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The non-structural protein 3 (NS3) of hepatitis C virus (HCV) possesses three activities which are
likely to be essential for virus replication; a serine protease located in the N terminus and helicase
and NTPase activities located in the C terminus. Sequence analysis of the helicase/NTPase domain
has identified motifs indicative of the DEAD-box family of helicases. Here we present the
characterization of the helicase and NTPase activities of full-length NS3, expressed as a His-tagged
fusion protein in E. coli, and make comparisons with published data of NS3 helicase domain alone.
The helicase and NTPase activities of full-length NS3 have been demonstrated and we have
characterized the effects of amino acid substitutions on conserved motifs of NS3 helicase. Helicase
and NTPase activities were dependent on Mg2M and ATP and inhibited by monovalent cations. NS3
was able to hydrolyse all four NTPs and dNTPs to drive DNA duplex unwinding but with differing
abilities. NTPase activity was stimulated by all polynucleotides tested, with poly(U) having the
greatest effect. Mutational analysis of conserved motifs of NS3 helicase showed all conserved
residues to be required for optimal activity. These results are in accord with a recently proposed
model for NS3 helicase activity.

Introduction
Hepatitis C virus (HCV) was first isolated in 1989 and

identified as the major causative agent of post-transfusional
non-A non-B hepatitis (Choo et al., 1989). Sequence com-
parison identified HCV as a new member of the family
Flaviviridae, which also includes flavi- and pestiviruses (Choo et
al., 1991). HCV is an enveloped virus with a positive-sense
RNA genome of approximately 9±4 kb. The genome encodes
a single polypeptide of 3010–3033 amino acids which is
cleaved co- or post-translation by host and viral proteases to
yield mature viral proteins (Grakoui et al., 1993 ; Selby et al.,
1993). These proteins are in the order NH

#
-C-E1-E2-p7-NS2-

NS3-NS4A-NS4B-NS5A-NS5B-COOH, where C, E1 and E2
are the structural proteins (core and glycoproteins 1 and 2) and
the remainder are non-structural (NS) proteins involved in
polyprotein processing and virus replication.

HCV NS3 protein is a multifunctional protein involved in
polyprotein processing and virus replication. A serine protease
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domain is located in its N terminus and a helicase}NTPase
domain is located in its C terminus. The presence of these
activities, initially inferred from the identification of amino acid
motifs and alignments with related proteins, has subsequently
been demonstrated (Suzich et al., 1993 ; Tomei et al., 1993 ; Tai
et al., 1996). The serine protease domain is required for
processing of the viral polyprotein, releasing NS4A, NS4B,
NS5A and NS5B, and has been shown to be a chymotrypsin-
like protease (Tomei et al., 1993 ; Hahm et al., 1995 ; Kim et al.,
1996). Conserved motifs in the NS3 helicase domain identify it
as a member of the DEAD-box family of RNA helicases. This
group of helicases consists of three subfamilies of proteins that
contain either a DEAD, DEAH or DExH amino acid motif
(Gorbalenya et al., 1989 ; Koonin, 1991). NS3, which possesses
a DECH motif, is therefore a member of the DExH subfamily.
Conserved regions within RNA helicases of this type include
motif I (GxGKS) and motif II (DExH) required for ATP binding
and hydrolysis, and motif VI (QRxGRxGR) involved in ATP
hydrolysis and RNA unwinding (Gross & Shuman, 1995,
1996 ; Kim et al., 1997). Helicase and NTPase activities of
various cellular and viral DEAD-box proteins have been
demonstrated : for example, eIF4A, vaccinia virus NPH-II, and
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NS3 of flavi- and pestiviruses (Pause & Sonenberg, 1992 ;
Wengler, 1993 ; Gross & Shuman, 1996 ; Lieber et al., 1996).
DEAD-box proteins also play a role in mRNA stability and
splicing (Iost & Dreyfus, 1994 ; Wagner et al., 1998) and this
suggests further roles for NS3 in virus replication and in the
control of host cell functions.

The C-terminal region of NS3 containing only the
helicase}NTPase domain has been expressed and characterized
(Suzich et al., 1993 ; Jin & Peterson, 1995 ; Tai et al., 1996 ;
Gwack et al., 1997). The helicase and NTPase activities are
dependent on Mg#+ and inhibited by monovalent cations ; the
NTPase activity is enhanced by the presence of polynucleo-
tides. NS3 is able to unwind RNA, DNA and RNA}DNA
duplexes in a 3« to 5« direction dependent on a 3« single-
stranded region (Tai et al., 1996). Mutational analyses of the
helicase domain have shown that residues of the conserved
motifs of DEAD-box helicases are essential for NTPase and
helicase activities and also that NTPase activity is essential but
not sufficient for helicase activity (Heilek & Peterson, 1997 ;
Kim et al., 1997).

A recent study of activities of an HCV NS3–NS4A complex
isolated from transfected COS cells showed the protease
activity to be enhanced by poly(U) (Morgenstern et al., 1997),
indicating an interdependency between the protease and
helicase domains of NS3. In addition, NS3 has been shown to
interact with and affect the activities of host cell proteins such
as protein kinase A (Borowski et al., 1996, 1997) and the
tumour suppressor p53 (Ishido et al., 1997 ; Muramatsu et al.,
1997) which are dependent on C- and N-terminal domains of
NS3 respectively and affect the subcellular localization of NS3.
This highlights the importance of investigating the activities of
full-length NS3 to fully elucidate its role in virus replication
and host cell functions.

In this study we present an analysis of the helicase and
NTPase activities of full-length NS3 protein expressed in E.
coli. We have characterized the optimal conditions for these
activities and introduced point mutations to replace amino
acids of the conserved DEAD-box protein motifs I, II and VI.
The effects of these mutations have been demonstrated and
compared to those of corresponding mutations in the NS3
helicase domain alone and in other DEAD-box proteins. We
also relate our results to the recently published structure of the
HCV NS3 helicase domain (Kim et al., 1998) with respect to the
model of duplex unwinding activity proposed.

Methods
+ Materials. NS3-7 antibody used in this study was raised against the
NS3 peptide FIPVENLETTMRS (amino acids 1195–1207) in rabbit.
Oligonucleotides were from OSWEL and polynucleotides were from
Pharmacia or Sigma. Plasmid pBRTMHCV(1–3011) was from C. Rice
(Grakoui et al., 1993) and β-galactosidase control plasmid was from
Novagen. Plasmid pHEX-NS5A}B encodes amino acids 2328–2516 of
HCV NS5 spanning the NS5A}B cleavage site fused to a six-histidine
tag. The parental vector, pHEX, was supplied by G. Reid (MRC,

Retrovirus Research Laboratory, University of Glasgow, UK) and was
constructed by replacing the GST coding region of pGEX-2T with a six-
histidine tag. pHEX-NS5A}B was expressed in E. coli to form inclusion
bodies. These were isolated in the same way as for NS3 to provide a
negative control protein for NTPase and helicase activities.

+ Cloning, expression and isolation of HCV NS3 wild-type
and mutant proteins. The full-length NS3 coding sequence was
amplified by PCR from plasmid pBRTMHCV(1–3011) using the sense
primer 5« GCGCCATATGGCGCCCATCACGGCG 3« and antisense
primer 5« GCGCGGATCCTTACGTGACGACCTCCAG 3« which were
designed to introduce a 5« NdeI restriction site and 3« BamHI restriction
site. PCR was for 4 min at 95 °C followed by 20 cycles of 1 min 94 °C,
1 min 55 °C and 1 min 72 °C using Taq polymerase (Boehringer
Mannheim). The PCR product was ligated into pCRII vector (Invitrogen)
to create the construct pCRNS3. The NS3 gene was excised as an
NdeI–BamHI fragment and ligated into NdeI- and BamHI-digested
pET16b vector (Novagen) to produce plasmid pAW3(1027–1657). E. coli
strain JM109(DE3) harbouring pAW3(1027–1657) was grown at 37 °C
in LB media containing ampicillin to an OD

'!!
of 0±5 and then cooled to

30 °C. Expression was induced by the addition of 0±5 mM IPTG and
growth continued at 25 °C for 3 h. The cells were then harvested by
centrifugation at 2000 g for 15 min at 4 °C and the pellet was
resuspended in 10 ml PBS per 100 ml original culture. Inclusion bodies
containing NS3 protein were purified as follows. Aliquots of 10 ml were
sonicated using a Mistral Soniprep on ice for four pulses of 15 s at 21 µm
and the insoluble material was harvested by centrifugation at 7000 g for
10 min at 4 °C. The insoluble protein was resuspended in PBS and the
process repeated four times. Finally, the pellet was resuspended in 5 ml
8 M urea in PBS, centrifuged as before and the supernatant retained. The
urea-solubilized NS3 was diluted to 0±2 mg}ml with 8 M urea in PBS and
the urea removed by stepwise dialysis against 20 vols buffer A [25 mM
Tris–HCl (pH 7±2), 10% (v}v) glycerol, 50 mM NaCl, 1 mM DTT, 0±1%
CHAPS] containing 4 M, 2 M, 1 M urea, then three buffer changes
without urea. Each dialysis step was for a minimum of 2 h. The sample
was clarified by centrifugation at 70000 g for 30 min at 4 °C and dialysed
against buffer A containing 50% glycerol for 24 h and stored at ®20 °C.
NS3 mutants were made by the introduction of point mutations to the
plasmid pAW3(1027–1657) using the Chameleon kit (Stratagene). The
presence of the desired mutation was confirmed by DNA sequencing
using an ABI automated sequencer. NS3 mutant proteins were expressed
and purified as above.

+ NTPase assay. NTPase assays were performed using two methods.
The first was a colorimetric method performed in a 96-well plate using a
malachite green reagent. In a 20 µl volume, 6 pmol enzyme, 25 mM
Tris–HCl (pH 7±5), 5 mM MgCl

#
, 0±5 mM ATP and 1±5 mM polyuridylic

acid (except where indicated) were incubated for 30 min at 25 °C. The
reaction was stopped with the addition of 50 mM EDTA and the colour
was developed by the addition of 200 µl AM}MG reagent (0±034%
malachite green, 1±05% ammonium molybdate and 0±04% Tween 20 in
1 M HCl). After 5 min 30 µl 34% (w}v) trisodium citrate was added and
the A

'$!
read. The amount of NTP hydrolysed was then calculated from

an inorganic phosphate standard curve.
For the second assay, 3 pmol enzyme, 25 mM Tris–HCl (pH 7±5),

5 mM MgCl
#
, 0±1 mM ATP, 1±5 mM polyuridylic acid and 1±25 µCi [α-

$#P] ATP or [γ-$#P]ATP were incubated for 30 min at 25 °C and the
reaction was stopped with 50 mM EDTA. Samples were dotted on to
sheets of PEI cellulose and then substrate and products separated by
ascending chromatography in 0±4 M KH

#
PO

%
(pH 3±4). The chroma-

togram was air dried and exposed to X-ray film. Regions corresponding
to substrate and product were cut out and the bands quantified using a
Packard liquid scintillation counter.
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+ Helicase activity. The helicase substrate was prepared as follows. A
shorter oligonucleotide (release strand) of sequence 5« TATCTGTCG-
AGCTCGCTCGATGATCCTCTAGAGTCGAC was $#P end-labelled
using T4 polynucleotide kinase. This was annealed to a larger
oligonucleotide (template strand) of sequence 5« GAATACAGACTT-
GACGTGCAGGTCGACTCTAGAGGATCATCGAGCGAGCTCG-
TATTCCGGTCTCGCTATAGTGAGTCGTATTAATGTCGATAA-
GCCAG by heating to 90 °C for 5 min and allowing to cool to room
temperature overnight. Annealed oligonucleotides were purified from
unannealed using nick spin columns (Boehringer Mannheim). The helicase
reaction was for 60 min at 37 °C in 15 µl containing 50 mM MOPS
(pH 6±5), 5 mM ATP, 3 mM MgCl

#
, 2 mM DTT, 0±25 (w}v) mg}ml

BSA, 0±3 pmol substrate and 4±5 pmol enzyme. 10 µl of the reaction was
added to 5 µl load buffer [100 mM Tris–HCl (pH 8±0), 40% (w}v)
sucrose, 100 mM EDTA, 1% (w}v) SDS, 0±01% (w}v) bromophenol
blue] and the products were resolved using a 15% TBE–PAGE gel. The
gel was dried and autoradiographed and unwinding was quantified by
PhosphorImage analysis using ImageQuant software.

Results
Expression of wild-type NS3

Full-length NS3 (amino acids 1027–1657) was expressed as
a histidine-tagged fusion protein in E. coli and isolated in a
purified form from inclusion bodies. Expression of NS3 was
confirmed by SDS–PAGE analysis and Western blot (Fig. 1).
The observed size of approximately 70 kDa was consistent
with the size estimated by sequence analysis. Soluble protein

Fig. 1 Fig. 2

Fig. 1. SDS–PAGE analysis of full-length NS3 expression and purification performed using a 10% (w/v) acrylamide gel. (A)
Coomassie stain. (B) Western blot using NS3-7 (1/3000) NS3 antisera for detection. Lane 1, molecular mass markers with
sizes in kDa shown; 2, β-galactosidase-expressing control ; 3, total cell extract ; 4, soluble extract ; 5, isolated and purified
inclusion bodies containing NS3.

Fig. 2. (A) Poly(U)-stimulated NTPase activity of NS3. NS3; full-length NS3 protein isolated from inclusion bodies. Control ;
corresponding preparation from pHEX-NS5A/B expression. Reactions were done in the presence (­) or absence (®) of
1±5 mM poly(U). (B) Unwinding of DNA duplex by NS3. ®E, no NS3; ®A, no ATP; S, ATP replaced with ATP-γS; E, NS3 and
standard assay conditions ; B, boiled substrate.

was recovered as described above, with a yield of approxi-
mately 5 mg per litre of bacterial culture. Smaller immuno-
reactive species not present in control expressions were
observed corresponding to a low level of degradation of NS3
(Fig. 1B). The major degradation product was of approximately
45 kDa and was observed by Western blot in the purified
sample (Fig. 1B, lane 5). This product was not detectable by
Coomassie staining and therefore constitutes a very small
fraction of total protein in the sample. A similar pattern of NS3
degradation has been observed by others when expressed in E.
coli (Suzich et al., 1993 ; Kim et al., 1995) and insect cells (Gwack
et al., 1995 ; Jin & Peterson, 1995).

Optimization of conditions for NTPase and helicase
activities of NS3

NTPase activity of NS3 was shown to be stimulated by
poly(U). This activity was absent in an identical protein sample
harvested from E. coli containing the control plasmid pHEX-
NS5A}B (Fig. 2A). NS3 NTPase activity was inhibited by pre-
incubation with sera from an HCV-positive patient with a
demonstrated affinity for NS3 (data not shown). Unwinding of
a DNA duplex by NS3 was demonstrated (Fig. 2B). Unwinding
was not observed in the absence of ATP nor when ATP was
replaced with the non-hydrolysable analogue ATP-γS. These
activities were characterized with respect to monovalent and

HAD



A. D. Wardell and othersA. D. Wardell and others

Fig. 3. Effect of polynucleotides, Mg2+, pH and NaCl on NTPase and helicase activities (U, NTPase; +, helicase). (A)
Dependence on Mg2+ at 0±5 mM ATP (NTPase) and 5 mM ATP (helicase). (B) NaCl titration. (C) Effect of pH on helicase and
NTPase activity. Buffers used for pH titration were 50 mM MES pH 5±5 and 6±0, 50 mM MOPS–KOH pH 6±5, 7±0 and 7±5, and
50 mM Tris–HCl pH 8±0 and 8±5. All buffers were standardized at assay temperature. (D) Poly(U) stimulation of NTPase
activity. Values of polynucleotide used are in µM polynucleotide. Effects of each variable were determined using the malachite
green NTPase assay and helicase assay described above. These results show the average of two experiments. Duplicate data-
points varied by less than 20%.

divalent cations, poly(U) and pH (Fig. 3A–D). NTPase activity
was shown to be dependent on the presence of poly(U), with
optimal stimulation above 750 µM. Activity was barely
detectable in the absence of the polynucleotide cofactor. Mg#+

was required for both activities ; under the conditions tested
both activities steadily increased to an optimum MgCl

#
concentration of 3 mM. Mg#+ concentrations greater than
3 mM had little effect on NTPase activity but drastically
reduced helicase activity. NTPase activity was significantly
less sensitive to pH and monovalent salt than helicase activity.
NTPase activity peaked at pH 7±5 and was relatively unaffected
over the range pH 6±5–8±0. However, helicase activity was
maximal at pH 6±5 but was reduced to 50% maximum by a
change of ³0±5 pH units. Helicase activity was reduced to
10% in the presence of 50 mM NaCl, and zero with 150 mM.
NTPase was much less affected ; activity was still detected at
200 mM NaCl. KCl showed a similar effect on helicase activity
(data not shown).

Optimal conditions were determined to be 5 mM MgCl
#
,

0±5 mM ATP, 750 µM poly(U), pH 7±5 for NTPase activity
and 3 mM MgCl

#
, 5 mM ATP, pH 6±5 for helicase activity.

Both activities were optimal in the absence of NaCl. These
conditions were used for further analysis of the activities.

Polynucleotide stimulation and kinetic analysis of
NTPase activity

The stimulatory effects of different polynucleotides on
NTPase activity were examined. All polynucleotides tested
were able to stimulate ATP hydrolysis (Fig. 4A). Poly(U)
demonstrated the greatest stimulation of NTPase activity
showing an approximately 7-fold increase over activity in the
absence of polynucleotide. This stimulation was twice that of
poly(C), the next best cofactor. All other polynucleotides
tested in this study stimulated activity between 2 and 3-fold.

The hydrolysis of other NTPs in addition to ATP by HCV
NS3 was also studied (Fig. 4B). The kinetic parameters k

cat

(turnover number) and K
m

(Michaelis constant) were de-
termined from Lineweaver–Burk plots of hydrolysis activity
for different concentrations of substrate. The k

cat
}K

m
value

was calculated for each substrate and is a measure of the overall
activity of the enzyme for that substrate. ATP was the best
substrate for NS3 showing the highest turnover (32±4 min−")
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Fig. 4. (A) The ability of different polynucleotides to stimulate NS3
NTPase activity was assayed using the radioactive method as described in
Methods. When used, polynucleotide cofactor was included at 1±5 mM
(nucleotides). Stimulation was calculated as a factor of activity in the
absence of cofactor, which was taken to be 1±0. (B) Km and kcat values for
NTPase substrates determined from Lineweaver–Burk plots of NTP
hydrolysis measured using the malachite green assay over 30 min, with
0±1, 0±25, 0±5, 0±75, 1±0 mM substrate in the presence of 5 µM poly(U).
MgCl2 concentration was maintained at 4±5 mM above NTP level. Data
shown represent the average of two experiments. Duplicate data-points
varied by less than 20%.

and k
cat

}K
m

value (116 mM−" min−"). GTP and dGTP were
the poorest substrates for NS3.

NTP utilization for helicase activity

The ability of NS3 to utilize different NTPs as energy
sources for unwinding of a DNA duplex was examined. NS3
was able to unwind the substrate with all NTPs tested but to
different degrees (Fig. 5). Most unwinding was observed with
ATP, CTP and dTTP. UTP, dATP and dCTP were equal in
their ability to provide an energy source for unwinding (50%
maximal activity) whereas GTP and dGTP were the poorest
source of energy for unwinding (25% of maximal activity).

Generation of NS3 mutants

The effect of mutations to conserved domains of the
DEAD-box family of helicases known to be required for

Fig. 5. Ability of NTPs to drive duplex unwinding. ATP, GTP, CTP, UTP,
dATP, dGTP, dCTP and dTTP were tested for their ability to act as an
energy source for duplex unwinding. Each nucleotide was present at
5 mM and all other conditions were standard (see Methods). Data shown
represent the average of two experiments. Duplicate data-points varied by
less than 20%.

activity were studied. Amino acid substitutions were made at
six positions (K

"#$'
, D

"$"'
, E

"$"(
, C

"$")
, Q

"%)'
and R

"%*$
) based

on previous mutational studies of HCV NS3 and related
helicases (Gross & Shuman, 1995, 1996 ; Kim et al., 1997) and
crystallography data (Kim et al., 1998) (Fig. 6A). These residues
are proposed to be involved in either the binding and
hydrolysis of ATP or the coupling of unwinding to NTPase
activity. The mutants were named according to the substituted
amino acid and position. Plasmids carrying the desired
mutation were expressed in E. coli and purified as described
above for wild-type NS3 and similar yields of soluble protein
recovered (Fig. 6B).

NTPase and helicase activities of NS3 mutants

Each mutant was tested for NTPase and helicase activity
(Fig. 6 C–E). Substitution of D

"$"'
for alanine (motif II)

destroyed both NTPase and helicase activities. Mutants E
"$"(

A
(motif II) and R

"%*$
K (motif VI) showed only the basal level of

each activity compared to the NS5A}B inclusion body control.
Substitution of the lysine residue of motif I (K

"#$'
A) resulted in

the loss of helicase activity but retention of 27% wild-type
NTPase activity. Similarly the mutant Q

"%)'
H (motif VI)

possessed 34% wild-type NTPase activity but helicase activity
was detectable only at basal level. Mutation of the variable
residue of motif II (C

"$")
S) had little effect on NTPase activity

but reduced helicase activity to 20% of wild-type.

Discussion
Previously, most work demonstrating the helicase and

NTPase activities of NS3 has been carried out with the helicase
domain expressed alone (Suzich et al., 1993 ; Tai et al., 1996)
due to the difficulties involved in the isolation of full-length
soluble protein. Recently, using a full-length NS3–NS4A
complex isolated from transfected COS cells (Morgenstern et
al., 1997), it has been demonstrated that NS3 protease activity

HAF
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Fig. 6. Mutational analysis of NS3 NTPase and helicase activities. (A) Conserved motifs I, II and VI of DEAD-box helicases in
relation to NS3 protein with protease domain shown (PRO). The amino acid residues substituted in this study and nomenclature
of the mutants are shown. (B) SDS–PAGE analysis of purified NS3 mutants. Proteins were resolved using 10% (w/v)
acrylamide and stained with Coomassie blue. (C) Helicase and NTPase activities of NS3 mutants displayed as a histogram; all
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Fig. 7. Schematic representation of the NS3 NTP-binding pocket between
domains I (DI) and II (DII) relative to RNA binding as proposed (Kim et al.,
1998); adapted from this reference. Conserved amino acid motifs I
(G1233SGKS1237), II (D1316ECH1319) and VI (Q1486RRGRTGR1493) are
shown. Amino acids substituted in this study are shown in bold. An ATP
molecule is shown interacting with specific residues in DI and DII.

is stimulated by poly(U) This suggests that the two domains of
NS3 may influence the activities of one another, and conse-
quently provide a possible mechanism of regulation of their
activities. In addition, NS3 has been shown to interact with
host cell proteins such as protein kinase A and the tumour
suppressor p53 and to affect their activities (Borowski et al.,
1996, 1997 ; Ishido et al., 1997 ; Muramatsu et al., 1997). These
interactions, which affect the subcellular localization of NS3,
are proposed to be due to the presence of further domains
within the protein. It is therefore important to characterize full-
length NS3 in order to fully understand its role in virus
replication and how it may affect host cell functions.

In this study we have demonstrated the NTPase and
helicase activities of full-length HCV NS3 expressed in E. coli
and studied the effect of mutations on these activities. NS3
expressed in E. coli formed inclusion bodies which were
purified and then refolded through a denaturation}renaturation
procedure. This refolding strategy was necessary due to the
very low levels of soluble NS3 observed in the cell extracts. It
proved impossible to purify this apparently soluble moiety
which is likely to be carry-over insoluble protein. NTPase and
helicase activities were shown for NS3 protein isolated in this
way. Activity was absent from control extracts of pHEXN-
S5A}B expressed in E. coli ; this demonstrates that these were
authentic activities of NS3 and not those of an E. coli-derived
contaminant.

Optimal conditions for helicase and NTPase activity were
shown to be similar to those previously reported for the
helicase domain expressed alone (Suzich et al., 1993 ; Tai et al.,
1996). However, NTPase activity was more stable at pH

activities are expressed as a percentage of wild-type (WT) activity. Data shown represent the average of two experiments and
duplicate data-points varied by less than 20%. (D) Helicase activity of NS3 mutants (migration of release strand arrowed). (E)
NTPase activity of NS3 mutants (positions of ATP and Pi indicated). WT, wild-type NS3; mutants KA, K1236A; DA, D1316A; EA,
E1317A; CS, C1318S ; QH, Q1486H; RK, R1493K. Control samples : O; no protein ; NS5, NS5 polypeptide inclusion body control.

greater than 7±0 than the helicase domain alone, as has also
been shown with NS3–NS4A (Morgenstern et al., 1997). In
contrast, helicase activity was optimal at pH 6±5 both in our
study and for the helicase domain alone (Tai et al., 1996). The
pH requirement for helicase activity of the NS3–NS4A protein
was not shown (Morgenstern et al., 1997). The difference
between the pH optima of NTPase activity in full-length NS3
and the helicase domain may be a result of the protease domain
stabilizing the structure of the helicase domain. An interesting
difference observed between poly(U)-stimulated NTPase ac-
tivity and helicase activity was the effect of monovalent
cations. Helicase activity was much more sensitive to Na+ than
was NTPase activity. This suggests that salt does not
significantly affect NTP or polynucleotide binding but has an
effect on either NS3 translocation, duplex separation or release
of ssDNA.

The NTPase activity of NS3 was shown to be stimulated by
all the polynucleotides tested. Poly(U) demonstrated the
greatest stimulation, an enhancement of approximately 7-fold
over activity in the absence of any polynucleotide. The other
polynucleotides stimulated activity by 2- to 3±5-fold. In a study
of the NS3 helicase domain (Suzich et al., 1993) poly(U) was
also shown to have the greatest stimulatory effect. However,
poly(G) appeared to inhibit activity. The significance of this is
unclear since in our study poly(G) clearly stimulated activity
(by 2-fold) which could represent a difference in the bio-
chemical properties of full-length and helicase domain proteins.

The ability of different NTPs to act as a substrate of full-
length NS3 and provide an energy source for helicase activity
was investigated. All NTPs tested were able to be hydrolysed
by NS3 in the order ATP" dTTP"CTP¯ dATP¯ dCTP
"UTP"GTP" dGTP. Previous studies of the substrate
preferences of NTPase activities of helicase domain alone
produced a similar profile (Suzich et al., 1993). All NTPs were
also able to be used by full-length NS3 to provide a source of
energy for DNA duplex unwinding with a similar profile to
their ability to be hydrolysed (ATP¯ dTTP¯CTP dATP¯
dCTP¯UTP GTP¯ dGTP). The slight differences between
the abilities of the substrates to be hydrolysed and provide an
energy source for unwinding may be a result of the different
reaction conditions of NTPase and helicase assays, or a result
of stabilization of unwound duplex by different NTPs.

HCV NS4A is an NS3 cofactor which binds to its N
terminus and is required for optimal NS3 protease activity. It
should be considered that NS4A binding may affect helicase
and NTPase activities since poly(U) binding by NS3 has been
shown to affect protease activity. The full-length NS3
described here may now be employed to investigate the effects
of NS4A on helicase and NTPase activities.
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The effects of mutating the conserved motifs of DEAD-box
NTPase}helicases have been studied and related to the
proposed mechanism of ATP hydrolysis and helicase activity
(Kim et al., 1998). According to this model, the ATP molecule
lies in an interdomain cleft where the β- and γ-phosphates
interact with the phosphate-binding loop of motif I and with
the acidic residues (D

"$"'
and E

"$"(
) of motif II via Mg#+. The

binding of arginine residues of motif VI to the β- and γ-
phosphates closes the domain resulting in translocation of NS3
and unwinding of the bound duplex (Fig. 7). It is suggested that
H

"$"*
and Q

"%)'
of motifs II and VI interact to assist opening

and closing of this domain, thus coupling NTPase activity to
unwinding. The mutagenesis data presented here, which
demonstrate that D

"$"'
and E

"$"(
of motif II and R

"%*$
of motif

VI are required for NTPase activity and that C
"$")

of motif II
is not essential, support this mechanism. The observation that
Q

"%)'
H retains one-third of wild-type NTPase activity and yet

is unable to unwind duplex DNA is consistent with the
proposal that Q

"%)'
is involved in the coupling of NTPase to

helicase activity but not directly involved in NTP hydrolysis.
Substitution of the invariant lysine of motif I (K

"#$'
) for

alanine in mutant K
"#$'

A resulted in 30% of wild-type NTPase
activity. This observation was also made with the NS3 helicase
domain alone (Kim et al., 1997). However, this residue is
present in all members of the DEAD-box family and is required
for the binding of ATP by its side-chains. It has been shown to
be essential for NTP hydrolysis in the closely related helicase
of vaccinia virus, NPH-II (Gross & Shuman, 1995). Therefore,
the dispensable nature of this residue was unexpected.
Mutational studies of the NTPase activity of E. coli rho protein
have shown that an alternate lysine residue is able to
compensate for a similar mutation (Dombroski et al., 1988) and
it is possible that the proximal lysine (K

"#$*
) of HCV NS3 is

also able to compensate for this mutation.
Mutant C

"$")
S was demonstrated to have almost full

NTPase activity and retained 20% wild-type helicase activity.
This was in contrast to previous observations (Kim et al., 1997)
where mutational analysis of the helicase domain showed this
mutation to abrogate both activities. In this study, substitution
of this residue for glycine reduced NTPase activity but had
little effect on helicase activity. Structural data have demon-
strated that the cysteine residue is buried within the secondary
structure (Kim et al., 1998). These data suggest that the
cysteine residue is not involved in the catalysis of hydrolysis or
unwinding but that the introduction of novel side-chains
reduces activity. The amino acid serine possesses a polar side-
chain containing a hydroxyl group. It is possible that this side-
chain is solvent exposed and interferes with the opening and
closing of the two domains as shown (Fig. 7), thus affecting
protein translocation and therefore unwinding. The effect on
NTPase activity may be a result of side-chains interfering with
nucleotide binding or due to uncoupling of the two activities.
That this change has a greater effect on helicase activity of
helicase domain than full-length NS3 suggests the presence of

structural differences that stabilize the active conformation in
full-length NS3, thereby partially overcoming the effect of this
mutation.

Here we have characterized the helicase and NTPase
activities of the full-length HCV NS3 protein and have shown
that optimal conditions and enzyme kinetics are essentially the
same as for helicase domain alone. There were exceptions to
this. For example, NTPase activity was more stable across a pH
range in full-length NS3 than helicase domain. Differences
were also observed where C

"$")
, the variable residue of the

DExH motif, was substituted for serine. This substitution was
deleterious to both activities in the helicase domain alone but
had little effect on NTPase and reduced helicase activity to
only 20% of wild-type in full-length NS3. These results
suggest subtle differences between activities of full-length and
helicase domain NS3 which may be important for studying the
biological role of NS3 and for the development of inhibitory
compounds.
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