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The nucleoside triphosphatase (NTPase)/helicase associated with nonstructural protein 3 of West Nile (WN)
virus was purified from cell culture medium harvested from virus-infected Vero cells. The purification proce-
dure included sequential chromatography on Superdex-200 and Reactive Red 120 columns, followed by a
concentration step on an Ultrogel hydroxyapatite column. The nature of the purified protein was confirmed by
immunoblot analysis using a WN virus-positive antiserum, determination of its NH2 terminus by microse-
quencing, and a binding assay with 5*-[14C]fluorosulfonylbenzoyladenosine. Under optimized reaction condi-
tions the enzyme catalyzed the hydrolysis of ATP and the unwinding of the DNA duplex with kcat values of 133
and 5.5 3 1023 s21, respectively. Characterization of the NTPase activity of the WN virus enzyme revealed that
optimum conditions with respect to the Mg21 requirement and the monovalent salt or polynucleotide response
differed from those of other flavivirus NTPases. Initial kinetic studies demonstrated that the inhibition (or
activation) of ATPase activity by ribavirin-5*-triphosphate is not directly related to changes in the helicase
activity of the enzyme. Further analysis using guanine and O6-benzoylguanine derivatives revealed that the
ATPase activity of WN virus NTPase/helicase may be modulated, i.e., increased or reduced, with no effect on
the helicase activity of the enzyme. On the other hand the helicase activity could be modulated without
changing the ATPase activity. Our observations show that the number of ATP hydrolysis events per unwinding
cycle is not a constant value.

West Nile virus (WN virus), a member of the family of Fla-
viviridae, is a small enveloped single-stranded RNA positive-
strand virus. The viral genome encodes a monocistronic
polyprotein of 3,430 amino acids that is processed into three
structural proteins, protein M, capsid protein C, and glycop-
rotein E, and seven nonstructural (NS) proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5) (10, 11, 52). The process-
ing of the polyprotein is carried out by the host signal pepti-
dase associated with the endoplasmic reticulum and viral pro-
teases. The polyprotein of WN virus and its processing are
similar to those of the pestivirus- and hepatitis C virus (HCV)-
related viruses (36, 44, 55). Sequence analysis of the nonstruc-
tural region of WN virus polyprotein revealed numerous con-
served motifs specific for serine proteases, RNA helicase with
intrinsic RNA-stimulated nucleoside triphosphatase (NTPase)
localized in the NS3 protein, and RNA-directed RNA poly-
merase associated with the NS5 protein (3, 16, 17). These
predictions were partially confirmed by verifying the enzymatic
properties of a COOH-terminal segment of NS3 released from
a membrane fraction of infected cells by subtilisin (54). Fur-
ther information about the interactions and functions of the
viral proteins was obtained by using synthesized recombined
proteins of Flaviviridae or HCV-related viruses (19, 23, 47, 49,
50).

Due to multiple enzymatic and biological activities associ-
ated with NS3, this protein appears to be the most promising
target for antiviral agents. The protease activity of NS3 is the
subject of numerous studies and has been well characterized
previously (24, 31). However, despite the importance of en-
zymes modulating RNA structures in diverse metabolic pro-
cesses and their critical role in the life cycles of viruses whose
genomes are composed of RNA, only limited information on
the viral helicases or helicase-like enzymes is available.

Helicases are capable of enzymatically unwinding duplex
DNA or RNA structures by disrupting the hydrogen bonds
that keep the two strands together (18, 21). The unwinding
reaction is accomplished by the hydrolysis of g-phosphate of
nucleotide triphosphate (NTP). Based on sequence compari-
sons, the viral helicases have been divided into three super-
families. The WN virus helicase is a member of superfamily II
(SFII), which includes helicases from bymovirus, potyvirus,
pestivirus, herpesvirus, poxvirus, HCV, and other Flaviviridae
(22). All of the helicases contain seven highly conserved amino
acid sequences (motifs I to VII) that are located on the sur-
faces of domains 1 and 2 of the three-domain enzymes. The
involvement of the motifs in NTP binding, NTP hydrolysis, and
the binding of polynucleotide(s) was well explained by resolv-
ing the crystal structures of several enzymes (25, 57). However,
these structures did not elucidate the mechanisms coupling
ATP hydrolysis to the unwinding reaction. Although numerous
studies about the quantification of the interaction of SFII he-
licases with NTP and polynucleotides were performed, uni-
form results were not obtained (1, 25, 57). This challenged us
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to perform a study in which the regulation of WN virus helicase
activity was investigated by using compounds that are potent
modulators (activators or inhibitors) of NTPase activity. Our
data presented here demonstrated a dissociation of both ac-
tivities of the enzyme. Consequently, the number of the ATP
hydrolysis events per unwinding reaction was not a constant value.

MATERIALS AND METHODS

Materials. Human WN virus-positive antisera were kindly provided by G.
Rietdorf (Bernhard-Nocht-Institute, Hamburg, Germany). Oligonucleotide syn-
thesis was performed by M. Schreiber (Bernhard-Nocht-Institute). [g-33P]ATP
(110 TBq/mmol) and [g-32P]ATP (220 TBq/mmol) were purchased from Hart-
mann Analytic. 125I-protein A (1.11 GBq/mmol) and 59-[14C]fluorosulfonylben-
zoyladenosine ([14C]FSBA) (1.7 GBq/mmol)were obtained from NEN/Du Pont.
All other chemicals were obtained from Sigma.

Cell culture. Vero E6 cells were cultivated in RPMI 1640 medium containing
10% fetal calf serum (Gibco), 100 mg of ampicillin/ml, and 80 mg of gentamicin/
ml. The cells in the log phase of growth were infected with WN virus (ATCC
strain VR-82) as described previously (53). The medium used as starting material
for the enzyme purification was harvested 5 days postinfection.

Purification of WN virus NTPase/helicase. Portions of 200 ml of medium were
supplemented with protease inhibitors (5 U of aprotinin/ml, 1 mM N-tosyl-L-
phenylalanine chloromethyl ketone, 1 mM N-p-tosyl-L-lysine chloromethyl ke-
tone, 10 mg of leupeptin/ml, 5 mM phenylmethylsulfonyl fluoride, 5 mM EDTA,
and 5 mM EGTA) and with 0.5% Triton X-100 and concentrated to 6 ml by
ultrafiltration on a 30-kDa membrane (Amicon). Aliquots of 2 ml of the con-
centrated material (approximately 600 mg of protein) were loaded onto a Su-
perdex-200 column (Hi-Load; Amersham Pharmacia Biotech). The column was
equilibrated with TGT buffer (20 mM Tris-HCl[pH 7.5], 10% Glycerol, 0.05%
Triton X-100, 1 mM EDTA, 1 mM b-mercaptoethanol) and calibrated with
reference proteins as described in the legend to Fig. 2A. The fractions (fractions
10, 11, 14, and 15; each 3.2 ml) containing the ATPase and helicase activities
were pooled and directly applied to a Reactive Red 120 column (12-ml bed
volume, 0.8 cm in diameter). The column was washed with TGT buffer and
developed with a discontinuous KCl gradient (0 to 1 M). Fractions 16 to 20 were
pooled, concentrated 20-fold by ultrafiltration, diluted with 10 volumes of TGT
buffer, and chromatographed again on the Reactive Red 120 column. Pooled
fractions with the ATPase and helicase activities (fractions 16 to 20) were applied
to a hydroxyapatite (HA-Ultrogel) column (2-ml bed volume, 0.8 cm in diame-
ter) preequilibrated with TGT buffer. The loaded column was washed with 10 ml
of TGT buffer, and the bound protein was eluted with 1 ml of 50 mM KH2PO4

in the same buffer.
ATPase and helicase assays. The ATPase activity of the WN virus NTPase/

helicase was determined under conditions described previously (6, 7) with slight
modifications. Briefly, the assay was performed with 2 pmol of WN virus NTPase/
helicase incubated in a reaction mixture (final volume, 25 ml) that contained 20
mM Tris-HCl, pH 7.5, 2 mM MgCl2, 1 mM b-mercaptoethanol, 10% glycerol,
0.01% Triton X-100, 0.1 mg of bovine serum albumin (BSA)/ml, and 9.5 mM
[g-33P]ATP (0.025 mCi). The reaction proceeded for 30 min at 30°C and was
terminated by the addition of 0.5 ml of activated charcoal (2 mg/ml). After
centrifugation at 10,000 3 g for 10 min, aliquots (100 ml) of the supernatant were
subjected to scintillation counting.

The substrate for the helicase assays was obtained by annealing the two
complementary DNA oligonucleotides, which were synthesized with a sequence
corresponding to the deoxynucleotide version of the RNA strands described
previously (15). The release strand (26-mer) with sequence 59-CAAACTCTCT
CTCTCTCAACAAAAAA-39 was 59 end labeled with [g-32P]ATP by using T4
polynucleotide kinase (MBI; Fermentas) as recommended by the manufacturer.
For the annealing reaction the labeled oligonucleotide was combined at a molar
ratio of 1:10 with the template strand (40-mer) with sequence 59-AGAGAGAG
AGGTTGAGAGAGAGAGAGTTTGAGAGAGAGAG-39, denatured for 5 min
at 96°C, and slowly renatured as described previously (15). The duplex DNA was
electrophoresed on a 15% native Tris-borate-EDTA (TBE)-polyacrylamide gel,
visualized by autoradiography, and extracted as described previously (46). The
helicase activity, unless otherwise specified, was tested with 2 pmol of enzyme
incubated in reaction mixture (final volume, 25 ml) containing 20 mM Tris-HCl,
pH 7.5, 2 mM MgCl2, 1 mM b-mercaptoethanol, 10% glycerol, 0.01% Triton
X-100, 0.1 mg of BSA/ml, 9.5 mM ATP, and substrate at concentrations indicated
in the figure legends. The reaction proceeded for 30 min at 30°C and was stopped
by the addition of 5 ml of termination buffer (100 mM Tris-HCl [pH 7.5], 20 mM
EDTA, 0.5% sodium dodecyl sulfate (SDS), 0.1% Triton X-100, 25% glycerol,

0.1% bromophenol blue, 0.1% xylene cyanol). The samples were separated on a
15% polyacrylamide–TBE gel containing 0.1% SDS (30). The gels were dried
and exposed to Kodak X-ray films at 270°C. Subsequently, the parts of the gels
corresponding to the released strand and to the not-unwound substrate were cut
out and 32P radioactivity was measured. Alternatively, the films were scanned
and the radioactivity associated with the released strand and with the not-
unwound substrate was quantified with Gellmage software (Amersham Pharma-
cia Biotech). The efficacy of the helicase reaction was calculated as a total
amount of nucleotide bases of the unwound substrate. Kinetic parameters were
determined by nonlinear regression analysis using ENZFITTER (BioSoft) and
SIGMA PLOT (Jandel Corp.).

Affinity labeling with [14C]FSBA. The labeling of ATP-binding site of the WN
virus NTPase/helicase with [14C]FSBA was carried out according to the Wood-
ford and Pardee method (56) with modifications described previously (6). The
labeling reaction was terminated by addition of SDS sample buffer and boiling.
The proteins were separated by SDS-polyacrylamide gel electrophoresis
(PAGE), and the gels were dried and exposed to Kodak BioMax MR film
supplemented by an intensifying screen (BioMax TranScreen). In control exper-
iments the incubation was performed in the presence of ATP as indicated in the
legend to Fig. 2. The same reaction was performed to monitor the inactivation of
the NTPase and helicase activities of the enzyme by FSBA. Aliquots of the
enzyme preparation obtained from each purification step corresponding to 200
mg of protein were incubated with the nucleoside in the absence or presence of
ATP added to the reaction mixture in a 10-fold excess. The nucleoside not
incorporated was removed by dialysis or gel filtration on the Superdex-200
column, and the enzymatic activities of the protein sample were investigated as
described above. The incorporation of the [14C]FSBA was monitored by auto-
radiography of SDS-PAGE-separated proteins.

Synthesis of nucleosides. Ribavirin-59-triphosphate (ribavirin-TP) was synthe-
sized according to the method of Ludwig, Mishra and Broom, and Yoshikawa et
al. (33, 37, 58) with some modifications (7). Guanine derivatives were synthesized
according to methods reported previously. Briefly, O6-benzylguanine (Fig. 6B)
was prepared from 6-chloro-2-aminopurine (Fig. 6A) by the method of Bowles et
al. (9). N-alkylation of O6-benzylguanine gave a mixture of N7- and N9-substi-
tuted guanine derivatives (Fig. 6C and D) in almost quantitative yield. The
mixture of the regioisomers was separated on a silica gel column by flash chro-
matography to give individual isomers. These isomers were hydrolyzed in
aqueous hydrochloric acid to give the corresponding N7- and N9-chloroeth-
ylguanines (Fig. 6E and F) in high yield. The UV and nuclear magnetic
resonance spectra were identical to those reported by Ramzaeva et al. (42).
The synthetic procedure is schematically presented in Fig. 6. 5-Fluoro-2-
selenocytosine was synthesized as described previously (14). All compounds
were dissolved in water.

Affinity purification of antibody. The sequence encoding a fragment of NS3 of
HCV consisting of amino acid residues 1189 to 1525 (corresponding to domains
I and II of the HCV NTPase/helicase [25]) was expressed downstream of the
glutathione S-transferase gene in Escherichia coli (4). The polypeptide was pu-
rified on a glutathione-Sepharose 4B column and separated from the fusion
protein by limited proteolysis with thrombin. The NS3 fragment was immobilized
on the CNBr-activated Sepharose 4B (Sigma) as recommended by manufacturer
and used for purification of the affinity antibody [NS3/HEL(1&2)] from the
pooled human WN virus-positive antiserum. The purification was performed
according to methods reported previously (20). The antibody recognized NTPases/
helicases of Flaviviridae in immunoblots using the respective proteins produced
in E. coli (data not shown).

Immunoblotting. Cells or cell culture medium was precipitated with cold
trichloroacetic acid (TCA) (20%), washed with TCA and twice with acetone, and
dissolved in SDS sample buffer (27). After SDS-PAGE the proteins were trans-
ferred on nitrocellulose filters (BA 85; 0.45-mm pore size; Schleicher & Schüll)
(48). The filters were incubated for 1 h with 1 mg of BSA/ml in 25 mM Tris-HCl,
pH 7.5– 150 mM NaCl–0.05% Tween 80 (TTBS buffer) and for 2 h with NS3/
HEL(1&2) antiserum (1:500 in TTBS containing 10% glycerol and 3 mg of
BSA/ml). The filters were washed again with 1 mg of BSA/ml in TTBS, and the
bound antibody was detected with rabbit anti-human antibodies followed by
125I-protein A. The nitrocellulose filters were dried and subjected to autoradiog-
raphy.

Other assays. For end sequencing, the 60-kDa protein was purified as de-
scribed above. The final enzyme preparation was subjected to SDS-PAGE and
electroblotted onto an Immobilon-PSQ polyvinylidene difluoride membrane
(Millipore) essentially as described by Matsudaira (34). The NH2-terminal se-
quencing was performed by F. Buck (University of Hamburg) and by D. McCourt
(Midwest Analytical, Inc., St. Louis, Mo.). The amount of the DNA duplex
used as the substrate for the WN virus NTPase/helicase was determined by
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the ethidium bromide fluorescence quantitation method described previously
(43). The protein concentration was measured by the method of Lowry et al.
(32).

RESULTS

Source of WN virus NTPase/helicase. The investigations
presented here were carried out with an enzyme produced by
WN virus-infected Vero E6 cells. For the detection of the
protein we used an antibody obtained from WN virus-seropos-
itive individuals purified on an affinity column containing im-
mobilized domains 1 and 2 of the related HCV NTPase/heli-
case [NS3/HEL(1&2)].

An immunoblot analysis of the total cellular proteins of WN
virus-infected cells performed with this antibody revealed
three polypeptides with molecular masses of 80, 60, and 47
kDa and several minor protein bands (Fig. 1, lane 2). In con-
trast, when the proteins of the cell culture medium were im-
munoblotted, the NS3/HEL(1&2) antibody recognized only
the 60-kDa protein. Analyses of the medium aliquots removed
after various times of cultivation revealed considerable enrich-
ment of the protein in the course of the infection (Fig. 1, lanes
4 to 6). This accumulation of the 60-kDa protein was accom-
panied by an increase of ATPase activity in the investigated
samples. The cell culture medium collected 5 days after the
infection was therefore used as starting material for the puri-
fication of the NTPase/helicase.

When the NS3/HEL(1&2) antibody was used, no immuno-
reactivity was detected in the materials obtained from the
uninfected-cell culture (Fig. 1, lanes 1 and 3).

Purification protocol. The medium was supplemented with
Triton X-100 at 0.5%, extensively concentrated, and subjected

to size exclusion chromatography on Superdex-200. The frac-
tions obtained were tested for ATPase activity in the standard
assay described in Materials and Methods. As shown in Fig. 2A
the activity migrated in three peaks: the first protein peak
eluted at the void volume of the column (fractions 3 to 5), the
second contained proteins with molecular masses of 120 to 110
kDa (fractions 10 and 11), and the third corresponded to
proteins migrating at 65 to 55 kDa (fractions 14 and 15) (Fig.
2A). In all these fractions containing ATPase activity antibody
NS3/HEL(1&2) recognized a single protein with a molecular
mass of 60 kDa (data not shown).

Pooled fractions 10, 11, 14, and 15 were subjected to chro-
matography on a Reactive Red 120 column. The column was
intentionally overloaded so that the ATPase activity migrated
in two approximately equal peaks: the first one was found in
not-retained fractions, and the second eluted with 0.2 to 0.5 M
KCl (fractions 16 to 20) (Fig. 2B). The fractions eluted with
salt containing ATPase activity were concentrated, desalted,
and rechromatographed on the Reactive Red column. Frac-
tions containing ATPase activity (fractions 16 to 20) (Fig. 2C)
were pooled, applied to a HA-Ultrogel column, and, after
being washed, eluted with 50 mM KH2PO4. The final enzyme
preparation eluted with the phosphate was used in the study.
When the fractions obtained during the purification procedure
were monitored in the helicase assay the same profile of dis-
tribution of activity was observed. The analysis of the proteins
present in the final preparation of the enzyme in the Coomas-
sie blue-stained SDS-polyacrylamide gel revealed four proteins
with molecular masses of 75, 66, 60, and 40 kDa (Fig. 2D, lane
1). Of these proteins only the one with a molecular mass of 60
kDa was recognized by the NS3/HEL(1&2) antibody (Fig. 2D,
lane 2). The densitometric scan of the stained gel revealed that
the 60-kDa polypeptide constitutes 25% of the total protein.
The purification protocol of the enzyme is summarized in Ta-
ble 1. The NTPase/helicase nature of the 60-kDa protein was
further confirmed by NH2-terminal sequencing. The amino
acid sequences, Xaa-Xaa-Leu-Asp-Pro-Tyr and Asp-Pro-Tyr-
Trp, that were found within NS3 protein of WN virus defined
the 60-kDa protein as the COOH-terminal part of NS3.

Next, we investigated whether the measured NTPase and
helicase activities were specific for the WN virus NS3 protein.
To do this, we tested if the antibodies reacting with the 60-kDa

TABLE 1. Purification of the NTPase/helicase from WN virus-
infected cell culture mediuma

Step Amt. of protein
(mg)

Sp. act
(nmol/s/mg)

Purification
(fold)

Cell culture medium 600 0.0032
Superdex-200 110 2.19
Reactive Red 120 (I) 15 121.22 1
Reactive Red 120 (II) 1.4 1,914.3 15.8
HA Ultrogel 0.8 2,680 22.1

a The estimation of the ATPase activity was performed under conditions
described in Materials and Methods. The NTPase activity and recovery of the
cell culture medium, Superdex-200, and Reactive Red 120 (I) steps could not be
estimated because of the presence of other enzymes hydrolyzing ATP and be-
cause not-whole WN virus NTPase/helicase-mediated ATPase activity obtained
in a given step was used as the starting material in the next purification step.
Consequently, the salt-eluted activity obtained from chromatography on Reac-
tive Red 120 (I) was more accurate for the estimation of the fold purification.
Thus, the purification factors shown are significantly underestimated.

FIG. 1. Analysis of SFII and WN virus immunoreactivity of cells
and cell culture medium infected with WN virus. Vero E6 cells were
infected with WN virus as described in Materials and Methods. Five
days after the infection the cells were precipitated with TCA and an
aliquot (10 mg) of the collected proteins was subjected to SDS-PAGE.
The separated proteins were transferred onto a nitrocellulose filter
and reacted with NS3/HEL(1&2) antibody. Simultaneously, portions
of the cell culture medium were removed immediately (lane 4), 2 days
(lane 5), or 5 days (lane 6) after infection. The proteins were precip-
itated with TCA, and aliquots (50 mg of protein) were separated by
SDS-PAGE followed by immunoblotting with NS3/HEL(1&2) anti-
body. Immunoblots were prepared using uninfected cells (lane 1),
infected cells (lane 2), and cell culture supernatant from uninfected
cells (lane 3). The nitrocellulose filters were autoradiographed for
14 h. Molecular mass markers are indicated at the left. Arrow, position
of WN virus NTPase/helicase.
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protein in the immunoblot were capable of inhibiting the en-
zymatic activities associated with the enzyme. The assays were
performed with the NS3/HEL(1&2) antibody and WN virus- or
HCV-positive human sera (diluted 1:10). All antibodies used
completely inhibited the NTPase and helicase activities, while
WN virus- and HCV-negative sera failed to affect these enzy-
matic activites.

Previous FSBA-binding studies using HCV NTPase/helicase
or its proteolytically generated ATP-binding domain revealed
the specific covalent binding of the nucleotide (4, 6). There-
fore, aliquots of the final enzyme preparation were labeled in
a reaction with [14C]FSBA in the presence or absence of ATP.
The autoradiography of the samples separated by SDS-PAGE
showed only one 14C-labeled 60-kDa protein. The binding was

specific, since the ATP added reduced the 14C labeling in a
concentration-dependent manner (Fig. 2D, lanes 3 to 6). As a
consequence of the FSBA binding, the NTPase and helicase
activities of the enzyme disappeared. The loss of the activity
was irreversible and could not be restored by removing the
unbound nucleoside. The inactivating effect did not appear
when the FSBA-binding reaction was performed in the pres-
ence of ATP. Therefore, it was assured that the 60-kDa FSBA-
binding protein with immunoreactivity to NS3 and WN virus is
the only NTPase/helicase present in the enzyme preparation.

NTPase and helicase activities of the enzyme. The ATPase
activity was monitored in a standard assay by determination
of the 33Pi released from [g-33P]ATP due to the enzyme-mediated
hydrolysis. The experimental curve of the Mg21 requirement was

FIG. 2. Elution profiles of ATPase activity of WN virus NTPase/helicase from consecutive chromatographic columns and analysis of the purified
protein obtained from the last purification step by SDS-PAGE. Aliquots (20 ml) of the tested fractions were assayed for NTPase activity and protein
content as described in Materials and Methods. (A) Superdex-200 column chromatography of the concentrated medium harvested from an infected-cell
culture. The column was calibrated with dextran blue (DB; 2,000 kDa) and with the following marker proteins: immunoglobulin G (IgG; 160 kDa),
phosphorylase b (PB; 97 kDa), BSA (66 kDa), ovalbumin (OV; 45 kDa), and carbonic anhydrase (CA; 30 kDa). (B) Reactive Red 120 chromatography
of pooled Superdex-200 fractions 10, 11, 14, and 15. (C) Reactive Red 120 rechromatography of pooled fractions 16 to 20 obtained from panel B. Arrows
(B and C), start of the salt gradients. (D) Aliquots of the final enzyme preparation (10 mg of protein) were separated by SDS-PAGE and visualized by
staining with Coomassie blue (lane 1) or transferred onto nitrocellulose and immunoblotted with the NS3/HEL(1&2) antibody followed by incubation
with rabbit anti-human antiserum and 125I-protein A (lane 2). The blot was exposed for 12 h. Aliquots (20 mg) of the final enzyme preparation were
incubated with [14C]FSBA in the absence (lane 3) or presence of ATP added at 10 mM (lane 4), 100 mM (lane 5), or 1 mM (lane 6). The samples were
subjected to SDS-PAGE, and the gel was dried and exposed for 4 days. The molecular masses of the investigated proteins were estimated by reference
to protein standards (left). Arrow, position of the WN virus NTPase/helicase.

VOL. 75, 2001 WEST NILE VIRUS NTPase/HELICASE 3223



relatively flat (150% of the control at an optimum Mg21 concen-
tration of 1 to 3 mM); higher concentrations (.10 mM) of Mg21

were inhibitory. In the presence of 2 mM Mg21 the apparent kcat

for ATP was 133 mol of ATP hydrolyzed/s/mol of enzyme. At
ATP concentrations up to 85 mM the Lineweaver-Burk plot was
linear and yielded an apparent Km of 9.5 mM. At higher ATP

concentrations (.0.5 mM), however, reduction of the ATPase
activity rather than a saturable experimental curve was observed
(Fig. 3A). The deviation from Michaelis-Menten behavior sug-
gested substrate or product inhibition of the reaction. When the
ATPase activity was determined as a function of increasing con-
centrations of ADP, inhibition of the reaction was observed. The
extent of the inhibition was dependent on the ATP concentration
in the reaction mixture. When the graphical method described by
Dixon (reciprocal velocity of the reaction versus inhibitor concen-
tration) (12) was used, the analysis of the kinetic parameters
revealed a competitive inhibition modus, thus indicating that in-
hibition by the product occurred (Fig. 3B).

The influence of monovalent cations Na1 and K1 on the
ATPase activity was tested. Both ions influenced the ATPase
activity in a similar manner: added at 100 to 300 mM they
activated the enzyme (200 to 220% of the control), and added
at higher concentrations (.500 mM) they were inhibitory
(data not shown).

In order to monitor and characterize the helicase reaction
mediated by the enzyme, we prepared a substrate consisting of
two annealed DNA oligonucleotides as described in Materials
and Methods. The unpairing activity was demonstrated by the
release of the shorter labeled strand of the DNA duplex (Fig.
3C). The enzyme required ATP and Mg21 for the strand-
displacing reaction. The maximum velocity of the reaction was
observed at 0.3 to 5 mM Mg21 (data not shown). Analogous to
the ATPase reaction, an optimum value for the ATP concen-
tration (90 mM) rather than a saturation curve was obtained
(Fig. 3C). At optimum Mg21 and saturating ATP concentra-
tions 1 pmol of the enzyme unwound 5.5 fmol (given as nucle-
otide bases) of the DNA duplex per s. The helicase activity
reached maximum at a 30 pM concentration of nucleotide
bases and yielded a saturable curve at concentrations of up to
120 pM. At higher concentrations of the substrate the reaction
declined (Fig. 3D). However, as estimated in a separate heli-
case assay, the number of single-stranded oligonucleotides that
are produced in the course of the helicase reaction was not
inhibitory. Thus, for the DNA duplex the deviation from the
Michaelis-Menten model resulted from substrate inhibition.
When the ATP was adjusted to a concentration at which the
half-maximal velocity of the unwinding reaction was measured

FIG. 3. Substrate and product inhibition of the NTPase and heli-
case reactions mediated by WN virus NTPase/helicase. (A) The ATPase
reaction as a function of increasing concentrations of ATP was inves-
tigated as shown. The product of the reaction (33Pi) was quantified
using the charcoal adsorption method described in Materials and
Methods. (B) The plots, performed as described by Dixon, demon-
strate the competitive type of inhibition of the ATPase activity by
ADP. The reaction was carried out in the presence of ATP adjusted to
concentrations equal to 1/10 (f), 1 (�), or 10 (}) times of the Km value
(9.5 mM) and the indicated ADP concentrations. (C) The strand-
displacing activity of the WN virus NTPase/helicase was determined
with a 4.7 pM concentration of the nucleotide bases of the DNA
duplex as the substrate in the absence (lane 3) or presence of ATP
adjusted to 0.95 m (lane 4), 9.5 mM (lane 5), 95 mM (lane 6), 950 mM
(lane 7), and 9.5 mM (lane 8). Lanes 1 and 2, boiled and native
substrates, respectively. The samples were separated in a TBE-poly-
acrylamide gel, and the levels of 32P radioactivity associated with the
substrate and the released strand were visualized by exposition of the
dried gels for 10 h. (D) The helicase activity of the WN virus NTPase/
helicase as a function of increasing concentrations of the DNA duplex
as the substrate was determined at the saturating ATP concentration
(90 mM). The samples were separated in a TBE-polyacrylamide gel,
and the levels of 32P radioactivity associated with the substrate and the
released strand were quantified as described in Materials and Meth-
ods. The data obtained were presented as the sum of the nucleotide
bases of the unwound DNA duplex. The results shown are represen-
tative of three independent experiments.

FIG. 4. Modulation of the ATPase activity of the WN virus
NTPase/helicase by oligo(dA)25. The ATPase reaction was investi-
gated as a function of increasing concentrations of oligo(dA)25. The
reaction was performed at ATP concentrations equal to 1/100 (ℑ), 1/10
(�), 1 (f), 10 (7), and 100 (}) times the Km value (9.5 mM). The
ATPase activity measured for each ATP concentration in the absence
of oligo(dA)25 was taken as 100%. The results shown are representa-
tive of three independent experiments.
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(10 mM) the Km value for the DNA duplex was a 4.7 pM
concentration of nucleotide bases.

The helicase activity remained unchanged in the presence of
monovalent ions Na1 and K1 up to concentrations of 500 mM;
higher concentrations of the salts were inhibitory.

Regulation of the NTPase and helicase activities by polynucle-
otides. The effects of various polynucleotides, known as modula-
tors of NTPase activity of SFII helicases, were investigated. The
ATPase activity was determined as a function of increasing con-
centrations of homopolymeric polynucleotides (poly[U], poly[A],
poly[G], poly[C], poly[dT], poly[dA], poly[dG], and poly[dC]),
RNA, and DNA at ATP concentrations equal to its Km value.
In contrast to those for NTPases/helicases described previously
(15, 26, 29, 39, 45, 47, 50, 54), the kinetic parameters of our

enzyme were only marginally influenced by the tested com-
pounds. The highest activation was observed with poly(dA)
(170 to 180% of control in a concentration range of 1.7 to 3.3
mM for nucleotide bases). Other polynucleotides had no effect
or were inhibitory (data not shown).

It has been documented that the most-activating effect is
exerted by polynucleotides with a chain length greater than 18
to 25 bases (40). In assays performed at standard conditions
no significant increase of ATPase activity by synthesized oligo
(dA)25 was measured. However, in assays performed at increased
ATP concentrations (.100 3 Km), oligo(dA)25 exerted an
activating effect. The activation reached a maximum at a 2.5
mM concentration of the nucleotide bases of the oligonucleo-
tide and correlated closely to the ATP concentration (Fig. 4).
Oligo(dA)25 and other polynucleotides tested did not stimulate
the helicase activity and at concentrations higher than 0.5 mM
for nucleotide bases inhibited the unwinding reaction (data not
shown).

Correlation between the NTPase and helicase activities of
the WN virus NTPase/helicase. In our previous work we
have reported that the reduction of the accessibility of the
ATP-binding site of HCV NTPase/helicase for ATP resulted
in a decline of ATPase activity of the enzyme (6). Our next
interest was to find out whether the reduction of the NTPase
activity could lead to an adequate inhibition of unwinding
activity. To answer this question, we made use of ribavirin-

FIG. 5. Inhibition of the ATPase and helicase activities of WN
virus NTPase/helicase by ribavirin and ribavirin-TP. The ATPase (A)
and helicase (B) reactions were performed at ATP concentrations
equal to 1/100 (ℑ), 1/10 (�), 1 (f), 10 (7), and 100 (}) times of the Km
value (9.5 mM) as a function of increasing amounts of ribavirin-TP as
the inhibitor. The ATPase activity of the enzyme was determined by
the charcoal adsorption method described in Materials and Methods.
The helicase activity was assayed at a 4.7 pM concentration of nucle-
otide bases of the DNA duplex as the substrate. The samples were
separated in a TBE-polyacrylamide gel, and the 32P radioactivity as-
sociated with the released strand was quantified as described in Ma-
terials and Methods. The activity of the enzyme measured for each
ATP concentration in the absence of the ribavirin-TP was taken as
100%. (C) Comparison of the inhibitory effects of ribavirin and riba-
virin-TP on the helicase activity of WN virus NTPase/helicase. The
reaction took place in the absence (lanes 2 and 7) or presence of
ribavirin (lanes 3 to 6) or ribavirin-TP (lanes 8 to 11). The concentra-
tions of both compounds were adjusted to 5 mM (lanes 3 and 8), 50 mM
(lanes 4 and 9), 500 mM (lanes 5 and 10), and 5 mM (lanes 6 and 11).
The assay was performed at 9.5 mM ATP and a DNA duplex concen-
tration equal to the Km value (4.7 pM concentration of nucleotide
bases). The substrate and released strand were separated in a TBE-
polyacrylamide gel and visualized by exposition of dried gel onto X-ray
film for 14 h. The results shown are representative of three indepen-
dent experiments.

FIG. 6. Structures of guanine and O6-benzylguanine derivatives
used in this study. The synthesis and purification of the compounds
were performed according to procedures presented in Materials and
Methods.
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TP, a competitive inhibitor of the ATPase activity of the
related HCV NTPase/helicase (7). Similar to what was
found for the HCV enzyme, the susceptibility of the ATPase
activity of WN virus NTPase/helicase toward ribavirin-TP
was strongly dependent on the ATP concentration. At an
ATP concentration equal to Km a half-maximum inhibition
(IC50) of the NTPase reaction was observed at 400 mM
ribavirin-TP. The reduction of the ATP concentration in the
reaction mixture resulted in an amplification of the inhibi-
tory effect. The inhibition was not complete and reached 10
to 15% of control. Graphic analysis of the data obtained
revealed that ribavirin-TP acts as a classical competitive
inhibitor with regard to ATP (data not shown). On the other
hand, when the ATP concentration was enhanced (.100 3
Km), a significant increase of the ATPase activity in the

presence of ribavirin-TP was measured (Fig. 5A). Interest-
ingly, ribavirin was capable of activating the ATPase activity
with similar efficacy, without displaying any inhibitory po-
tential (data not shown).

The ribavirin- and ribavirin-TP-mediated changes of the
ATPase activity were, however, only partially accompanied
by respective alterations of the helicase activity. At ATP and
DNA duplex concentrations corresponding to their Km val-
ues an IC50 of 120 mM for ribavirin-TP was measured. The
inhibition reached a maximum of 30% of the control at 450
mM and was not competitive with regard to the ATP. Under
these experimental conditions ribavirin did not affect the
helicase activity (Fig. 5B and C). The reduction or increase
of the ATP or DNA duplex did not lead to an alteration of
the inhibitory potential of ribavirin or ribavirin-TP. The
juxtaposition of both the ATPase and the helicase activities
as a function of ribavirin-TP concentration at selected ATP
concentrations is presented in Fig. 5A and B.

Experiments performed with some cytosine and uracil de-
rivatives revealed that the inhibitory behavior of ribavirin-TP
was not without precedent. For example, 5-fluoro-2-selenocy-
tosine reduced the NTPase activity with an IC50 of 75 mM and
did not influence the helicase activity up to a concentration of
.500 mM (A. Niebuhr, unpublished data).

Action of guanine and O6-benzylguanine derivatives. Evi-
dence for a divergence in the NTPase and the helicase activi-
ties of WN virus NTPase/helicase was further provided by
experiments using derivatives of O6-benzylguanine, an inhibi-
tor of O6-alkylguanine-DNA alkyltransferase with enhanced
specificity toward human and rodent enzymes (13).

The parent substance, O6-benzylguanine (Fig. 6B), was a
weak inhibitor of the ATPase activity of WN virus NTPase/
helicase (IC50 . 500 mM). Interesting observations were made,
however, with derivatives of O6-benzylguanine in which a
chloroethyl moiety was added at position 7 or 9 (Fig. 6C and
D). While the O6-benzyl-N7-chloroethylguanine conserved
the inhibitory properties of the parent compound, the O6-
benzyl-N9-chloroethylguanine proved to be a stimulator of
NTPase activity, with a maximum effect of 350% of control
at 650 mM. Both chloroethyl derivatives in which the O6-
benzyl moiety was omitted (N7-chloroethylguanine and N9-
chloroethylguanine; Fig. 6E and F) did not influence the
ATPase activity up to concentrations of 500 mM (Fig. 7A).

Subsequently the helicase activity of the enzyme as a
function of the increasing concentrations of the O6-benzyl-
guanine derivatives was investigated. While compounds con-
taining the O6-benzyl moiety displayed comparably weak
inhibitory potentials, N7-chloroethylguanine and N9-chloro-
ethylguanine significantly enhanced the unwinding activity
of the enzyme. The activation reached maxima of 850 and
220% of control for N7-chloroethylguanine and N9-chloroeth-
ylguanine, respectively, at a concentration of 200 to 250 mM and
a 50% effective dose equal to 150 mM (Fig. 7B and C). The
effect of the derivatives on the ATPase activity juxtaposed to
the corresponding changes of the helicase activity is shown in
Fig. 7A and B. In summary, the data indicated that both ac-
tivities of the WN virus NTPase/helicase could be modulated
(inhibited or activated) independently of each other.

FIG. 7. Comparison of the modulating effects of the guanine
and O6-benzylguanine derivatives on the ATPase and helicase ac-
tivities of the WN virus NTPase/helicase. The ATPase (A) and
helicase (B) activities of the enzyme were investigated as a function
of increasing amounts of O6-benzylguanine (ℑ), O6-benzyl-N9-chlo-
roethylguanine (�), O6-benzyl-N7-chloroethylguanine (f), N9-chlo-
roethylguanine (7), and N7-chloroethylguanine (}). The ATPase
reaction was performed in the presence of ATP adjusted to a
concentration equal to the Km value, and the activity of the enzyme
was determined by using the charcoal adsorption method described
in Materials and Methods. The helicase activity of the enzyme was
investigated at 9.5 mM ATP and a 4.7 pM concentration of nucle-
otide bases of DNA duplex as the substrate. The 32P radioactivity of
the released strand was quantified as described in Materials and
Methods. The ATPase and helicase activities measured in the ab-
sence of the inhibitors were taken as 100%. (C) Autoradiography of
a TBE-polyacrylamide gel demonstrating the activating effect of
N7-chloroethylguanine on the helicase activity of WN virus NTPase/
helicase. The reaction took place in the absence (lane 1) or pres-
ence of the compound added at 2.2 (lane 2), 6.6 (lane 3), 22 (lane
4), 66 (lane 5), or 220 mM (lane 6). The native substrate is presented
in lane 7. The dried gel was exposed for 14 h without an intensifying
screen. The results shown are representative of three independent
experiments.
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DISCUSSION

NTPase/helicase activity associated with a 60-kDa protein
was purified from medium obtained from a WN virus-infected
cell culture. The WN virus and helicase SFII immunoreactivity
together with the presence of the ATP-binding site confirmed
the nature of the protein. Sequencing experiments revealed
two NH2 termini of the protein: at Gly1564 and Asp1567. As-
suming an average molecular mass of 110 to 120 Da per amino
acid, we could calculate the COOH terminus of our enzyme
corresponding to the boundary of NS3 (Arg2120).

This finding appears to be in concordance with the data
obtained by Wengler and Wengler (54). The authors have
obtained a fully active WN virus NTPase by treatment of the
particulate fraction of infected cells with subtilisin. The 50-kDa
fragment of NS3 started at Gly1668 (numbered according to the
position within the WN virus polyprotein [10, 11, 52]) and,
similar to our enzyme, contained the complete COOH-termi-
nal part of the NS3 protein (54). A structural comparison with
the NS3 protein of HCV allowed the localization of the start
region of the reported 50-kDa enzyme within the putative
interdomain “hinge” connecting the protease and NTPase/
helicase domains (6). Our previous study revealed a high sus-
ceptibility of these interdomain links to proteolytic attack (5,
6). In this context the localization of the NH2 termini of the
60-kDa protein within the compact protease domain is rather
surprising. The presence of the closely neighboring NH2 ter-
mini may suggest the presence of a hinge region within the
protease domain of the WN virus NS3 protein. This region
could be used by different proteases as for other hinge regions
present within the NS3 of HCV characterized by us previously
(5, 6). Our immunoblot data, however, strongly suggest that
the 60-kDa form of the enzyme is produced intracellularly
during virus replication and does not result from artificial pro-
teolysis, e.g., after cell disruption. The cause for the enrich-
ment of the 60-kDa protein in the cell culture medium remains
unclear. It is tempting to suggest that the secretion of the viral
protein or subviral particles may be a mechanism responsible
for the appearance of large amounts of the 60-kDa protein in
the medium. A secretion of large amounts of NS1 or subviral
particles was previously observed in tick-borne encephalitis or
Japanese encephalitis (JE) virus (2, 35, 38, 41).

An interesting property of the NTPase/helicase was associ-
ated with the multimerization status of the enzyme. When
investigated by size exclusion gel chromatography, the 60-kDa
protein, accompanied by NTPase and helicase activities, mi-
grated in two peaks: at 120 to 110 kDa and at 65 to 55 kDa.
This chromatographic behavior did not result from the forma-
tion of a heteromer with other proteins. When the protein
migrating at 65 to 55 kDa was rechromatographed on the gel
filtration column, the NTPase and helicase activities were dis-
tributed between the two peaks: 110 to 120 kDa and 65 to 55
kDa (data not shown). The tendency to polymerization among
the SFII helicases is not without precedent. In a recent report
Levin and Patel demonstrated the formation of HCV NTPase/
helicase oligomers and postulated that the oligomeric state is
the active form of the enzyme (28). In contrast, the migration
of the 60-kDa protein at the void volume of the Superdex-200
column may result from a formation of heteromers with other
viral proteins. An immunoblot analysis of the proteins comi-

grating in fractions 3 to 5, performed with WN virus-positive
human sera, revealed numerous viral proteins that were not
detectable with affinity antibody NS3/HEL(1&2). Indeed,
there is evidence concerning complex formation and a direct
interaction between NS3 and NS5 for the related dengue virus
(23).

Similar to the WN virus enzyme purified by Wengler and
Wengler (54) or dengue and yellow fever virus helicases de-
scribed by Li et al. (29) and Warrener et al. (50), respectively,
our NTPase/helicase preferred poly(dA) and poly(A) as acti-
vators. It is noteworthy that the strongest stimulator of the
NS3-associated NTPase activity of JE virus or of other mem-
bers of the family Flaviridae such as HCV and bovine viral
diarrhea pestivirus (BVDV) was poly(U) (26, 45, 47). How-
ever, compared to that for enzymes described previously the
activation was only modest and was measured at higher ATP
concentrations. Further kinetic analyses of the modulation of
the NTPase activity by polynucleotides are under way; never-
theless our preliminary study may suggest a mechanism based
on an interesting property of poly(dA): as a regulator of the
capacity of the NTP-binding domain for ATP, described re-
cently for NTPase/helicase of HCV. The binding of the polynu-
cleotide increased the affinity of the ATP-binding domain for
ATP. On the other hand ATP enhanced the affinity of this
domain for poly(dA) (6). The extent of the interaction was
dependent on poly(dA) and ATP concentrations. Whether this
mechanism occurs on the level of the holoenzyme and for WN
virus NTPase/helicase remains to be elucidated.

The cause of the limited response of the enzyme to polynu-
cleotide has not been addressed in this report. In a study
mentioned above Kuo et al. compared the poly(U)-induced
NTPase activities of full-length NS3 and of the NTPase/heli-
case domain of JE virus and demonstrated that the NH2-
terminal part of NS3 is sufficient to suppress the sensitivity to
polynucleotide stimulation (26). Similar observations were
made with full-length and NH2-terminally truncated forms of
dengue virus NS3 (29). In the light of these observations it
appears conceivable that the fragment of the protease domain
present in the molecule of our enzyme is responsible for the
reduced stimulatory effect of the polynucleotide.

Kinetic data published elsewhere revealed significant differ-
ences between basal and polynucleotide-induced NTPase ac-
tivities. In the presence of polynucleotides the NTPase activi-
ties of NS3 of HCV, BVDV, JE virus, yellow fever virus, and
dengue virus displayed strict dependency on Mg21 or Mn21

and high sensitivity to monovalent ions. In the absence of the
polynucleotide these enzymatic activities were not significantly
altered by these ions (29, 45, 47, 54). Thus, the rather insignif-
icant effect on ATPase activity by monovalent ions and the flat
Mg21 requirement curve of our enzyme, observed also in the
presence of the polynucleotide, were not surprising.

To our knowledge there are only few reports demonstrating
the unwinding activity associated with the NS3 proteins of
arthropod-borne viruses (29, 49). The common feature of
these enzymes is suspiciously low specific helicase activity in
comparison with those of HCV or BVDV (40, 46, 51). It is well
established that during NTP hydrolysis the energy released is
utilized in helicase translocation along the RNA strand; how-
ever, the number of ATP hydrolysis events per measured un-
winding reaction cycle remains controversial (25, 57). When
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the activities of the enzyme were tested as a function of the
ribavirin-TP concentration, the experimental inhibitory curves
fitted for NTPase and helicase activities did not go in parallel.
The activities were inhibited with different efficacies and by
different mechanisms. For example, at ATP and ribavirin-TP
concentrations at which the NTPase concentration was re-
duced to 20% of the control the helicase activity remains un-
affected. It could not be ruled out that at strongly decreased
ATP concentrations (,1/1,000 of the Km value), at which riba-
virin-TP displays a significantly enhanced inhibitory potential
toward NTPase activity (7), the helicase activity begins to be
affected by the lowered NTPase activity. Such an effect of
strongly reduced ATP concentrations, in the presence of com-
petitive NTPase inhibitors, on the helicase activity of HCV
NTPase/helicase was observed by us recently (P. Borowski, A.
Niebuhr, and N. Schmitz, unpublished data). Nevertheless, for
the WN virus enzyme the reduced ATP concentrations were
not sufficient to provide a measurable level of unwinding ac-
tivity (Fig. 3C). On the other hand in view of the relatively low
specificity toward NTP of the viral NTPases/helicases (40, 47,
51), it is possible that the investigated enzyme catalyzed the
hydrolysis of the ribavirin-TP to derivatives that are less potent
regarding helicase activity (8). We have found, however, nu-
merous chemically unrelated compounds that exerted a similar
effect, i.e., inhibition of ATPase reaction, at least to a certain
extent, without influencing the helicase activity.

Taken together these results indicate that the NTPase activ-
ity is not directly coupled to the unwinding reaction. Conse-
quently, the number of ATP hydrolysis events per unwinding
cycle is not any constant value. This was ascertained by using
guanine and O6-benzylguanine derivatives. Our experiments
indicated that the ATPase activity of WN virus NTPase/heli-
case may be modulated, i.e., increased or reduced, without
affecting the helicase activity of the enzyme. Furthermore, N7-
and N9-chloroethyl derivatives of guanine stimulate helicase
activity without enhancing the requirement for ATP of the
enzyme. Similar observations were made when effects of the
guanine derivatives were verified with the respective enzymatic
activities of the holo-NS3 protein of JE and dengue viruses or
with the NTPase/helicase domain of HCV. Interestingly, under
our standard assay conditions the HCV enzyme exhibited a
specific unwinding activity higher by one or more orders of
magnitude than that exhibited by the WN virus NTPase/heli-
case at comparable specific ATPase activities. It is noteworthy
that even the high helicase activity could be further stimulated
(approximately 5- and 10-fold for N9- and N7-chloroethylgua-
nine, respectively; data not shown). Consequently, the regula-
tion of the helicase activity in vivo might involve compounds or
cofactors that are capable of coupling the unwinding reaction
to ATP hydrolysis.

A further unanswered question is how the enzymes recog-
nize the compounds. Previous experimental data (7) together
with kinetic analyses of Porter (39) suggest strongly the pres-
ence of a further NTP-binding site within the SFII NTPase/
helicase molecule. Thus, it is possible that the compounds
tested exerted their effect(s) by occupation of this site. On the
basis of the data presented above one could speculate that in
the course of the NTPase reaction more ATP will be hydro-
lyzed than directly necessary for the unwinding reaction.
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