406-3415.

