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Abstract
AIM: To establish a simple and convenient assay in vitro for
the Hepatitis C virus NS3 serine protease based on the
recombinant protease and substrate, and to evaluate its
feasibility in screening the enzyme inhibitors.

METHODS: Based on the crystallographic structure of
hepatitis C virus (HCV) serine protease, a novel single-chain
serine protease was designed, in which the central sequence
of cofactor NS4A was linked to the N-terminus of NS3 serine
protease domain via a flexible linker GSGS. The fusion gene
was obtained by two-step PCR that was carried out with
three primers and then cloned into the prokaryotic expression
vector pQE30, and the recombinant clone was verified by
DNA sequencing. The single-chain recombinant protease was
expressed when the E.coli was induced with IPTG and the
expression conditions were optimized to produce large
amount of soluble protease. The recombinant substrate
NS5ab that covers the cleavage point NS5A/B was also
expressed in E.coli. Both of the protease and substrate were
purified by using Ni-NTA agarose metal affinity resin, then
they were mixed together in a specific buffer, and the mixture
was analyzed by SDS-PAGE. The cleavage system was used
to evaluate some compounds for their inhibitory activity on
serine protease.

RESULTS: The single-chain recombinant protease was over-
expressed as soluble protein when the E.coli was induced
at a low dosage of IPTG (0.2 mM) and cultured at a low
temperature (15 ). The protease was purified by using
Ni-NTA agarose metal affinity resin (the purity is over 95 %).
The recombinant substrate NS5ab was expressed in an insoluble
form and could refold successfully after purification and dialysis.
A simple and convenient assay in vitro was established, in
which the purified single-chain serine protease could cleave
the recombinant substrate NS5ab into two fragments that were
visualized by SDS-PAGE. PMSF had an effect on inhibiting activity
of serine protease, while EDTA had not.

CONCLUSION: A simple and convenient assay in vitro for
hepatitis C virus NS3 serine protease is based on recombinant

substrate NS5ab and single-chain serine protease. This assay
can be used in screening of enzyme inhibitors.
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INTRODUCTION
Hepatitis C virus (HCV) is a member of the Flaviviridae and
now recognized as the major aetiological agent of post-
transfusion non-A non-B hepatitis[1-3]. The viral genome is a
9.6-kb, positive-sense single-stranded RNA molecule that
contains a single open reading frame encoding a polyprotein
of 3010 to 3030 amino acids[4-6]. The polyprotein undergoes
proteolytic processing by both host signal peptidases and viral
proteases, giving rise to at least 10 mature proteins, and the
cleavage of the 5 nonstructural proteins (NS3, NS4A, NS4B,
NS5A and NS5B) were carried out by viral protease NS3/4A[7,8].
Since NS3/4A serine protease is very important for releasing
functional proteins from the polyprotein, which are essential
for replication and maturation of virus, it is currently being
targeted in the development of drugs and diagnostics[9-11].
      Previous studies indicate that the NS3/4A serine protease
is a heterodimer formed by NS3 protein and its cofactor
NS4A[12]. Analysis of the X-ray structures of the truncated NS3
protein complexed with the NS4A-derived peptide revealed
that the serine protease domain adopts a chymotrypsin-like
fold that means the NS3/4A is a member of chymotrypsin-like
serine protease[13,14]. Although the protease domain of NS3
expressed without its cofactor is enzymatic active, its activity
is partial and it can only recognize and cleave the NS5A/B site
while the other two sites (NS4A/B and NS4B/5A) can not be
cleaved[15,16]. That is, the NS4A enhances the cleavage at NS5A/
B site and is absolutely required for cleavage at the NS4B/5A
site[17,18]. In order to carry out detailed characterization of this
enzyme and develop the antiviral agent, a reproducible and
convenient large-scale production of the purified enzyme and
its substrate is essential[19]. In this report, we constructed and
over-expressed a novel single-chain serine protease in a
soluble form in E.coli, and established a simple assay in vitro
for HCV serine protease based on the recombinant substrate
NS5ab and single-chain protease. In addition, we examined
the effect of several well-known protease inhibitors by the
established assay system.

MATERIALS AND METHODS
Materials
Prokaryotic expression vector pQE30, E.coli M15 cells and
metal affinity chromatography resins (Ni-NTA agrose) were
obtained from Qiagen Inc. (Chatsworth, California). Restriction
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enzymes (BamHI and HindIII), T4 DNA ligase and Ex.Taq
DNA polymerase were purchased from Takara Inc. (Dalian,
Liaoning). PCR Pure® PCR purification kit were obtained from
Clontech Inc. The prokaryotic expression plasmid pGEX-3X-
NS3N that carries the gene of amino terminal 181 amino acids
of HCV NS3 protein is a gift from Dr. Chen et al[20].

Methods
Construction of expression plasmids pQENS3N4A  To
generate fusion gene of NS4A21-32-GSGS-NS33-181, three
primers were designed. Primers P2 (5'-ATT ATT TTA TCT
GGT AGT GGT AGT ATC ACG GCC TAC TCC CAA-3')
and P3 (5'-CCC AAGCTT TTA GGA CCG CAT GGT AGT
TTC-3') were used to amplify the NS4A29-32-GSGS-NS33-181

using the plasmid pGEX-3X-NS3N as template. After that the
PCR products were used as template to generate NS4A21-32-
GSGS-NS33-181 with primers P1 (5'-C GGATCC GGT TCT
GTT GTT ATT GTT GGT AGA ATT ATT TTA TCT GGT-
3') and P3. Underlined sequences represents HindIII and
BamHI restriction sites, respectively. The highlighted
sequences represents overlapping region of primers P1 and
P2. The fusion gene NS4A21-32-GSGS-NS33-181 contained the
sequence encoding the NS4A peptide, GSVVIVGRIILS
(NS4A a.a 21-32), the linker, glycine-serine-glycine-serine
(GSGS)[21], and the NS3 a.a 3-181. The expression vector
pQE30 and fusion gene were both digested with BamHI and
HindIII, then they were ligated after purification. The resulting
plasmid was used to transform competent E.coli M15 and the
recombinant clones were selected on LB agar plates with
ampicillin (100 mg/mL) and kanamycin (25 mg/mL), and
identified by restriction enzyme mapping and sequencing. The
resulting recombinant plasmid is termed as pQENS3N4A.
Construction of expression plasmids pQENS5ab  To
construct the expression plasmid pQENS5ab, a cDNA fragment
encoding amino acid residues 2263-2498 in the HCV
polyprotein was isolated from the serum of a healthy HCV
carrier in China by nested PCR using appropriate
oligonulceotides, (1: 5'-AGT (G/A)AT (C/T)CT GGA CTC
TTT CG-3', 2: 5'-TGC TGG ATA GGT TCC TGA CGT-3', 3:
5'-TAT GGTACC GAG GA(C/T) GAG AGG GAA GTA TC-
3', 4: 5'-TGC AAGCTT AAC TGT GGA CGC CT 3'), which
was inserted a KpnI site at the 5'-end and HindIII site at the 3'-
end of the sequence. The PCR product amplified using Ex.
Taq (Takara) was cloned into expression plasmid pQE30 that
was digested with KpnI and HindIII. The resulting plasmid
pQENS5ab encodes the cleavage site of NS5A/B with a N-
terminal 20 non-virus encoded amino acids possessing a
consecutive stretch of 6 His residues, which allows fusion
protein to be purified in a single step by metal chelating affinity
chromatography. The cloned DNA fragment was sequenced
in order to exclude the introduction of mutations by PCR and
also to confirm the in-frameness of the insert.
Expression and purification of recombinant single-chain
serine protease in E.coli  A single clone from E.coli M15
transformed with the recombinant plasmid pQENS3N4A
was used to initiate growth in Luria broth supplemented
with 100 µg/mL ampicillin and 25 µg/mL kanamycin. When
the absorbance reached a value of 0.8 OD600, IPTG was added
to give a final concentration of 0.2 mM and the incubation
continued for additional 6 h at 20 . Under this condition a
high level expression of NS3N4A in a soluble form was
observed. The cells were harvested by centrifugation and
washed extensively with PBS (20 mM sodium phosphate;
pH7.4,140 mM NaCl). The cell pellet was resuspended in lysis
buffer (50 mM Tris·HCl; pH7.4, 10 % glycerol, 0.3M NaCl,

2 mM β-mercaptoethnol, 0.5 % NP-40) and disrupted by
sonication on ice using sonifier (60s×10 strokes at 150W output
with 30s intervals). The homogenate was centrifuged at
15000×g for 30 min to remove cell debris and was
chromatographed on a nickel-agrose column (Qiagen). The
column was washed extensively with 10 column volumes of
lysis buffer and subsequently washed using 20 column volumes
of buffer W (50 mM Tris·HCl; pH7.4, 10 % glycerol, 1M NaCl,
20 mM imidazole, 2mM β-mercaptoehanol, 0.5 % NP-40) and
finally eluted with buffer E (50 mM Tris·HCl; pH7.4, 10 %
glycero l ,  1M NaCl ,  250  mM imidazole,2mM β -
mercaptoehanol, 0.5 % NP-40). Eluted fractions were subjected
to SDS-PAGE and the pooled enzyme was dialyzed against
buffer D (50 mM Tris·HCl; pH7.4, 10 % glycerol, 1M NaCl,
2mM β-mercaptoehanol, 0.5 % NP-40) to remove imidazole
before stored in aliquots at -20 .
      Protein concentrations were estimated from UV absorbance
at 280 nm and 260 nm and calculated according to the formula:
concentration of protein (g/L)= 1.45 A280-0.74 A260.
Expression, purification and refolding of recombinant
substrate NS5ab  The transformed cells were grown at 37 
in Luria broth supplemented with 100 µg/mL ampicillin and
25 µg/mL kanamycin. When cell density reached an OD600 of
0.8-1.0, induction was initiated by the addition of 1mM IPTG.
Cells of 500 mL culture were harvested 5 hours after induction
and resuspended in 10 mL lysis buffer (50 mM sodium
phosphate; pH7.8, 300 mM NaCl). After disruption by
sonication on ice, the inclusion bodies were collected by
centrifugation at 12 000×g for 15 min and washed three times
in the lysis buffer. The inclusion body was solubilized in 8M
urea (50 mM sodium phosphate; pH8.0, 300 mM NaCl, 8M
urea) and was chromatographed on a nickel-agrose column
(Qiagen). The purification was performed according to the
manual of Qiaexpressionist®. To refold the purified NS5ab
protein, the protein was dialyzed against refolding buffer with
a stepwise gradient of urea from 6M to 4M, 2M, 1M, 0.5M,
0.25M and finally to TBS (50 mM Tris·HCl; pH7.4, 140 mM
NaCl). The concentration of substrate NS5ab was calculated
according to the foregoing formula on the basis of UV
absorbance at 280 nm and 260 nm.The purified recombinant
substrate NS5ab was stored in aliquots at -20 .
In vitro proteolytic assay for HCV NS3 serine protease  20 µg
of purified single-chain serine protease was incubated with
20 µg of recombinant substrate NS5ab in 100 µl of 25 mM
Tris·HCl (pH7.4), 10 % glycerol, 0.5M NaCl, 10mM DTT and
0.5 % NP-40 at room temperature. After the reaction was
terminated at various time points, there were mixed with same
volume of 2 loading buffer and heated at 90  for 10 min,
then analyzed by SDS-PAGE and stained with Coomassie
brilliant blue R-250 (CBB R-250).
Effects of some known serine protease inhibitors  In this assay,
the single-chain serine protease was mixed with appropriate
amount of PMSF or EDTA at room temperature for 30 min
before they were incubated with recombinant substrate NS5ab
to pursue the reaction. 45 min later, the reaction was terminated
and analyzed with SDS-PAGE and CBB R-250.

RESULTS

Cloning and expression of recombinant single-chain serine
protease
To produce a recombinant HCV NS3N4A protein complex
with structural confirmation similar to its biological
counterpart, an expression plasmid encoding HCV NS4A
central peptide GSGVVIVGRILLS (NS4A a.a. 21-32)
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covalently jointed to a NS3 N-terminal protease domain via
an flexible amino acid linker GSGS was engineered[22]. The
cDNA fragment encoding this single-chain protease was
inserted into a pQE30 expression vector that provided
additional six amino acids and six histidine residues at the
amino terminus of the NS4A peptide (Figure 1). Induction of
the bacteria harboring this expression plasmid with a low
concentration of IPTG (0.2 mM) at low temperature (20 )
resulted in the production of a 23 kDa recombinant protein
(Figure 2, lane 2). Much of the expressed recombinant protein
existed in the soluble fraction of the bacterial lysate (Figure 2,
lane 3). Further purification of the expressed protein using
nickel-affinity chromatography yielded a product with greater than
95 % homogeneity as measured by SDS-PAGE and thin layer
scanning assay (Figure 2, lane 5). Approximately 7.5 mg of protein
was obtained from 500 ml culture following purification.

Figure 1  Schematic diagram of constructs expressing single-chain
serine protease NS3N4A and substrate NS5ab. His6, the
hexahistidine metal chelation tag; GSVVIVGRIILS, NS4A central
peptide (a.a. 21-32) and GSGS, an amino acid linker connecting
the NS4A peptide to the NS3 serine protease domain. Cleavage
site, representing the cleavage site between NS5A and NS5B.

Figure 2  SDS-PAGE analysis for the expression and purity of
single-chain serine protease. Lane 1, Noninduced cells; lane 2,
Cells induced with IPTG; lane 3, Cleared lysate; lane 4, Flow-
through;  lane 5, Purified single-chain serine protease;  M, low
molecular weight markers.

Cloning and expression of recombinant substrate NS5ab
To produce a recombinant substrate of HCV NS3 serine
protease, the gene that encoding HCV NS5A C-terminal 157
amino acids residues, cleavage site of NS5A/B, and NS5B N-
terminal 78 amino acids residues was isolated by nested RT-
PCR from the serum of a healthy HCV carrier in China. The
cDNA fragment was inserted into pQE30 expression vector
that provided additional 20 amino acids residues (including
six histidine residues) at the amino terminal of the viral peptide
(Figure 1). Induction of the bacteria harboring expression
plasmid pQENS5ab resulted in the production of recombinant
protein of 35kDa (Figure 3, lane 2). The majority of the

expressed recombinant protein existed in the insoluble fraction
of the bacteria lysate. After purification of the recombinant
protein NS5ab using nickel-affinity resin, the purified protein
was refolded by dialysis method to produce soluble substrate
with greater than 90 % homogeneity (Figure 3, lane 3).
Approximately 7.6 mg of protein per liter of culture was
obtained by following purification and refolding.

Figure 3  SDS-PAGE analysis for the expression and purity of
HCV NS5ab protein.  Lane 1, noninduced E.coli M15 cell lysate;
lane 2, lysate of E.coli M15 cells transformed with pQENS5ab
plasmids after induction; lane 3, purified HCV NS5ab protein;
M, Low molecular weight markers.

In vitro proteolytic assay for HCV NS3 serine protease
The soluble single-chain serine protease and soluble substrate
NS5ab was incubated in a reaction buffer and then investigate
whether the enzyme can process the substrate correctly and
efficiently[23]. Figure 4 showed that the single-chain serine
protease could cleave the substrate NS5ab into two fragments
with molecular weight about 24kDa and 11kDa respectively.
In addition, the amount of products increased and the substrate
decreased along with reaction time (Figure 4, lane 1-5). That
means the single-chain serine protease has highly active
proteolytic activity and the substrate is active, too.

Figure 4  In vitro trans-cleavage at the NS5A/5B site of single-
chain serine protease. Lane 1-5, cleavage reaction after 10, 20,
30, 45 and 60 mins; lane 6, protein substrate NS5ab;lane 7,
single-chain serine protease; M, low molecular weight markers.

Effects of some known serine protease inhibitors
The in vitro trans-cleavage assay system described made it
possible to examine the effect of known serine protease
inhibitors[24]. Two kinds of known proteinase inhibitors (PMSF
and EDTA) were added to the reaction system and the effect
visualized by SDS-PAGE and CBB R-250 staining. It was shown
that the well-characterized inhibitor PMSF could inhibit
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proteolytic activity at 5 mM in vitro (Figure 5, lane 4), while the
metal chelator EDTA had no observable effect on the protease
activity even at a concentration of 5mM (Figure 5, lane 6).

Figure 5  The inhibitory effects of PMSF and EDTA on single-
chain protease activity. M, low molecular weight markers;
lane1, single-chain serine protease; lane 2, protein substrate
NS5ab; lane 3, without PMSF; lane 4, with 5 mmol/L PMSF;
lane 5, without EDTA; lane 6, with 5 mmol/L EDTA.

DISCUSSION
This study aimed at establishing a simple in vitro assay for
hepatitis C virus NS3 serine protease, since such an assay is
the most important for screening specific antiviral inhibitors
from combinatorial chemical library and random biological
library[25-27]. To accomplish this object we have to obtain
substantial amounts of purified NS3 serine protease with
complete functional activity. Previous studies had shown that
there are two methods to produce fully active HCV serine
protease. The first method is to express full length NS31-631

which was fused to the N-terminal of NS4A1-54 in eukaryotic
cells[28], and the second one is to express protease domain in
E.coli and mix them with excessive synthetic NS4A core
peptide to form heterodimer[29]. Although the two methods
work, there still are many shortages. The former can only
provide little amount of protein and the enzymatic activity of
protein produced by later method is very low[28,29]. According
to Yan’s report[30], the reason that poor activity of the
heterodimer formed in vitro by synthetic peptide and protease
domain lies in that the affinity of synthetic peptide is much
lower than that of the full-length NS4A, which makes the
complex is unstable. So it is reasonable to express the fusion
protein of NS3 protease domain and NS4A in E.coli.
      Inoue and his colleague[31] expressed NS3 protease fused
at the amino terminal of NS4A in E.coli, which showed ideal
stability and activity, but the products existed in inclusion
bodies that lead to the poor productivity. In addition, the
crystallographic structure of NS3 serine protease domain
complexed with synthetic peptide indicated that it might be
better for NS4A fused to amino terminal of NS3 protease
domain[21,22]. Since the central part of NS4A is embedded in
the cleft formed by NS3 protease domain and its C-terminus
lies close to the amino terminus of NS3 (Figure 6A), it is
reasonable to fuse the NS4A central peptide to amino terminal
of NS3 via a flexible linker. This fusion format will change
the natural intermolecular interaction to intramolecular
interaction (Figure 6B), which will increase the stability of
NS4A-NS3N complex. In this study, we constructed a single-
chain serine protease that contained central peptide of NS4A fused
to amino terminal of NS3 protease domain via GSGS linker, and
it could process the recombinant substrate NS5ab efficiently.

Figure 6  The crystal structure of serine protease domain and
NS4A central sequence. A. cocrystal structure of the NS31-181/
NS4A21-32 complex (adapted from reference 11). B. cocrystal
structure of the NS31-181/NS4A21-32 complex with a flexible linker

      The reason that single-chain serine protease can express
in a soluble form at high level in E.coli lies in two points: 1)
the low concentration of inducer and low temperature culture
reduced the synthesis speed of peptide, which enhance the
folding of protein[32-34]; 2) the central sequences of NS4A may
increase the solubility of the single-chain serine protease. The
NS3 domain was in various prokaryotic expression vectors
with failures to produce soluble recombinant protein in this
study, though various measures had been taken, such as
lowering temperature and lowering concentration of IPTG
(unpublished materials). In the same condition, the protease
domain that fused to the C-terminal of NS4A central segment
could express in a soluble form, which means that the central
sequences of NS4A may increase the solubility of NS3
protease domain. Previous studies had confirmed that NS3
protease’s N-terminus would be changed from disorded
structure to regular structure when it formed a complex with
the NS4A peptide, that is why the NS4A central peptide is
capable of promoting the folding of protein[35,36]. In addition,
the NS4A central peptide is highly hydrophobic, which will
reduce the synthesis of peptide in host and be beneficial to
protein’s refolding[37].
     Based on the recombinant single-chain protease and
substrate protein NS5ab, we established a simple and cheap in
vitro assay for HCV NS3 protease. In this assay system, the
results were analyzed by SDS-PAGE and visualized by
Coomassie brilliant blue R-250 staining (CBB R-250), which
make it an attractive system because of its convenience, low
cost and intuitiveness. To assess the applicability of this assay
system in identification of serine protease inhibitors, we
examined the effects of two known serine protease inhibitors
on the activity of HCV protease. The results confirmed that
the PMSF could inhibit the proteolytic activity of HCV serine
protease completely at 5 mM, while the metal chelator EDTA
had no observable effect on it, which had been observed by
other researchers[38,39]. In conclusion, the in vitro assay
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established here is applicable in evaluating the effect of
chemical compounds and biological molecules on the activity
of HCV serine protease. Furthermore, this assay can be used
in high throughput screening of the potential inhibitors of HCV
protease[40,41].
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