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ABSTRACT: The hepatitis C virus (HCV) NS3 protein contains an amino terminal protease (NS3 aa. 1-180)
and a carboxyl terminal RNA helicase (NS3 aa. 181-631). NS3 functions as a heterodimer of NS3 and
NS4A (NS3/4A). NS3 helicase, a nucleic acid stimulated ATPase, can unwind RNA, DNA, and RNA:DNA
duplexes, provided that at least one strand of the duplex contains a single-stranded 3′ overhang (this
strand of the duplex is referred to as the 3′ strand). We have used 2′-O-methyl RNA (MeRNA) substrates
to study the mechanism of NS3 helicase activity and to probe the relationship between its helicase and
RNA-stimulated ATPase activities. NS3/4A did not unwind double-stranded (ds) MeRNA. NS3/4A unwinds
hybrid RNA:MeRNA duplex containing MeRNA as the 5′ strand but not hybrid duplex containing MeRNA
as the 3′ strand. The helicase activity of NS3/4A was 50% inhibited by 40 nM single-stranded (ss) RNA
but only 35% inhibited by 320 nM ss MeRNA. Double-stranded RNA was 17 times as effective as double-
stranded MeRNA in inhibiting NS3/4A helicase activity, while the apparent affinity of NS3/4A for ds
MeRNA differed from ds RNA by only 2.4-fold. However ss MeRNA stimulated NS3/4A ATPase activity
similar to ss RNA. These results indicate that the helicase mechanism involves 3′ to 5′ procession of the
NS3 helicase along the 3′ strand and only weak association of the enzyme with the displaced 5′ strand.
Further, our findings show that maximum stimulation of NS3 ATPase activity by ss nucleic acid is not
directly related to procession of the helicase along the 3′ strand.

Hepatitis C virus (HCV),1 a positive strand RNA virus, is
a member of the genusFlaViViridae and is the major cause
of parenterally transmitted and community acquired non-A,
non-B hepatitis (1-5). Approximately 1% of the world’s
population is affected by the disease (6, 7), and since over
50% of these individuals develop a chronic HCV infection,
which is associated with the development of liver cirrhosis
and hepatocellular carcinoma (8, 9), there is an acute need
to develop effective antiviral therapies to cure HCV associ-
ated hepatitis.

The genome of HCV contains 5′ and 3′ untranslated
regions, which flank a single open reading frame encoding
a polyprotein of approximately 3010 residues (10-13). The
HCV polyprotein is processed by host and viral proteases
into 10 mature proteins, including 6 nonstructural proteins:
NS2; NS3; NS4A; NS4B; NS5A; NS5B (14-19). The N
terminal portion of NS3 (NS3 residues 1-180) contains a

chymotrypsin-like catalytic site and processes the nonstruc-
tural proteins downstream of the NS2-NS3 junction (20).
The NS3-NS4A junction is cleaved in cis and yields a
tightly associated heterodimer (NS3/4A) of NS3 and the 54
residue NS4A protein (21). The NS4A protein binds to the
amino terminal portion of the NS3 protease domain and is a
cofactor of NS3 protease activity (22-24).

The carboxyl terminal domain of NS3 (NS3 residues 181-
631) contains all of the consensus sequences of a DEXH
box RNA helicase/ATPase (25-27). We recently published
the structure of this protein. Its three domains form a
triangular molecule, which contains a deep groove separating
its flexibly linked second domain from its closely packed N
and C terminal domains (28). HCV NS3 possesses NTPase
dependent ds RNA, ds DNA, and DNA/RNA hybrid duplex
unwinding activity, but requires the presence of a 3′ single
stranded region in the helicase substrate for unwinding to
occur (29, 30). Although it shows marginal preference for
ATP as its substrate, HCV NS3 can also use other NTPs
and dNTPs, and possesses both nucleic acid stimulated and
nucleic acid independent NTPase activity (25). The NTPase
activity of NS3 is stimulated by both ss DNA and ss RNA,
with polyU and polydU being the preferred polynucleotides
(25, 29). The relative stimulation of HCV NS3 ATPase
activity by polydeoxynucleotides is greater than that observed
for related Pestivirus and Flavivirus enzymes (25). Because
of the clinical significance of HCV, it would be beneficial
to detect any unique features of its NS3 helicase. In the study
presented here, we examine 2′-O-methyl RNA (MeRNA) as
a helicase substrate for NS3/4A and as nucleic acid cofactor
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1 Abbreviations: ATP, adenosine 5′-triphosphate; BSA, bovine serum
albumin; ds, double stranded; dNTP, deoxynucleotide 5′-triphosphate;
DTT, dithiothreitol; ds, double stranded; EDTA, ethylenediamine-
tetraacetic acid; HCV, hepatitis C virus; LSC, liquid scintillation
counting; MeRNA, 2′-O-methyl RNA; Me-uridylate, oligo form of 2′-
O-methyl uridylate; MOPS, 3-(N-morpholino)propanesulfonic acid; NS,
nonstructural protein; NTP, nucleotide 5′-triphosphate; PAGE, poly-
acrylamide gel electrophoresis; polydU, poly(deoxyuridylate); polyU,
poly(uridylate); SDS, sodium dodecyl sulfate; Sf9,Spodoptera
frugiperda; ss, single stranded; TBE, 100 mM Tris/pH 8.3/90 mM
borate/1 mM EDTA; TE, 10 mM TrisCl/pH 7.7/1 mM EDTA; TLC,
thin-layer chromatography; Tris, tris(hydroxymethyl)aminomethane;
U40, 40 base oligo form of uridylate.
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in its ATPase stimulation, to probe the mechanism of NS3/
4A helicase activity and to study the relationship between
its helicase and RNA-stimulated ATPase activities.

EXPERIMENTAL PROCEDURES

Materials. ATP was obtained from Sigma (St. Louis, MO).
PolyU was obtained from Pharmacia (Piscataway, NJ). [γ32P]-
ATP was obtained from Amersham Corp. (Arlington Heights,
IL). Purified RNA and 2′-O-methyl RNA (MeRNA) oligos
were obtained from CyberSyn (Lenni, PA). PEI Cellulose-F
TLC sheets were obtained from EM Science (Gibbstown,
NJ). RNase block was obtained from Stratagene (La Jolla,
CA). T4 polynucleotide kinase was obtained from New
England Biolabs (Beverly, MA).

HCV NS3 Helicase Constructs. Residues are numbered
according to their position in the NS3 protein. NS3/4A (H/
1a) was cloned in a baculovirus vector, expressed in Sf9 cells,
and purified as previously described (21). NS3/4A, the
product of cis cleavage, is a heterodimer consisting of NS3
residues 1-631 (containing an amino terminal extension
consisting of the seven residual residues of an engineered
thrombin cleavage site) and the 54 residue NS4A protein,
which is bound tightly to the amino terminal portion of the
protease domain of NS3 (21, 31). Purified NS3 Helicase (H/
1a), consisting of NS3 residues 181-631, was prepared as
previously described (28).

Helicase Substrates and Nucleic Acid Oligos. The sub-
strates for the helicase assay were based on the design of
Lee and Hurwitz (21, 32). In helicase substrates containing
one blunt end and one 3′ overhang, the strand contributing
the 3′ single strand is referred to as the 3′ strand, and its
complementary strand is referred to as the 5′ strand. The
base sequence is identical in the duplex region of each
substrate and contains 21 base pairs.

RNA and MeRNA versions of substrate E were prepared.
Both strands of substrates A and F were composed of RNA.
Both strands of substrates D and G were composed of
MeRNA. Substrates B and C were RNA:MeRNA duplexes.
Substrate B contained an RNA 3′ strand. Substrate C
contained a MeRNA 3′ strand. The substrates were labeled
by phosphorylating the 5′ terminus of the 38 base E1 strand
(in the case of substrates E, A, B, and D) or the 5′ terminus
of the 21 base A2 strand (in the case of substrates C, F, and
G) with T4 polynucleotide kinase and [γ32P]ATP (33). For
annealing, each labeled strand was desalted on a Biorad
Biospin column equilibrated with TE and then mixed with
a 1.5 molar ratio of the complementary strand in TE. The

mixture was heated to 94°C in a heating block, and the
strands were allowed to anneal as the mixture cooled to 23°C
over 4 h. The concentration of duplex helicase substrate
stocks was calculated from the concentration of the labeled
strand, with an estimate of 85% oligo recovery from the
BioSpin column.

Helicase Assay. Helicase activity measurement was based
on published methods (34). The indicated concentration of
NS3/4A was assayed in a 20µL volume containing 0.1 M
sodium MOPS buffer, pH 7.2, 0.4 U/µL RNase Block, 4
mM ATP, 2.5 mM MgCl2, 2.4 mM DTT, and 0.18 mg/mL
BSA. After incubation at 37°C for 1 h, the activity was
quenched with 4µL of 0.5 M EDTA and 30µL of 0.125 M
TrisCl, pH 6.8, 20% glycerol, 2% SDS, 0.01% bromophenol
blue, and 10%â-mercaptoethanol. The samples were frac-
tionated by electrophoresis on 15% polyacrylamide gels run
at 30 mA per gel a 4°C in Tris/glycine/SDS. The dried gels
were autoradiographed, and32P in the bands corresponding
to ss RNA or ds RNA was measured by LSC.

ATPase Assay. ATPase activity was determined by mea-
suring orthophosphate generation using TLC (35). In this
assay 60 nM NS3/4A was incubated at 25°C with the
indicated concentrations of nucleic acid in 100µL of 0.1 M
sodium MOPS buffer, pH 7.2, 0.2 mg/mL BSA, 0.2 mM
DTT, 2.5 mM MgCl2, and 3 mM Mg-ATP (containing
[γ32P]ATP). Aliquots were quenched at selected times with
one volume of 0.5 M EDTA and spotted on PEI-cellulose
TLC sheets, which were then developed with 0.375 M
potassium phosphate at pH 3.5. The dried sheets were
autoradiographed, and32P in the regions corresponding to
ATP or orthophosphate was measured by LSC.

Gel Shift Assay. The indicated concentrations of NS3/4A
or NS3 Helicase were incubated at 22°C with 1.2 nM of 5′
32P-labeled RNA or MeRNA oligos in 50µL of 0.1 M
sodium MOPS buffer, pH 7.2, 2.5 mM MgCl2, 0.2 mM DTT,
and 90µg/mL BSA for 1 h. A 10µL volume of 50% glycerol
was then added, and each sample was fractionated by 8%
or 15% nondenaturing PAGE in 1 X TBE at 30 mA per gel
at 4 °C (36). Free RNA or MeRNA was detected by
autoradiography, and32P in the corresponding gel region was
measured by LSC.

General Methods. Quantitative UV absorption measure-
ments of ATP and RNA were made in 20 mM sodium
phosphate, pH 7.0, and 0.1 M NaCl. The concentration of
ATP was determined using anε259 of 15.4× 104 M-1 cm-1.
The concentrations of polyU and U40 were determined using
a baseε260 of 9.35 × 103 M-1 cm-1. Estimates of the
concentration of strand E1, strand E2, strand A2, and strand
F1 were based on calculatedε260 (M-1 cm-1) of 3.85× 105,
3.65 × 105, 1.97× 105 and 3.47× 105, respectively. The
protein concentrations of NS3/4A and NS3 helicase were
routinely determined by the method of Bradford (37) and
were correlated to values determined by amino acid analysis.

RESULTS

MeRNA as a Helicase Substrate. The suitability of ds RNA
species as helicase substrates was assessed by assaying the
unwinding of a fixed concentration of substrate with increas-
ing concentrations of NS3/4A. In Figure 1, the unwinding
of RNA substrate E by NS3/4A showed a linear response
to enzyme addition up to a concentration of 32 nM, but
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MeRNA substrate E was not unwound at any helicase
concentration tested.

RNA and MeRNA Helicase Substrates with a 3′ Uridylate
Single Strand. To study whether the RNA/MeRNA substrate
specificity of NS3/4A might be explained by affinity
differences for the single-stranded region of the substrate’s
3′ strand, duplex helicase substrates were constructed which
contained one blunt end and a single 17 base 3′ overhang
consisting of uridylate. The substrates consisted entirely of
RNA or entirely of MeRNA (substrates F and G, respec-
tively, in Experimental Procedures) and contained identical
base sequences. We posited that the preference of NS3/4A
for single-stranded oligos of uridylate for stimulation of its
ATPase activity (25, 29) might overcome any affinity related
effects precluding the unwinding of MeRNA substrates. The
results in Figure 2 indicate that only the RNA substrate
containing the 3′ uridylate single-stranded region was
unwound by NS3/4A. The MeRNA substrate containing the
3′ Me-uridylate single-stranded region was not unwound by
NS3/4A. The Me-uridylate sequence in the single-stranded
3′ overhang did not improve the suitability of MeRNA as a
helicase substrate.

Strand Orientation and Helicase Substrate SelectiVity. To
determine the basis for the selectivity of NS3/4A for RNA
over MeRNA in the helicase assay, four helicase substrates
were constructed. Each of these substrates consisted of strand
E1 annealed to strand A2. All of the substrates contained
one blunt end and a single 17 base 3′ overhang, which was
contributed by strand E1 (the 3′ strand). The entire base
sequence of all four substrates was identical. Substrates A
and D consisted of RNA and MeRNA versions of this sub-
strate, respectively. Substrates B and C were hybrid versions
of the substrate: substrate B contained MeRNA in the 5′
strand; substrate C contained MeRNA in the 3′ strand. The
helicase activity of NS3/4A with each of these substrates is
summarized in Figure 3. Substrates A and B were unwound
by NS3/4A to a similar extent, but no measurable proportion
of substrates C or D were unwound, even by NS3/4A

concentrations as high as 130 nM. Helicase substrate
containing MeRNA only in the 5′ strand is unwound by
NS3/4A as efficiently as the homogeneous RNA substrate.

FIGURE 1: Relative duplex nucleic acid unwinding activity of NS3/
4A with RNA or MeRNA substrates. The helicase activity of the
indicated concentrations of NS3/4A were assayed as described in
Experimental Procedures with 3 nM RNA substrate E (4), or 3
nM MeRNA substrate E (0). The percent of the substrate which
was unwound after a 1 hincubation with NS3/4A at 37°C is plotted
versus NS3/4A concentration.

FIGURE 2: Effect of 17 base uridylic acid ss region on unwinding
of ds MeRNA by NS3/4A. Both substrates F and G consist of a
blunt end 21 base duplex of strands F1 and A2 with a single 17
base 3′ ss uridylic acid region contributed by strand F1 (see
Experimental Procedures). The substrates contain an identical base
sequence. Substrate F consists of RNA and substrate G consists of
MeRNA. The helicase activity was assayed as described in
Experimental Procedures, with the indicated concentrations of
NS3/4A and either 2.5 nM of RNA substrate (0) or 2.5 nM of
MeRNA substrate (4). The percent of substrate which was unwound
after a 1 h incubation with NS3/4A at 37°C is plotted versus
NS3/4A concentration.

FIGURE 3: Substrate strand specificity of NS3/4A helicase activity.
The helicase activity of NS3/4A was assayed with 4 substrates
(A-D), consisting of a duplex of strands E1 and A2, containing
one blunt end and one 17 base 3′ ss overhang contributed by strand
E1 (the 3′ strand). The base sequences of all four substrates were
identical. The helicase activity was assayed as described in
Experimental Procedures, with the indicated concentrations of
NS3/4A and 2.5 nM of either substrate A, consisting of RNA in
both strands (0); substrate B, a hybrid substrate containing an RNA
3′ strand (O); substrate C, a hybrid substrate containing a MeRNA
3′ strand (×); or substrate D, consisting of MeRNA in both strands
(4). The percent of substrate which was unwound after a 1 h
incubation with NS3/4A at 37°C is plotted versus NS3/4A
concentration.
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However, substrates containing a MeRNA 3′ strand are not
unwound by NS3/4A. This demonstrates the importance of
the 3′ strand in RNA unwinding by HCV NS3, consistent
with an RNA unwinding mechanism in which the helicase
only engages the 3′ strand.

MeRNA as an Inhibitor of Helicase ActiVity. The helicase
assay results with MeRNA substrates indicate that MeRNA
might serve as a stable model for NS3 helicase inhibitor
design. To determine whether ss MeRNA would bind at the
helicase active site with affinity comparable to ss RNA and
inhibit ds RNA unwinding, NS3/4A was assayed with
substrate E in the presence of increasing concentrations of
either RNA strand E1 or MeRNA strand E1. RNA strand
E1 is a 38 base strand and has a heterogeneous base
composition (see Experimental Procedures). The results in
Figure 4 show that ss MeRNA is a much less effective
inhibitor of NS3/4A helicase activity than ss RNA. MeRNA
containing a 21 base pair duplex region was also a poor
inhibitor of NS3/4A helicase activity relative to its RNA
counterpart. In this experiment, 2.5 nM of RNA substrate
was diluted with either cold RNA substrate or cold MeRNA
substrate in the helicase assay. Cold RNA substrate was
more than 17 times as effective as cold MeRNA substrate
in inhibiting the unwinding of labeled RNA substrate by
NS3/4A (Figure 4).

Binding Affinities of NS3/4A and NS3 Helicase for
MeRNA. We have found that double-stranded helicase
substrates containing a MeRNA 3′ strand are not unwound
by NS3/4A and that neither ss MeRNA nor ds MeRNA

competes with RNA substrate at the helicase active site as
effectively as ss RNA or ds RNA. We wished to determine
whether this is due to a difference in the binding affinities
of RNA and MeRNA for NS3. The equilibrium binding
affinities of NS3 for the nucleic acid species were compared
by gel shift assay. Because of the time necessary for the
separation of free RNA from protein-bound RNA using this
method, the NS3 protein concentrations yielding 50% binding
are only approximations of the dissociation constant (Kd) and
probably indicate an upper limit for this value. The method
is useful however for comparing the apparent equilibrium
binding affinities of nucleic acid ligands for NS3 protein.
The apparentKds of NS3/4A and ds RNA and ds MeRNA
were 45 and 110 nM, respectively (Figure 5). The apparent
Kds of NS3 Helicase and ss RNA and ss MeRNA were 32
and 107 nM, respectively (Figure 6). These small differences
between the affinities of MeRNA and RNA species for NS3/
4A and NS3 helicase cannot account for the poor productive
binding of MeRNA by helicase in the steady state, either as
helicase substrates or as inhibitors of helicase activity.

Stimulation of NS3/4A ATPase ActiVity by MeRNA. It is
useful to determine whether there is a correlation between
the preference of NS3/4A for RNA over MeRNA as the 3′
strand of the helicase substrate and the relative stimulation
of its ATPase activity by RNA, or MeRNA. To determine
this, the ATPase activity of NS3/4A was measured with or
without polyU, RNA, or MeRNA. Comparisons of the
ATPase stimulation by RNA and MeRNA oligos are listed
in Table 1 and show that MeRNA stimulates NS3/4A
ATPase activity as well or better than RNA. The effects of
MeRNA in the helicase substrate 3′ strand (Figures 2 and
3), and as a single-stranded inhibitor of NS3/4A helicase
activity (Figure 4), do not correlate with its stimulation of
ATPase activity (Table 1).

The RNA or MeRNA base compositions had a dramatic
effect on stimulation of NS3/4A ATPase activity. Uridylate
or Me-uridylate was much more potent in stimulating

FIGURE 4: Inhibition of NS3/4A helicase activity by RNA or
MeRNA. The helicase activity of 32 nM NS3/4A was assayed as
described in Experimental Procedures, with 5 nM RNA substrate
E, plus or minus the indicated concentration of either RNA strand
E1 (0) or MeRNA strand E1 (4) or with 2.5 nM substrate E, plus
or minus the indicated concentration of unlabeled RNA substrate
E (O) or unlabeled MeRNA substrate E (×). Strand E1 is a hetero-
geneous 38 base strand, containing the same sequence as the 5′
32P-labeled strand of substrate E (Experimental Procedures). Note
that base pairing of strand E1 with its complementary strand would
prevent reannealing of the labeled substrate E strand and so would
only be expected to increase the final percentage of unwound
substrate by interaction with product RNA strands. The percent of
control helicase activity is plotted versus the concentration of RNA
oligomer.

FIGURE 5: Equilibrium binding of RNA substrate E and MeRNA
substrate E by NS3/4A. The indicated concentrations of NS3/4A
were incubated with 1.2 nM 5′ 32P-labeled substrate E (4), or 1.2
nM 5′ 32P labeled MeRNA substrate E (0) at pH 7.2 and 22°C
and fractionated by nondenaturing PAGE as described in Experi-
mental Procedures. The percent of the control free RNA (sample
incubated with carrier protein minus NS3/4A) is plotted versus the
concentration of NS3/4A in the sample.
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ATPase activity than heterogeneous RNA or MeRNA (Table
1). The sensitivity of NS3 ATPase activity to stimulation
by oligos of uridylate has been reported by other investigators
(25, 29) and accounts for the effect that a 17 base stretch of
uridylate on the 3′ or 5′ side of the central E1 sequence has
on stimulation of NS3/4A ATPase activity (compare the
effect of strand E1 with strand F1 and F2 on ATPase activity
in Table 1). Addition of 125µM RNA or MeRNA strand
E1 induced only a 2.5-3-fold stimulation of NS3/4A ATPase
activity (Table 1). The results presented in Figure 4 indicate
that 40 and 320 nM concentrations of RNA strand E1 inhibit
NS3/4A helicase activity by 50% and 75%, respectively.
Even 1µM RNA strand E1 does not measurably stimulate
NS3/4A ATPase activity (data not shown).

DISCUSSION

Oligonucleotides of 2′-O-methyl RNA (MeRNA) have
been used as antisense probes of RNA processing and studied
as possible therapeutic agents (38, 39). MeRNA is resistant

to nuclease degradation (38), and though its ribose phospho-
diester backbone is sterically similar to DNA, MeRNA:RNA
duplexes exhibit greater thermal stability than the corre-
sponding DNA:RNA duplexes (38, 40). RNA helicase
substrate E was the substrate routinely used in our laboratory.
It consists of a 21 base pair duplex with heterogeneous 17
base and 15 base 3′ overhangs. Since the MeRNA version
of substrate E was found to be resistant to unwinding by
HCV NS3/4A (Figure 1), duplex and ss MeRNA oligos were
used to study the helicase mechanism of NS3/4A and to
probe the relationship between its helicase activity and its
nucleic acid stimulated ATPase activity.

We found that neither ss nor ds MeRNA (the duplex
here was helicase substrate E) inhibited the helicase activity
of NS3/4A as well as the same sequence of RNA (Figure 4).
The apparent equilibrium binding affinities of RNA and
MeRNA for NS3/4A and NS3 helicase differed by only 2-3-
fold (Figures 5 and 6), and there was little difference between
the apparent steady-state affinities of NS3/4A for RNA and
MeRNA, as measured in nucleic acid stimulation of ATPase
activity (Table 1). The preference of NS3/4A for oligos of
uridylate over RNA or MeRNA of heterogeneous base
composition is evident from the table. The relative efficacy
of MeRNA and RNA in stimulation of NS3/4A ATPase
activity was U40> strand F2g strand F1. Strand E1.
Incorporation of the 17 base length of uridylate on the 3′ or
5′ side of the 5′ 21 bases of strand E1 dramatically increased
the efficacy of the oligos in stimulating NS3/4A ATPase
activity. Whether the different degrees of stimulation of NS3/
4A ATPase activity by the oligos listed in Table 1 is due
solely to differences in affinity of the enzyme for the oligos,
or whether it is due to differences in maximum rate
enhancement by these sequences (25), the patterns of
stimulation by the RNA and MeRNA sequences were similar.
In fact the MeRNA oligonucleotides effected a slightly
greater ATPase stimulation of NS3/4A than did their RNA
counterparts.

This preference for MeRNA for ATPase stimulation
contrasts with the effect of MeRNA on NS3/4A helicase
activity. Helicase substrates containing MeRNA 3′ strands
were not unwound by NS3/4A (Figures 2 and 3). However,
the presence of MeRNA in only the 5′ strand of the substrate
had no effect on helicase activity (Figure 3). The relative
importance of the 3′ and 5′ helicase substrate strands,
consistent with HCV NS3 functioning as a 3′-5′ helicase
(29, 30), supports a helicase mechanism in which this
enzyme, by engaging the 3′ strand during unwinding,
passively displaces the 5′ strand.

The two models that have been proposed for helicase
function are an inchworm, or passive, mechanism (41), as
described above, and an active, or rolling, mechanism (42).
The rolling mechanism requires at least a dimeric quaternary
structure, but the passive mechanism is consistent with the
helicase functioning as a monomer. It has been reported that
HCV NS3 helicase demonstrates no substrate or concentra-
tion dependent oligomerization (43, 44). The monomeric state
of NS3 and its sensitivity to the composition of only the 3′
strand are both consistent with a passive unwinding mech-
anism for HCV helicase (44). However, the evidence
presented here that NS3/4A only engages the 3′ strand of
the helicase and that the 5′ strand has a more passive role
does not alone rule out the rolling mechanism for HCV

FIGURE 6: Equilibrium binding of ss RNA by NS3 helicase. The
indicated concentrations of NS3 helicase were incubated with 1.2
nM of 32P-labeled RNA strand E2 (4) or 1.2 nM of 32P labeled
MeRNA strand E2 (0) for 1 h at 22°C at pH 7.2 as described in
Experimental Procedures (strand E2 is the 36 base strand of
substrate E). The free and bound RNAs were fractionated by
nondenaturing PAGE as described. The percent of the control free
RNA (sample incubated with carrier protein minus NS3/4A) is
plotted versus the concentration of NS3 Helicase.

Table 1: Stimulation of the ATPase Activity of NS3/4A by RNA
and MeRNA

percent of max ATPase stimulationa

nucleic acid RNA MeRNA

125µM strand E1 13 15
6 µM strand F1 36 48
6 µM strand F2 50 76
1 µM U40 59 77

a The maximum stimulation of ATPase activity in each study was
determined using the assay as described in Experimental Procedures
and a polyU concentration [uridine base] of 0.75 mM. The average
calculatedkcat for the nucleic acid independent ATPase activities
and the nucleic acid stimulated ATPase activities of NS3/4A were
0.98 ( 0.10 and 20.4( 0.7 s-1, respectively.
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helicase. In the proposed rolling mechanism of a dimeric
3′-5′ helicase, the primary role of the 3′ strand could be
accounted for, because, in this model, each monomer binds
only to the 3′ strand when in its single strand binding mode
(42, 45).

According to the passive model of NS3 helicase activity,
after initiation on the single stranded portion of the 3′ strand,
NS3 would process along the 3′ strand in a 3′-5′ direction,
coupling movement along the strand to NTP hydrolysis and
passively unwinding the duplex (46, 47). It is tempting to
relate HCV helicase procession along the 3′ strand to the
phenomenon of single-stranded nucleic acid stimulation of
the enzyme’s ATPase activity. Our results suggest a more
complex relationship between these two enzymatic activities
of HCV helicase. HCV helicase distinguishes between RNA
and MeRNA versions of strand E1 and F1 as 3′ strands in
helicase substrates (Figures 2 and 3) but not as activators of
ATPase activity (Table 1). The presence of 2′-O-methyl
ribose in the 3′ strand of the RNA duplex might have a
specific inhibitory effect upon the procession of a 3′-5′
helicase. However, the relative ineffectiveness of ss MeRNA
(compared to ss RNA) as an inhibitor of helicase substrate
unwinding by NS3/4A (Figure 4) indicates a specific
difference between the affinities of RNA and MeRNA for
an RNA binding site on the helicase essential for unwinding
activity. There is little difference in the efficacy of the same
sequence of MeRNA or RNA in the stimulation of NS3/4A
ATPase activity (Table 1, strand E1). There is a dramatic
difference between the concentration of heterogeneous base
composition RNA oligomer (strand E1) necessary for inhibi-
tion of helicase activity (Figure 4) and the concentration
necessary to induce measurable stimulation of ATPase
activity (Table 1). All these results indicate that the binding
of ss RNA by NS3/4A necessary for maximum stimulation
of ATPase activity is not directly related to nucleic acid
duplex unwinding.

One implication of these conclusions is that the basal
(unstimulated) ATPase rate of HCV NS3 is more relevant
to its RNA unwinding activity than the fully stimulated
ATPase rate induced by oligomers of uridylate. The 20-fold
stimulation of the ATPase rate induced by polyU (Table 1)
may be an artifactual or vestigial activity of the enzyme or
it may be the manifestation of an activity relevant as an
accessory function of NS3 in vivo. The 3′ untranslated region
of the HCV genome contains a polyU stretch just upstream
of the terminal 3′ X tail sequence (13, 48). Perhaps the polyU
stimulated ATPase activity of NS3 enhances processing of
RNA structure in this region of the viral genome. It is also
possible that this phenomenon is related to an in vivo
modulation of HCV helicase activity by single stranded 3′
or displaced single-stranded 5′ strands of partially unwound
RNA duplex.

ACKNOWLEDGMENT

We wish to thank Dr. Lata Ramanathan and Dr. Dasa
Lipovsek for providing purified HCV NS3/4A. We also wish
to thank Dr. Charles McNemar for performing amino
terminal sequencing and Mr. James Durkin for performing
amino acid analysis. We are grateful to Dr. Patricia C. Weber
and Dr. Hung Van Le for helpful discussions and for their
comments on the manuscript.

REFERENCES

1. Choo, Q.-L., Kuo, G., Weiner, A. J., Overby, L. R., Bradley,
D. W., and Houghton, M. (1989)Science 244, 359-362.

2. Miller, R. H., and Purcell, R. H. (1990) Proc. Natl. Acad. Sci.
U.S.A. 87, 2057-2061.

3. Houghton, M., Weiner, A, Han, J., Kuo, G., and Choo, Q.-L.
(1991)Hepatology 14, 381-388.

4. Alter, H. J., Margolis, H. S., Krawczynski, K., Judson, F. N.,
Mares, A., Alexander, W. J., Hu, P. Y., Miller, J. K., Gerber,
M. A., Sampliner, R. E., Meeks, E. L., and Beach, M. J. (1992)
N. Engl. J. Med. 327, 1899-1905.

5. Kuo, G., Choo, Q.-L., Alter, H. J., Gitnick, G. L., Redeker,
A. G., Purcell, R. H., Miyamura, T., Dienstag, J. L., Alter,
M. J., Stevens, C. E., Tegtmeier, G. E., Bonino, F., Colombo,
M., Lee, W.-S., Kuo, C., Berger, K., Shuster, J. R., Overby,
L. R., Bradley, D. W., and Houghton, M. (1989)Science 244,
362-364.

6. Alter, H. J. (1995)Blood 85, 1681-1695.
7. Purcell, R. H. (1994)FEMS Microbiol. ReV. 14, 181-192.
8. Chien, D., Choo, Q. L., Tabrizi, A., Kuo, C., McFarland, J.,

Berger, K., Lee, C., Shuster, J., Nguyen, T., Moyer, D., Tong,
M. M., Furuta, S., Omata, M., Tegtmeyer, G., Alter, H., Schiff,
E., Jeffers, L., Houghton, M., and Kuo, G. (1992)Proc. Natl.
Acad. Sci. U.S.A. 89, 10011-10015.

9. Saito, I., Miyamura, T., Ohbayashi, A., Harada, H., Katayama,
T., Kikuchi, S., Watanabe, T. Y., Koi, S., Onji, M., Ohta, Y.,
Choo, Q.-L., Houghton, M., and Kuo, G. (1990)Proc. Natl.
Acad. Sci. U.S.A. 87, 6547-6549.

10. Fukushi, S., Katayama, K., Kurihara, C., Iishitama, N.,
Hoshino, F.-B., Ando, T., and Oya, A. (1994)Biochem.
Biophys. Res. Commun. 199, 425-432.

11. Kolykhalov, A. A., Feinstone, F. M., and Rice, C. M. (1996)
J. Virol. 70, 3363-3371.

12. Choo, Q.-L., Richman, K. H., Hans, J. H., Berger, K., Lee,
C., Dong, C., Gallegos, C., Coit, D., Medina Selby, R., Barr,
P. J., Weiner, A. J., Bradley, D. W., Kuo, G., and Houghton,
M. (1991)Proc. Natl. Acad. Sci. U.S.A. 88, 2451-2455.

13. Takamizawa, A., Mori, C., Fuke, I., Manabe, S., Murakami,
S., Fujita, J., Onishi, E., Andoh, T., Yoshida, I., and Okayama,
H. (1991)J. Virol. 65, 1105-1113.

14. Hijikata, M., Kato, N., Ootsuyama, Y., Nakagawa, M., and
Shimotohno, K. (1991)Proc. Natl. Acad. Sci. U.S.A. 88,
5547-5551.

15. Lin, C., Lindenbach, B. D., Pragai, B. M., McCourt, D. W.,
and Rice, C. M. (1994)J. Virol. 68, 5063-5073.

16. Manabe, S., Fuke, I., Tanishita, O., Kaji, C., Gomi, Y.,
Yoshida, S., Mori, C., Takamizawa, A., Yoshida, I., and
Okayama, H. (1994)Virology 198, 636-644.

17. Grakoui, A., McCourt, D. W., Wychowski, C., Feinstone, S.
M., and Rice C. M. (1993)Proc. Natl. Acad. Sci. U.S.A. 90,
10583-10587.

18. Grakoui, A., Wychowski, C., Lin, C., Feinstone, S. M., and
Rice, C. M. (1993)J. Virol. 67, 1385-1395.

19. Selby, M. J., Choo, Q.-L., Berger, K., Kuo, G., Glazer, E.,
Eckart, M., Lee, C., Chien, D., Kuo, C., and Houghton, M.
(1993)J. Gen. Virol. 74, 1103-1113.

20. Hahm, B., Han, D. S., Back, S. H., Song, O.-K., Cho, M.-J.,
Kim, C.-J., Shimotohno, K., and Jang, S. K. (1995)J. Virol.
69, 2534-2539.

21. Lipovsek Sali, D., Ingram, R., Wendel, M., Gupta, D.,
McNemar, C., Tsarbopoulos, A., Chen, J. W., Hong, Z., Chase,
R., Risano, C., Zhang, R., Yao, N., Kwong, A., Ramanathan,
L., Le, H. V., and Weber, P. C. (1998)Biochemistry 37, 3392-
3401.

22. Bartenschlager, R., Lohman, V., Wilkinson, T., and Koch, J.
O. (1995)J. Virol. 69, 7519-7528.

23. Tomei, L., Failla, C., Vitale, R. L., Bianchi, E., and De
Francesco, R. (1995)J. Gen. Virol. 77, 1065-1070.

24. Failla, C., Tomei, L., and De Francesco, R. (1995)J. Virol.
69, 1769-1777.

25. Suzich, J. A., Tamura, J. K., Palmer-Hill, F., Warrener, P.,
Grakoui, A., Rice, C., Feinstone, S. M., and Collett, M. S.
(1993)J. Virol. 67, 6152-6158.

2624 Biochemistry, Vol. 39, No. 10, 2000 Hesson et al.



26. Kim, D. W., Gwack, Y., Han, J. A., and Choe, J. (1995)
Biochem. Biophys. Res. Comm. 215, 160-166.

27. Kanai, A., Tanabe, K., and Kohara M. (1995)FEBS Lett. 376,
221-224.

28. Yao, N., Hesson, T., Cable, M., Hong, Z., Kwong, A. D., Le,
H. V., and Weber, P. C. (1997)Nat. Struct. Biol. 4, 463-
467.

29. Gwack, Y., Kim, D. W., Han, J. H., and Choe, J. (1996)
Biochem. Biophys. Res. Comm. 225, 654-659.

30. Tai, C.-L., Chi, W.-K., Chen, D.-S., and Hwang, L.-H. (1996)
J. Virol. 70, 8477-8484.

31. Kim, J. L., Morgenstern, K. A., Lin, C., Fox, T., Dwyer, M.
D., Landro, J. A., Chambers, S. P., Markland, W., Lepre, C.
A., O’Malley, E. T., Harbeson, S. L., Rice, C. M., Murcko,
M. A., Caron, P. R., and Thomson, J. A. (1996)Cell 87, 343-
355.

32. Lee, C. G., and Hurwitz, J. (1992)J. Biol Chem. 267, 4398-
4407.

33. Richardson, C. C. (1981)Enzymes 14, 299-314.
34. Warrener, P., and Collett, M. S. (1995)J. Virol. 69, 1720-

1726.
35. Tamura, J. K., Warrener, P., and Collett, M. S. (1993)Virology

193, 1-10.
36. Gallinari, P., Brennan, D., Nardi, C., Brunetti, M., Tomei, L.,

Steinkühler, C., and De Francesco, R. (1998)J. Virol. 72,
6758-6769.

37. Bradford, M. (1976)Anal. Biochem. 72, 248-254.

38. Iribarren, A. M., Sproat, B. S., Neuner, P., Sulston, I., Ryder,
U., and Lamond, A. (1990)Proc. Natl. Acad. Sci U.S.A. 87,
7747-7751.

39. Agrawal, S. Jiang, Z., Zhou, Q., Shaw, D., Cai, Q., Roskey,
A., Channavajjala, L., Saxinger, C., and Zhang, R. (1997)Proc.
Natl. Acad. Sci. U.S.A. 94, 2620-2625.

40. Pitts, A. E., and Corey, D. R. (1998)Proc. Natl. Acad. Sci.
U.S.A. 95, 11549-11554.

41. Yarranton, G. T., and Geftner, M. L. (1979)Proc. Natl. Acad.
Sci. U.S.A. 76, 1658-1662.

42. Wong, I., and Lohman, T. M. (1992)Science 256, 350-355.
43. Preugschat, F., Averett, D. R., Clarke, B. E., and Porter, D. J.

T. (1996)J. Biol Chem. 271, 24449-24457.
44. Porter, D. J. T., Short, S. A., Hanlon, M. H., Preugschat, F.,

Wilson, J. E., Willard, D. H., and Consler, T. G. (1998)J.
Biol. Chem. 273, 18906-18914.

45. Korolev, S., Hsieh, J., Gauss, G. H., Lohman, T. M., and
Waksman, G. (1997)Cell 90, 635-647.

46. Kim, J. L., Morgenstern, K. A., Griffith, J. P., Dwyer, M. D.,
Thomson, J. A., Murcko, M. A., Lin, C., and Caron, P. R.
(1997)Structure 6, 89-100.

47. Bird, L. E., Subramanya, S., and Wigley, D. B. (1998)Curr.
Opin. Struct. Biol. 8, 14-18.

48. Tanaka, T., Kato, N., Cho, M.-J., Sugiyama, K., and Shimo-
tohno, K. (1996)J. Virol. 70, 3307-3312.

BI992127A

2′-O-Methyl RNA Substrates of HCV NS3 Biochemistry, Vol. 39, No. 10, 20002625


