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The bifunctional NS3 protease-helicase of hepatitis C virus (HCV), together with its cofactor protein
NS4A, is an important target for antiviral drugs which can cure HCV infections. HCV strains are divided
into six major genotypes based on sequence diversity, and the great majority of reports on NS3 have
focused exclusively on genotype 1 proteins. Here we report the cloning, expression, and preliminary

Keywords: characterization of NS3-NS4A gene products from HCV genotypes 4, 5, and 6. This work complements
g:g ﬁ“l’_tease our earlier characterization of genotype 2 and 3 proteins [17]. We compare NS3-NS4A protease and
JFH1 elicase helicase activities of genotypes 4a, 5a, and 6a to those of common reference strains Con1 (genotype

1b) and JFH1 (genotype 2a). The specific activities of the proteases of the newly isolated proteins were
similar to those of the reference proteins. Furthermore, the reference inhibitor BILN 2061 had similar
activity against all of the proteins except for that of JFH1, which had an apparent K; that was 11-fold
higher relative to Conl. RNA and DNA unwinding activities were also similar for genotypes 1, 4, 5, and
6 proteins, but significantly higher for genotype 2 JFH1. With the availability of these proteins, inhibitors
developed based on their activity against genotype 1 can be tested against all the other major genotypes,

HCV genotype 4
HCV genotype 5
HCV genotype 6

providing a path to improved treatment for all HCV patients.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Hepatitis C virus (HCV) infection is a serious worldwide health
problem, affecting an estimated 170 million people. In 70% of cases
infection is not resolved, and chronically infected individuals are at
risk of progressive liver disease which can lead to cirrhosis and
hepatocellular carcinoma [1]. Prevalence of HCV infection is 1-2%
in North America, Europe, and Japan, but reaches up to 15% in some
Southeast Asian and African nations, notably Egypt [2], where the
infection was spread by use of incompletely sterilized needles for
a national parenteral schistosomiasis treatment lasting into the
1980s [3,4].

HCV can evolve rapidly, which has resulted in a wide variation
in genomic sequences. Variants have been divided by phylogenetic
analysis into at least six major genotypes, differing in nucleotide
sequence by 31-33%. Genotypes are further subdivided into sub-
types which differ from each other by 20-25% [5]. Geographical
analysis of current infections suggests that genotypes 1, 2, 4, and
5 originated in sub-Saharan Africa and genotypes 3 and 6 in South-
east Asia [6]. In Europe, North America, and Japan genotypes 1-3
account for the great majority of infections. In contrast, the other
genotypes are largely confined to their geographical origins, or to
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immigrants from those regions currently residing in Europe or
North America [6], but they can be highly prevalent in these
populations.

HCV infection can be cured by a 24-48 week treatment with
pegylated interferon o and ribavirin. Success of treatment depends
in part on the genotype with which a person is infected, although
the reasons for this are not yet well understood. Success rates are
highest for genotypes 2 and 3 (approximately 80%) and lowest for
genotype 1 (approximately 40-50%) [7]. The success rates for treat-
ing genotype 4, 5, and 6 infections seem to be intermediate [8].
Several direct-acting antiviral therapies are making their way
through clinical trials and offer the promise of improved success
rates for treatment as well as a reduction in side effects [9]. Devel-
opment of these agents has focused primarily on their activity
against genotype 1, which in addition to being poorly treated by
current therapy accounts for the majority of infections worldwide.
Much less is known about the effectiveness of these therapies
against other genotypes.

The HCV genome contains approximately 9600 bases and is
translated into a single 3000 amino acid polyprotein [10]. The
polyprotein is then cleaved into 10 proteins, and four of these
cleavages are carried out by the virally encoded NS3-NS4A protein
[11]. NS3is a 631 amino acid bifunctional protein with an N-termi-
nal serine protease domain (180 amino acids) and a C-terminal
Superfamily I RNA helicase domain (451 amino acids) [12]. NS4A
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is a 54 amino acid hydrophobic protein. Ten central amino acids
bind to the protease domain of NS3, forming one strand of a
B-sheet [13]. The NS3 protease activity can be evaluated using
either the full-length NS3-NS4A protein, which autocleaves itself
during heterologous expression in baculovirus or Escherichia coli,
or the 180 amino acid protease domain, plus an excess of peptide
corresponding to the central hydrophobic region of NS4A [14].

The serine protease activity of NS3-NS4A protein has been the
subject of intense drug-discovery research for over a decade. Our
research led to the discovery of BILN 2061 [15], the first small mol-
ecule viral protein-targeted inhibitor to be tested in HCV patients
[16] (though later discontinued). We have focused our work on
the genotype 1b protein, but have also reported the cloning,
expression, and purification of genotype 1a, 2, and 3 NS3-NS4A
products, as well as their inhibition by BILN 2061 [17]. Recently,
inhibition of genotype 4, 5, and 6 protease domains by BILN 2061
and other inhibitors has been described, but no details of protein
sequence, purification, or kinetic characterization were given
[18]. Here, we present for the first time the preliminary character-
ization of NS3-NS4A gene products from clinical isolates of
genotype 4, 5, and 6. For reference, we also purified and character-
ized, under the same conditions, NS3-NS4A proteins from the
reference genotype 1b sequence Con1 [19] and from the genotype
2a JFH1 strain, the first HCV sequence isolated which is capable of
full viral replication in vitro [20].

Materials and methods

Cloning. Human plasma samples were obtained in accordance
with The Code of Ethics of the World Medical Association (Declara-
tion of Helsinki). HCV RNA was isolated from these samples using
the QiaAmp Viral RNA mini kit (Qiagen) according to the supplier’s
instructions. Subtypes for each HCV RNA sample were determined
by sequencing the NS5B polymerase region of the genome [21].

For genotype 4a NS3-NS4A, isolated viral RNA was reverse tran-
scribed using the SuperScript Il First-Strand Synthesis System
(Invitrogen) with a mix of HCV-specific primers corresponding to
sequences located in NS4B gene (primers 1, 2, and 3, Table 1). A
fragment encoding NS3-NS4A plus portions of NS2 and NS4B
was amplified from the cDNA using the KOD Hot Start polymerase

Table 1
Oligonucleotides used for NS3-NS4A cloning.

Ref. # Oligonucleotide sequence (5'-3')

#1 GCCAGTTGTAACCCGTGCTCGACTAGTGG

#2 GCTAGCTGTAGGCCATGCTCGACTAGTGG

#3 CTGGTGTTGCCTCTTGRGCTTGCTTGCCAGCG

#4 TCGGCYAGGTTGGGCAATGAGATCTTGCTCGG

#5 TCAGCGAGGCTGGGCAATGAAATCTTGCTCGG

#6 GGCCATGGATCCGGCCCCCATCACGGCGTACGCGCAGCAG

#7 GCGGCCAAGCTTTCACTATTAGCACTCCTCCATTTCGTCGAACTGTTG
#8 AATTGYCCGGCAATGGCRCGNGCYTCGTCCA

#9 CCGAGCACTTTSTCYTTGAATTGCCCGGC

#10 AATTGCYCGGCRATRGCACGYGCCTCGTCCA

#11 GCRATRRCRCGTGCCTCRTCCATATAGG

#12 GCCTTGCTCCACCTTGGTAGGCTGACCG

#13 CGCCGCCCATGGATCCTGCCCCTATCACTGCGTACGCGCAGCAGAC
#14 CGCTCTCTCGAGTCACTATTAACACTCCTCCATCTCATCAAACTGC
#15 TCTCCHATGGAGAAGAARGTCATCACYTGG

#16 ATGGAGAAGAARATYATYACCTGGGGTGCGGA

#17 GAGCCGGTYATYTTCTCYCCCATGGAGAAG

#18 AYRAAGTTCCACAGRTGTTTCTGCCAGAA

#19 GTGCCAGAATTGCTCAATCTTCGGCCAGG

#20 CGCATGGATCCGGCTCCCATCACCGCGTATGCGCAGC

#21 CGCTCTCTCGAGTCACTATTAGCACTCCTCCATCTCGTCAAACTGC

Underlined bases correspond to restriction sites used in cloning.

(Novagen), together with the same mix of primers used for the
cDNA and a mix of forward NS2 primers 4 and 5. The purified frag-
ment was cloned into pCR-Blunt II-TOPO using the Zero Blunt
TOPO Cloning kit (Invitrogen). The NS3-NS4A fragment was then
amplified using primers 6 and 7, which contain restriction sites
for cloning (underlined sequences in Table 1) and ligated (Roche
Rapid DNA Ligation kit) into pET 29a + (Novagen), which provides
a 28-residue N-terminal sequence containing a hexahistidine tag
and a tobacco etch virus (TEV) protease cleavage site.

Genotype 5a and 6a NS3-NS4A were amplified using the Super-
Script Il One-Step RT-PCR System with Platinum Taq DNA Poly-
merase (Invitrogen). For genotype 5a, NS2 forward primer
(primer 12) was used with a mix of NS4B reverse primers (primers
8,9, 10, and 11). The RT-PCR was purified with PCR purification kit
(Qiagen), reamplified using primers 10, 11, and 12 and cloned into
pCR-Blunt vector with the Zero Blunt PCR Cloning kit (Invitrogen).
The NS3-NS4A was then reamplified from this vector with a spe-
cific forward primer (primer 13) and a reverse primer (primer
14) and subcloned into pET 11a + (Novagen).

For genotype 6a, a mix of NS2 forward primers (primers 15, 16,
and 17) with a mix of NS4B reverse primers (primers 18 and 19)
were used for the RT-PCR. A second round of amplification was
performed with the same mix of primers, and the product was
cloned in pCR-Blunt II-TOPO. Specific primers 20 and 21 were used
to reamplify the NS3-NS4A sequence and subcloned into pET
11a + (Novagen).

The sequences of the cloned coding regions for genotypes 4a, 5a,
and 6a NS3-NS4A have been deposited in GenBank: genotype 4a
GenBank ID: GU085486; genotype 5a GenBank ID: GU085487;
genotype 6a GenBank ID: GU085488. Con1-R3 and JFH1 sequences
were amplified from the corresponding subgenomic replicons and
subcloned into pET 11a+(Con1-R3) or pET 29a+ (JFH1) to give
constructs analogous to those described above for genotypes 4, 5,
and 6. The Conl1-R3 sequence is a replicon-adapted variant of
Conl, and this sequence has also been deposited in GenBank:
Con1-R3 GenBank ID: GU085489.

Expression and purification of NS3-NS4A proteins. NS3-NS4A
proteins were expressed in E. coli BL21 (DE3) (Novagen), except
for genotype 5a which was expressed in Rosetta (DE3) (Novagen).
Protein expression was induced for 18 h at 18 °C, and NS3-NS4A
proteins were purified using nickel and poly-uridine affinity resins.
Procedures for expression and purification were the same for all
five proteins and were very similar to those previously described
[17]. Purity was examined using SDS-PAGE (10% bis-Tris gel, Invit-
rogen) and the enzyme concentration was determined using the
Bradford protein assay (Bio-Rad), as well as by active site titration
(see below).

Protease activity assay. Kinetic parameters for NS3-NS4A
proteins were determined using the depsipeptide fluorogenic
substrate anthraniloyl-DDIVP-Abu[C(0)-0] AMY(3-NO,)-TW-OH.
Cleavage reactions were performed in white 96-well plates (Dyna-
tech Microfluor), and were monitored continuously at 23 °C on a
PolarStar Galaxy plate reader (BMG), equipped with excitation
and emission filters of 320 and 405 nm, respectively. Assays used
0.5-12.5 uM of substrate, and 5nM of each enzyme (based on
Bradford) in a buffer composed of 50 mM Tris-HCl, pH 8.0,
0.25 M sodium citrate, 0.01% n-dodecyl-B-p-maltoside, 1 mM TCEP.
Total assay volume was 50 pL/well. Assays were initiated by
addition of enzyme, and kinetic parameters were determined by
non-linear regression analysis of initial rate as a function of sub-
strate concentration, using GraphPad Prism software (version
4.02; GraphPad Software, Inc., La Jolla, USA).

Since proteins were 60-80% pure, active site titrations with the
fluorogenic substrate Ac-DED(EDANS)EE-Abu[C(0O)-O]-ASK(DAB-
CYL)-NH, were used to determine active protein concentrations.
The formation of fluorogenic product was continuously monitored
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using an Envision Plate Reader (Perkin-Elmer) for 1800 s in reac-
tions using 2 nM enzyme (by Bradford) and 2 pM substrate in pres-
ence of 0-10 nM of a very potent protease inhibitor (K; =30 pM).
The steady state velocity at each inhibitor concentration was deter-
mined by linear regression of the steady state rate. This was fol-
lowed by plotting the ratio of steady state velocity at each
inhibitor concentration and velocity in absence of inhibitor as
function of inhibitor concentration. Data for each protein were fit
to the equation below [22] to yield the active enzyme
concentration:

oy By W+ K%)= (i + Ul + K2)° — 4R
Vo 2[E];

where v is steady state velocity at different inhibitor concentration,
7, is velocity in absence of inhibitor, Ey is total concentration of en-
zyme, I7 is total concentration of inhibitor, K" is the apparent dis-
sociation constant.

Inhibition assays. To evaluate inhibition, 5 pM of substrate
anthraniloyl-DDIVP-Abu[C(0)-O] AMY(3-NO,)-TW-OH was incu-
bated with various concentrations of BILN 2061, in presence of
0.5nM NS3-NS4A. The incubation was done at 23 °C for 60-
70 min. The reaction was terminated by addition of 1 M MES (pH
5.8), and fluorescence of the N-terminal product anthraniloyl-
DDIVP-Abu was measured using a PolarStar Galaxy plate reader
(BMG). Calculated percent inhibition at each inhibitor concentra-
tion was then used to determine the median effective concentra-
tion (ICso) by the NLIN procedures of SAS (Statistical Software
System; SAS Institute Inc., Cary, NC). K; values were calculated from
ICsq values using the equation IC59 = Kj(1 + [S]/Kwm) [23].

Helicase and ATPase activity comparison. Both dsDNA and dsRNA
unwinding was evaluated. The DNA substrate was prepared by
hybridization in 1:1.6 ratio of the following oligonucleotides: 5’-
GAATACAAGCTTGGGCTGCAGGTCGACTCTAGAG-Cy3-3'  (34-mer)
and 5'-BHQ-1CTCTAGAGTCGACCTGCAGCCCAAGCTTGTTTTITTITIT
TTTTT-3’ (45-mer) in 25 mM Hepes, pH 7.5, 500 mM Nacl, 0.1%
SDS, 1 mM EDTA. The RNA substrate was prepared similarly using
1:1.6 ratio of the following: 5'-GAAUACAAGCUUGGGCUGCAG
GUCG ACUCUAGAG-Cy3-3' (34-mer) and 5'-BHQ-1-CUCUAGAGUC
GACCUGCAGCCCAAGCUUGUUUUUUUUUUUUUUUU-3'  (45-mer),
in the same buffer as for the dsDNA substrate. RNA and DNA oligo-
nucleotides labeled with Cy3 fluorophore or BHQ (black hole
quencher) were obtained from Integrated DNA Technologies. A
10-fold excess of complementary ssDNA trap, complementary to
the Cy3 oligonucleotide, was used during the reaction to prevent
the reannealing of the unwound DNA or RNA. Final assay condi-
tions were the following: 50 mM PIPES pH 6.5, 2 mM TCEP, 3 mM
MgCl,, 2.5% DMSO, 0.0625% n-dodecyl-B-p-maltoside, 5 nM sub-
strate (dsDNA or dsRNA), 100 pg/mL BSA, 50 nM ssDNA trap, and
2 mM ATP. In assays involving dsRNA substrate, 0.15 U/puL of RNA-
sin was also added. Final enzyme concentration was 10 or 15 nM
for dsDNA or dsRNA unwinding assays, respectively (based on ac-
tive enzyme concentration). Reactions were performed in 384-well
plates, initiated by the addition of enzyme, and monitored contin-
uously for 1800-6000 s at room temperature on an Envision Multi-
label Plate Reader (with a 531 nm eXxcitation filter and a 595 nm
emission filter). Reaction rates were determined from the linear
portion of each progress curve. The percentage of unwinding was
estimated by comparison to the fluorescence of unhybridized Cy3
oligonucleotide (DNA or RNA as appropriate).

Nucleic acid-stimulated ATPase activity was measured using the
Kinase-GloPlusLuminescentKinaseAssaykit(Promega).ATPasereac-
tions were performed in 384-well plates, using the following condi-
tions: 50 mM PIPES pH 6.2, 2 mM TCEP, 3 mM MgCl,, 3% DMSO,

0.0625% n-dodecyl-B-p-maltoside, 100 pg/mL BSA, 20 uM ATP,
10 nM enzyme, and 50 nM dU,,. After a 10 min incubation period at
room temperature, 10 pL of the assay mixture was transferred to an-
other 384-well plate containing 10 pL of Kinase-Glo Plus reagent.
Luminescence was measured after 30 min, using a TopCount plate
reader. A standard curve for ATP concentration was used to estimate
the amount of ATP consumed in each sample.

Results and discussion
Cloning, expression and purification of NS3—-NS4A

HCV RNA was obtained from plasma of patients infected with
HCV genotype 4a, 5a, or 6a. The entire NS3-NS4A coding se-
quences were amplified and subcloned into expression vectors
to generate constructs with N-terminal poly-histidine tags to
facilitate purification. The reference NS3-NS4A from genotype
1b (Con1-R3, a cell culture-adapted Conl [19]) and 2a (JFH1
[20]), which match our cell culture replicons, were prepared in
an identical fashion. Amino acid sequences of the five different
proteins are given in Fig. 1.

Proteins were purified using nickel and poly-uridine affinity
columns. The poly-histidine tags were not removed since we found
this had little effect on protease activity. Purity after the poly-uri-
dine column ranged from approximately 60% (Con1-R3 and 4a) to
80% (JFH1, 5a, and 6a) based on SDS-PAGE analysis. Final yields
were 2.0, 0.3, 0.5, 0.3, and 1.5 mg protein/L of culture for Conl-
R3, JFH1, 4a, 5a, and 6a proteins, respectively, based on Bradford
protein concentrations.

Protease activity of purified NS3-NS4A proteins

Protease assays were performed using a fluorogenic depsipep-
tide substrate modeled on the NS5A-NS5B cleavage site (polypro-
tein cleavage sites are conserved among all HCV genomes). Steady
state initial rates were determined at multiple substrate concen-
trations, to yield values of k.,: and K, (Table 2). Despite some var-
iation in the individual k., and K, values, the values for catalytic
efficiency (kcat/Km) are similar, within 40% of the mean. Values
for k... were calculated using active enzyme concentrations, ob-
tained by titration of a very potent hexapeptide inhibitor. Stock
solutions of purified proteins contained 4.3, 4.0, 4.2, 5.4, and
6.9 UM NS3-NS4A for Con1-R3, JFH1, 4a, 5a, and 6a preparations,
respectively. These ranged from 40% to slightly over 100% of the to-
tal protein concentration for each preparation estimated by
Bradford.

Inhibition of protease activity

ICsp values were determined for the inhibitor BILN 2061 against
each of these proteins (Table 2). We previously reported BILN 2061
ICso values, measured under essentially identical conditions, for
genotype 1a, 1b, 2ac, 2b, and 3a proteins, although the 1b protein
was a different strain from the Con1-R3 sequence used in this work
[17]. For a more accurate comparison of inhibitor affinities,
approximate K; values were calculated from ICsq values by taking
into account the ratio of substrate concentration to its K, (see
Materials and methods). The genotype 4, 5, and 6 enzymes have
similar affinity for BILN 2061 to that observed for genotype 1 pro-
tein. Although BILN 2061 is no longer in development, this result
shows that some HCV protease inhibitors optimized for activity
against genotype 1 may be effective against these three less preva-
lent genotypes. The value of K; for genotype 2a is 11-fold higher,
although this is still slightly lower than the K; values we found
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1 60
R3 GT 1b (1) APITAYEQOTR 2 IFAINC VN TwHGAG
JFH1 GT 2a (1) APITAYRQOTR FLETINESG TVHHGAG
GT 4a (1) APITAYLQQTR ; FLETIAYWGVINTVIHGAG
GT 5a (1) APITAYRQQTR 2 FLEToRNGVITVIZFHGAG
GT 6a (1) APITAYHQQTR ] FLATERAN GVIIWTVMHGAG
61 120
R3 GT 1b (61) BRTIEAGEIGP QM e rcfNst fipciicGERDL Y LVTISHAD PiRRRG
JFH1 GT 2a (61) WKT ~G Jcp) PPGﬁSL PCIXCCIAYDLYLVTIRNAD P*RRRG
GT 4a (61) EKTIRSGIZNGP PP%SL PCRCGLYSDLY LV TIZEAD PNRRRG
GT 5a ( AEPKelaA 145 P PGuRAS Lk PCusCGIFADL Y LV TIRZIADVIPIARRRG
GT 6a ( AEPKe)s PSiEeARSITIZe T6le S SN SRR E!NY) E
R3 GT 1b LLSPRPYGSHLKGSSGGPIBIC GHai FRAAVCIRGVAKERYDF]
JFH1 GT 2a R\, 1,S PRPMSIL.KGS SGGPY#C PIGH FRAAVCERGVAKIDE
GT 4a I.1.SPRPISILKGS SGGPIARC P GHINAGIRFRAAVCIIRGVAKENYDF
GT 5a ARG, SPRPISMLKGS SGGPRSUC GHw FRAAVCISRGVAKLN#DF
GT 6a DER' .1 SPRPUSYLKGS SGGPIAYC PEGHIAYCI#F RAAVCIRGVAKADE
R3 GT 1b (181) SPgFRDNSEPPAVPOERZOVINILHAPTGSGKST! NOGYKVLVLNPSVAATLEFGR
JFH1 GT 2a (181) SPEF DNSpsPPAVPOUR4OVIENYLHAPTGSGKST! AHQGYKVLVLNPSVAATL ol
GT 4a (181) SPYFRDNSIPPAVPQIROVINIT,HAPTGSGKST AHQGYKVLVLNPSVAATL FGH
GT 5a (181) SPMFWDNSIPPAVPQIAFOVIET,HAPTGSGKST OGYKVLVLNPSVAATLEFG
GT 6a (181) SPYFRDNSIPPAVPOIROVIELHAPTGSGKSTI OGYKVLVLNPSVAATLEFG
241 300
R3 GT 1b (241) YIGZAEGESPNI GVRTEE ITYSTYGKFLADGGCEEGAYDMI ICDEC DETTI
JFH1 GT 2a (241) A CHIY PN T Ry GVRTIUTGIHAT TY STYGKFLADGGCIASGA YDIT T CDECHL\YDIATI
GT 4a (241) YUSSANMGIILPNIREGVRT] ITYSTYGKFLADGGCHEGAYDMT ICDEC DETTI
GT 5a (241) Y\URISANGESSPNIREGVRT ITYSTYGKFLADGGCIZEGAYDYI ICDECHEODThs
GT 6a (241) YULISAMCYZPNIRIGVRT NI TYSTYGKFLADGGCEGAYDIMI ICDEC DETT
301
R3 GT 1b (301) LGIGTVLDQAETAGRRLGVLATATPPGSVIY
JFH1 GT 2a (301) LGIGTVLDQAETAGvRLazLATATPPGsv PHP-I
GT 4a (301) LGIGTVLDQAETAG RL‘VLATATPPGSV PHENT
GT 5a (301) LGIGTVLDQAETAG LATATPPGSV T PHIZN T
GT 6a (301) LGIGTVLDQAETAG*RLEVLATATPPGSVTMPHP T
361
R3 GT 1b (361) GGRHLIFCHSKKKCDELAMNGLEGICINAVANYRGED
JFH1 GT 2a (361) GGRHLIFCHSKKKCDELANALIZEUGHNAVANYRGI#D
GT 4a (361) GGRHLIFCHSKKKCDELAIZSLdICHNAVANYRGISD
GT 5a (361) GGRHLIFCHSKKKCDELAIZOLiWNICHNAVANYRGI#D
GT 6a (361) GGRHLIFCHSKKKCDELAGALS G!NAV YRGYYD
421
R3 GT 1b (421) DFDSVIDC OBy DF SLDPTF TR THTVPQDAVSRSQRRGRTGRGRILG]
JFH1 GT 2a (421) DFDSVIDC QN DF SLDPTFy [ih T/ TVPQDAVSRSQRRGRTGRGIXOG]
GT 4a (421) DFDSVIDC iy VDF SLDPTFS 2Ty TV PQDAVSRSQRRGRTGRGIFIGH
GT 5a (421) DFDSVIDC QivVDF SLDPTFpy T2 TyyTVPQDAVSRSQRRGRTGRGI:IGHMYR
GT 6a (421) DFDSVIDC O)jVDFSLDPTF I TITVPODAVSRSQRRGRTGRGSZCIYY RIGVEJSGE
1 540
R3 GT 1b (481) S \FDSS CECYDHG Y LRPRETEYRLRAY] NTPGLPVCQDHLEFWEEgFTGLT
JFH1 GT 2a (481) RIS \FDS CECYDHG A RAY NTPGLPVCQDHLEFWERWFTGLT
GT 4a (481) S FDTS ICECYDRG Y I, PHET RLRAY)JNTPGLPVCQDHLEFWEGVFTGLT
GT 5a (481) SGUFDR CECY VN NTPGLPVCQDHLEFWEEVFTGLT
GT 6a (481) SGUFDS CEiY Yl LHPEET RLRAYWNTPGLPVCQDHLEFWEEVFTGLT
541 600
R3 GT 1b (541) EIDHRLSQO KQHGDNFEYLVAYQATVC PPPSW KCLERLKPTLHGPTPLLY
JFH1 GT 2a (541) IIDH LSQuKOMG NF‘YLVAYQATVCH PPPSWD: KCL‘RLKPTL*GPTPLLY
GT 4a (541) IDE LSQuKOQEGIZNF) YLVAYQATVCH PPPSW] KCLMRLKPTLEGPTPLLY
GT 5a (541) NIDHILSQIKQOEGIZNE) YLVAYQATVCE PPPSW] KCLWRLKPTLisGPTPLLY
GT 6a (541) IIDEH LSORIKQEGIENFIIY LVAYQATVCEY PPPSW] KCLMRLKPTLUGPTPLLY
660
R3 GT 1b DLEziTSTWVLiGG AAEAA CEVY NG
JFH1 GT 2a DLEVWUTSTWVL G IEG
GT 4a DLEV*TSTWVL;GG CEVYING
GT 5a DLEVMTSTWVL CEVIATYG
GT 6a DLE TSTWVLHGGV! YCL G uIEG
685
R3 GT 1b B FDEMEEC
JFH1 GT 2a 1#NFDEMEEC
GT 4a [JFDEMEEC
GT 5a [JFDEMEEC
QT 6a [JFDEMEEC

Fig. 1. Amino acid sequence alignment of the five HCV NS3-NS4A sequences used

in this study. Amino acids which are not identical for all five sequences are highlighted.

Amino acids are numbered continuously; the cleavage site between Thr631 of NS3 and Ser-632, which is amino acid 1 of NS4A, is marked by an arrow. R3 is a replicon-
adapted variant of Con1 [19] with Con1 residues Arg-109, Ser-534, and Lys-665 (in NS4A) substituted by Lys, Gly, and Arg, respectively.

for two other genotype 2 proteins [17]. Our ICsq values for BILN
2061 against each of these genotypes are very similar to those re-
ported by another group [18], even though the assay conditions

were different. Because enzyme K, values were not provided in
that report, this comparison is only approximate, based on ICsq
rather than K; values.
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Table 2

Kinetic and inhibition parameters for NS3-NS4A protease activity.
Genotype K, Keat Keat/Km BILN 2061 BILN 2061

(uM) (min™')  (M's™')  ICso (nM) Ki (nM)

1b-Con1 2.1+0.2 463 3.7 x 10° 4.7 £0.6 14
2a-JFH1 35102 48 +3 2.3 x10° 37+3 15
4a 13401 126+02 1.6x10° 48+0.9 1.0
5a 6614 102+14 26x10° 53+1.1 3.0
6a 28103 50+6 3.0 x 10° 102+ 1.6 3.7

Km and ke, values are reported as mean + standard deviation, determined in two
independent experiments. ICsq values correspond to the mean * standard deviation
from five independent experiments. K; values were calculated from ICs, values as
described in Materials and methods.

1.8
1.6 _I_
1.4
1.2
1.0
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Fig. 2. Helicase activity of purified NS3-NS4A proteins. Light bars for dsDNA
substrate unwinding; dark bars for dsRNA unwinding. Values correspond to the
mean of four values from two independent experiments, and error bars represent
standard deviations.

Helicase activity of NS3-NS4A proteins

Although the protease domain has been the primary focus of
drug-discovery research on the NS3 protein, we also wished to ver-
ify that the C-terminal helicase domains of our NS3-NS4A proteins
had ATP-dependent nucleic acid unwinding activity. All five pro-
teins had similar ATP hydrolysis activity, with JFH1 being approx-
imately 2-fold more active than the others (data not shown).
Results for unwinding of dsDNA and dsRNA substrates are shown
in Fig. 2. Since Michaelis—Menten kinetic parameters cannot be cal-
culated for helicases under our assay conditions, activity was quan-
tified using the linear portion of each reaction timecourse. As has
been described previously [24], activity on RNA substrates was
lower than on DNA substrates. These initial rates were generally
similar for all the proteins, except that the JFH1 protein had a 7-
to 14-fold higher RNA unwinding rate, as well as a 2- to 5-fold
higher DNA unwinding rate, than any of the other proteins. Using
His-tagged NS3 proteins in the absence of NS4A, a previous report
also showed somewhat greater DNA unwinding activity (20-40%)
for a different genotype 2a helicase compared to genotype 1b
[24]. The JFH1 non-structural region replicates very efficiently
[25], and it has been shown that the NS3 helicase portion of the
genome is, in part, a determinant of this enhanced replication
activity [26,27]. Additional experiments would be required to dem-
onstrate that the efficient unwinding reported here contributes to
the high replication capacity of JFH1.

Conclusion

We report here the first characterization of protease and heli-
case activities from genotype 4, 5, and 6 HCV NS3-NS4A proteins.

These proteins can now be used to determine the potential for NS3
protease inhibitors, usually optimized for activity against genotype
1, to be effective treatments for patients infected with genotypes 4,
5, and 6. Since our proteins also possess RNA unwinding activity,
they will serve a similar purpose for NS3 helicase inhibitors, should
this class of drug enter development.
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