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ABSTRACT. Hepatitis C virus (HCV) infects over 170 million persons worldwide. It is the leading cause

of liver disease in the U.S. and is responsible for most liver transplants. Current treatments for this infectious
disease are inadequate; therefore, new therapies must be developed. Several labs have obtained evidence
for a protein complex that involves many of the nonstructural (NS) proteins encoded by the virus. NS3,
NS4A, NS4B, NS5A, and NS5B appear to interact structurally and functionally. In this study, we
investigated the interaction between the helicase, NS3, and the RNA polymerase, NS5B. Pull-down
experiments and surface plasmon resonance data indicate a direct interaction between NS3 and NS5B
that is primarily mediated through the protease domain of NS3. This interaction reduces the basal ATPase
activity of NS3. However, NS5B stimulates product formation in RNA unwinding experiments under
conditions of excess nucleic acid substrate. When the concentrations of NS3 and NS5B are in excess of
nucleic acid substrate, NS5B reduces the rate of NS3-catalyzed unwinding. Under pre-steady-state
conditions, in which NS3 and substrate concentrations are similar, product formation increased in the
presence of NS5B. The increase was consistent with 1:1 complex formed between the two proteins. A
fluorescently labeled form of NS3 was used to investigate this interaction through fluorescence polarization
binding assays. Results from this assay support interactions that include a 1:1 complex formed between
NS3 and NS5B. The modulation of NS3 by NS5B suggests that these proteins may function together
during replication of the HCV genome.

The hepatitis C virus (HCY has caused a global crisis HCV helicase have been explored as antivirals because less
by infecting more than 2% of the world’s populatioh).( is known about the mechanism of action of the HCV helicase
Combination therapies using interferon and the antiviral drug and possibly because of the lack of substrate specificity
ribavirin are effective in only some patients, and such exhibited by helicase®).
treatments are costly and cause debilitating side effésts ( Hcv NS3 helicase is a '30-5 helicase 10). The
3). Vaccine and drug development has been difficult becausen-terminal 180 amino acids of the NS3 protein manifest
the only natural hosts for HCV are humans and chimpanzeesprotease activity and the C-terminal 450 amino acids are
and only recently has the virus been cultivateditro (4— responsible for NTPase and helicase activity. Its crystal
6). As a result, the enzymes encoded by the virus have beerstrycture has been solvettl( 12), leading to the suggestion
intensely studied for rational drug design. HCV encodes an of an inchworm mechanism for nucleic acid unwinding. More
RNA-dependent RNA polymerase, NSS5B, which is required recently, a Brownian motor mechanism has been proposed
for viral replication. A multifunctional protein, NS3, is also  for NS3 helicase unwindingl@). HCV NS5B is an RNA-
encoded which contains ATPase, helicase, and proteasgiependent RNA polymerase. NS5B is able to synthesize
activities. Several groups have reported potent compoundsRNA by using various RNAs as templates. Its crystal
that inhibit the HCV NS5B RNA polymerase and the HCV  sirycture has also been solved and indicates the ‘right-hand’
NS3 serine proteasd,(8). However, few inhibitors of the  convention as described for other polymerases. (
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complex therefore appears important for understanding the3-mercaptoethanol (BME), sodium dodecy! sulfate (SDS),
assembly of the HCV replication complex and the mecha- 3-(N-morpholino)propanesulfonic acid (MOPS), 2-amino-2-
nism and regulation of individual NS proteins during RNA hydroxymethyl-1,3-propanediol (Tris), NaCl, acrylamide, bis-
synthesis. acrylamide, MgCJ, KOH, ATP, formamide, xylene cyanole,

Several groups have reported interactions between DNA bromophenol blue, urea, and glycerol were purchased from
polymerases and DNA helicases. Von Hippel and co-workers Fisher. Nitrilotriacetate sensor chips were purchased from
(25) studied the molecular mechanism of the functional Biacore. Sephadex G-25, BSA (bovine serum albumin),
coupling of the helicase (gp41) and polymerase (gp43) of Pyruvate kinase/!actate thydrogenase (PK/LDH), nicotina-
bacteriophage T4 within the DNA replication fork. They Mide adenine dinucleotide (NADH), ATP, and phospho-
reported that the unwinding rate of gp41 was significantly enolpyruvate (PEP) were from Sigma. Poly U was purchased
increased by the tra”ing of gp43 a|though phyS|Ca||y these from Amersham Pharmacia Biotech. DNA Oligonudeotides
two proteins might not interact with each other. The T7 gene Were from Integrated DNA Technologies and purified by
4 helicase was found to interact with the T7 DNA polymerase Preparative gel electrophoresily. [y-32P]JATP was pur-
nearly three decades ag26( 27), and this system continues chased from Perkin-Elmer Life Sciences. T4 polynucleotide
to be of interest in studying helicase-polymerase interactionskinase was obtained from New England Biolabs. Recom-
(28, 29). Recently, the Patel group reported that T7 DNA binant full-length NS3 was cloned from Conlb, and
polymerase may increase the unwinding rate of T7 DNA NS5BAC21-C-hig (referred to as NS5B throughout the text),
helicase by ‘pushing’ the helicase or by preventing the Was derived from 1b strain BK. Proteins were expressed and
helicase from ‘slipping’ 29). The Ahlquist group has purified as previously describe®Z, 33). NS3h was ex-
investigated the interaction between a viral RNA polymerase Pressed as a truncation containing the C-terminal 465 amino
and a helicase-like protein in the Brome mosaic virus. They acids and purified in a fashion analogous to full length NS3
reported that the 1a helicase-like protein and 2a polymerase{32). NPH-II was kindly provided by Dr. Eckhard Jan-
like protein can colocalize in vivo in an endoplasmic kowsky.
reticulum-associated replication complex that is the site of ~Conjugation of NS5B to DynabeadTwo sets of Dyna-
BMV-specific RNA synthesis. The helicase-like protein 1a Peads (Invitrogen) were prepared. To produce NS5B-coated
controls or contributes to template specificity in RNA beads, 0.3 mg of purified NS5B (which had been dialyzed
replication @0). All these studies point to the important into PBS, pH 7.4) was coupled to 5 mg of epoxy-activated

functional interaction between helicase and polymerase for Dynabeads (M-270) according to manufacturer's protocols.
both DNA and RNA viral replication. To produce control beads, an identical volume of PBS alone

was added to 5 mg of epoxy-activated Dynabeads and
guenched with glycine.

Dynabead Pull-Down Assas 0.83 mg amount of NS5B-
3conjugated or quenched beads were added toM.purified

Previously, Zhang, et al. have demonstrated that the
interaction between NS3 and NS5B results in an increase of
product formation under steady-state conditid2®.(In the
present study, we detected a direct interaction between NS X ! X
and NS5B by affinity pull-down, surface plasmon resonance, E‘Sf? or ngh in a total volume of 3QL. The mcubanrc:n
and fluorescence polarization. We have also examined, forPuffer was 25 mM HEPES, pH 7.5, 1 mftmercaptoetha-

the first time, the effect of NS5B on NS3-catalyzed RNA N0l 0.1 mM EDTA, 0.1% Tween-20, and either 175, 225,
unwinding. We extend the work of Zhang et al. by or 300 mM NaCl. The beads and protein were incubated at

investigating the functional interaction between NS3 and 4°C for 1 h with gentle mixing. The beads were then washed

NS5B on NS3-catalyzed unwinding under steady state singleﬁve times with buffer identical to the respective incubation
turnover, and pre-steady-state conditions. We find that NS5B condTons.ﬁWashed bﬁadsf were su;pend?d in SDS-PAGE
can significantly enhance NS3-catalyzed product formation S&MPle buffer and boiled for 10 min to elute interacting

for unwinding RNA and DNA under steady-state conditions, Proteins. Eluted proteins were resolved by SDS-PAGE and
in which the nucleic acid is in excess of the enzyme visualized by staining with SYPRO Ruby protein gel stain.

concentration and multiple enzymatic turnovers are allowed. PuI]IC—dowr:j a.ss."l"y IWith. N823-tetrafcys and N.SS'FIAdSH was
In contrast, under single turnover conditions, where the Eergrme simi aryusmg_ m%O_NSgB]:fconjugatg | Dy;a-
concentrations of NS3 and NS5B greatly exceed substrate?€2ds, M protein, and incubation buffer containing 25

; ; : ; M HEPES, pH 7.5, 250 mM NaCl, 0.1 mM EDTA, and
concentration and dissociated enzyme is prevented from™M ’ ' ' T '
rebinding to substrate, NS5B reduces NS3-catalyzed RNA 0-1% Tween-20. The beads were washed five times and then

and DNA unwinding activity. Analysis by pre-steady-state b°"e<?' in nonreducing SDS-PAGE sample puffer. Eluted
conditions, in which enzyme and substrate concentrationsPrOteINS were reso!vgd by SDS-PAGE and v!suall_zed both
are similar and multiple turnovers allowed, we find that the by Coomassie staining and by _ﬂuor_escent imaging on a
unwinding rate of NS3 is not enhanced by the addition of Molecular Dyn_amlcs Storm 840 imaging system.

NS5B. The increase in product formation is most likely due FlAsH Labeling Of.NS?’A form of NS3 was engineered
to enhanced association. We also observed that NS5B doe%0 have a tetracysteine cassette (ewsjpro-gly-cys-c.y s)
not interact strongly with NS3 helicase domain, indicating 'ocated at the C-terminus of the protein. The protein and
that the protease domain primarily mediates the interaction, FIASH-EDT2 (Invitrogen) were incubated at #C for 5 h

as observed by other&1, 23) with gentle agitation. After dialysis to remove free dye,
T approximately 85% of the protein was found to have bound
MATERIALS AND METHODS the dye. The resulting labeled protein was referred to NS3-
FIAsSH.

Materials 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic Fluorescence Polarization with NS3-FIAsH and NS5B.
acid (HEPES), ethylenediamine tetracetic acid (EDTA), Measurements were made at 3Z using a Perkin-Elmer
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Victor®V 1420 Multilabel Counter. Measurements were  ATPase AssaydNS3 ATPase activities were monitored
integrated over a 0.2 s detection period. The instrument lampspectrophotometrically with the assay described previously
energy was at the maximum setting, and filters were set to (34). All assays were performed at 3C in buffer containing
485 nm for excitation and 535 nm for emission. The 25 mM MOPS, pH 7.0, 10 mM NaCl, 10 mM Mgg&l5
polarizing aperture was set to normal, and the excitation mM ATP, 50uM EDTA, 10 units/mL phosphoenolpyruvate
aperture was set to 4 mm. NS3-FIAsH at 50, 100, or 150 kinase/lactate dehydrogenase (PK/LDH), 4 mM phosphe-
nM was titrated against an increasing concentration of NS5B nolpyruvate (PEP), 0.7 mg/mL NADH, and 0.1 mg/mL
in buffer containing 25 mM HEPES, pH 7.5, and 50 mM bovine serum albumin (BSA). The concentration of NS3 was
NaCl. Triplicate samples were incubated at’&7for 90 min 100 nM. After measurement of the basic activity of NS3,
prior to measuring fluorescence polarization. Data were 100 nM NS5B was added and the ATPase activity was
plotted as the average of three independent experiments withmeasured. Following this, various concentrations of poly U
standard deviations. were introduced and the activity was detected. The concen-
Fluorescence Polarization with Fluorescein-Labeled DNA. tration of poly U is indicated in the figure legend. The assay
DNA substrate (5fluorescein labeled DNA, F-(T3) was time is 30 s. Observed ATP hydrolysis rates were obtained
purchased from Integrated DNA Technologies and purified by measuring the conversion of NADH to NATat 380 nm
by preparative gel electrophoresis. The fluorescence polariza-with an extinction coefficient of 1210 M cm. The
tion buffer consisted of 50 MM MOPS=K(pH 7.0), 50uM oxidation of 1 mol of NADH corresponds to the hydrolysis
EDTA, 0.1 mg/mL BSA, and 10 mM NaCl. Varying of 1 mol of ATP. The specific activity was calculated by
concentrations of NS5B were incubated with 0.1 nM F£{T)  observed ATP hydrolysis rate divided by enzyme concentra-
DNA in fluorescence polarization buffer for 3 min at 3¢ tion.
in a final volume of 1 mL per sample. Fluorescence  Unwinding AssaysThe nucleic acid substrates for un-
polarization was monitored on a Beacon Fluorescence winding studies are referred to as 60:30mer and 45:30mer.
Polarization Instrument (PanVera). Fluorescence polarization The substrates contain either 30 nt or 15 nt of single-stranded
buffer was used as the blank. The change in millipolarization nucleic acid overhang on the loading strand, respectively,
(mP) units was determined using a sample of 0.1 nM and 30 base pairs of dsNA. The sequence of the RNA 60mer
fluorescein-labeled DNA as the zero point. Fluorescence loading strand was '85ACTGACGCTAGGCTGACAG-
polarization data were fit to a quadratic equation to obtain GACGTACTACUs¢-3'. The sequence of the 30mer com-
Kp values (KaleidaGraph software). The following equation plementary strand was'-&STAGTACGTCCTGTCAGC-

was used: CTAGCGTCAGTC-3. For DNA unwinding experiments,
AmP the sequence was the same except for the replacement of
[DNA] x (Kp + [DNA] + [E]) — uridine with thymidine. Substrates were purified and radio-
labeled as described3l). Unwinding experiments were
\/(KD + [DNA] ; + [E];)* — 4[E],[DNA] ; performed with a water bath maintained at 3C. All
mpP = concentrations listed are after mixing. Unwinding buffer

2[DNAly consisted of 25 mM MOPS-K(pH 7.0), 50uM EDTA, 0.1

where AmP is the total change in millipolarization, [DNA]  mg/mL BSA, and 10 mM NaCl. The RNA or DNA 60:30mer
is the concentration of fluorescently labeled DNA, [E] is the was incubated with NS3 and/or NS5B prior to initiating the
concentration of NS5B, anidp is the apparent equilibrium  unwinding reaction with 5 mM ATP and 5 mM Mgg£ITo
dissociation constant. prevent reannealing of ssNA products, a 30-fold excess of

Surface Plasmon ResonanéeBlAcore 3000 instrument  30mer that was complementary to the 30mer in the 60:30mer
(BlAcore AB) for real-time monitoring of interaction be- or 45:30mer was added along with the ATP. Assays
tween proteins was used for investigation of interactions performed under single turnover conditions containegdM5
between NS5B and NS3. The nitrilotriacetate sensor chip poly U protein trap in the ATPMgCl,—30mer solution to
flow channel was first saturated with nickel by passing 20 prevent protein from being able to rebind 60:30mer substrate
uL of a 500 mM NiCb solution at a flow rate of 2@L/min. after dissociation35). After rapid mixing of the NS3-nucleic
Then purified his-tagged NS5B was immobilized to flow acid substrate solution with the AFMMgCl,—30mer solu-
channel 2 only at concentrations of 500 nM in HBS-EP tion, the reaction was quenched with 200 mM EDTA plus
(BlAcore AB) running buffer pH8.0 at a flow rate of 20 0.7% SDS. A 10uL aliquot of the quenched unwinding
uL/min. Flow channel 1 of the sensor chip was mocked with reaction was added to bL of 6X loading buffer (30%
nickel as a nonspecific binding control. The binding experi- glycerol, 0.1% bromophenol blue, 0.1% xylene cyanole), and
ment was performed at room temperature with HBS-EP analyzed on a 20% polyacrylamide gel. The amount of free
(BlAcore AB) as running buffer. A 500 nM solution of NS3  60mer and 60:30mer or free 45mer and 45:30mer was
or NS3 helicase domain was injected into both flow channels quantified with a Molecular Dynamics Phosphorimager and
at a flow rate of 20 mL/min. The binding of NS3 or NS3 ImageQuant software3p, 36).
helicase domain to immobilized NS5B was measured as a
change in resonance signal. Dissociation was recorded ovetRESULTS
7 min. Nonspecific binding of NS3 or NS3 helicase domain  NS5B-Coated Dynabead Pull-Down Ass&averal groups
with the surface was subtracted from each measurementhave used different approaches to indirectly assess the
Regeneration of the flow cells was performed by passing interaction between NS3 and NS5B. Interaction between NS3
20 mL of 350 mM EDTA in eluent buffer at 20 mL/min. and NS5B has been identified by co-immunoprecipitation
Sensorgrams were analyzed with BlAevaluation 3.0 (BIA- analysis, yeast two-hybrid assay, and a far-western blot assay
core). (18, 21, 22). To directly observe the interaction between NS3
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Ficure 1: NS5B-coated Dynabead pull-down assay. NS5B-coated |
beads were incubated with NS3 or NS3h at three different salt 10000
concentrations: 175, 225, and 300 mM NacCl as indicated by the 50004
ramps. As a control, glycine quenched beads were also included.
Products from the pull-down were resolved by2D% SDS-PAGE 0 . . , . .
and visualized by SYPRO Ruby staining. Recombinant NS3 and 400 600 800 1000 1200 1400
NS3h were run in separate lanes for reference. time, s

FiGUrRe 2: Interaction between NS5B and NS3 by surface plasmon
and NS5B, NS5B-coated Dynabeads were used to isolateresonance (SPR). (A) (HisNS5B (500 nM) was injected onto one
recombinant NS3 from solution. NS5B was covalently linked ?Cﬁivat?g)NTA ﬁ_enS_OT %hiptg%vc\)/oChannd (frorq p(c;zslth;o%‘NﬁgE;

H 0 "'wash’), resulting in abou response units . e -
to epoxy-coa_ted Dynabeads, followed by Washl_ng o remove bound chip was wgshed with buffer tg remove excess NS5B. NS3
excess protein. NS5B-coated Dyngbeads were incubated W|th(500 nM) was injected onto the NS5B channel and the control
NS3 for 1 h, followed by washing to remove unbound channel (from position “NS3” to “wash”) resulting in an increase
protein. To test the stringency of the interaction, three response of about 2490 RU (subtraction from the two channels).
different salt concentrations were used in the washing step.(B) (His)s-NS5B (500 nM) was injected onto one NTA sensor chip

; N flow channel (from position “NS5B” to “wash”), resulting in about
As demonstrated by the products isolated from the pull-down 8000 response units (RU). The NS5B-bound chip was washed with

assay, NS3 binds equally well under the three different salt jffer to remove excess NS5B. NS3 helicase domain (500 nM)
concentrations, indicating that the interaction is not highly was injected onto the NS5B channel and the control channel (from

dependent on electrostatic interactions (lane$ 4Figure position “NS3h” to “wash”). No response difference was detected.
1). A similar experiment was performed in which NS3
helicase domain (NS3h) was incubated with the NS5B-coateddetermine whether it also binds to NS5B; however, no
Dynabeads. No protein was isolated from these pull-down resonance difference was observed (Figure 2B). Taken
experiments, indicating that the protease domain of NS3 is together with the pull-down assay, the data demonstrate that
likely involved in the interaction between NS3 and NS5B  the interaction between NS3 and NS5B may involve the NS3
(lanes 16-12, Figure 1). This observation is in good Pprotease domain. This finding is in good agreement with
agreement with previously described findingdl,( 23). published results showing that the direct interaction between
Additional controls for nonspecificity included incubating NS3 and NS5B required the N-terminal region of N&3)(
Dynabeads that had been quenched with glycine with NS3 The initial, multiphase binding event may be due to rapid
and NS3h, separately. A trace amount of NS3 was found to association of NS5B to the Ni-coated surface, followed
bind nonspecifically to the quenched Dynabeads under theby additional binding due to the oligomeric nature of NS5B.
175 mM salt condition (lane 1, Figure 1). However, Chemical cross-linking (Supporting Information Figure 1)
increasing the salt concentration eliminated nonspecific and size-exclusion chromatography (Supporting Information
binding. NS3 helicase domain was not found to bind to the Figure 2) indicate that NS5B exists as an oligomer at pH
guenched Dynabeads under any conditions. 7.0, which is optimal for NS3-catalyzed RNA and DNA
Interaction between NS5B and NS3 by Surface Plasmonunwinding activity.
Resonance (SPR)o further study the interaction between NS5B Inhibits NS3 Basal and Poly U Stimulated ATPase
NS3 and NS5B, surface plasmon resonance was we appliedActivity. Prior reports showed the activity of HCV NS5B
surface plasmon resonance. A BlAcore sensor chip designedvas stimulated by NS2¢), and that NS5B interaction with
for docking (his}-tagged protein was utilized to immobilize  NS3 stimulates NS3-catalyzed DNA unwinding activig).
purified, (his}-tagged NS5B on the surface of the chip However, the primary biological substrate for NS3 is RNA,
(Figure 2). The binding phase revealed a rapid binding eventand significant differences exist when comparing NS3
followed by slower binding to the chip. NS3 was injected, activity on DNA compared to RNA. For example, NS3-
resulting in a strong resonance difference that indicated acatalyzed RNA unwinding is much more sensitive to pH than
direct interaction between NS5B and NS3. Quantitative DNA unwinding @0). Additionally, the existing data did not
analysis of the BIAcore data was not pursued because NS5Bevaluate helicase activity under varying protein concentra-
and NS3 exist as oligomers in solutioB7¢-39), which tions. We first analyzed the basal and poly U-stimulated
greatly complicates quantitative evaluation of SPR data. A ATPase activity of NS3 in the absence and presence of
similar experiment was performed by injecting NS3h to NS5B. Surprisingly NS5B decreased NS3 basal ATPase
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activity (Figure 3A). The inhibition of NS3 ATPase activity A 35

by NS5B was completely overcome by addition of excess 30l

poly U (Figure 3A). Figure 3B shows that the poly U < I

stimulated ATPase activity was reduced by adding excess ‘; 25

NS5B. The effect of NS5B on NS3's poly U-stimulated S 2ol

ATPase activity was further investigated by varying poly U ‘g i

in the presence or absence of NS5B. The concentration of o 15

poly U needed to reach maximal ATPase activity was S 1ol

increased when NS5B was present (Figure 3C). For example, :)n’.

when 200 nM NS5B was present in the solution (open 5

triangles, Figure 3C), more than:®/ poly U was needed 0

to stimulate the ATPase activity. This result is consistent > >

with that seen in Figure 3B, and is likely due to NS5B 2 23 §§ §§:

completing for binding of poly U. z z& zsz zs
NS5B Increases the Agtiy of NS3-Catalyzed Unwinding 3 3 3 E 38 28

of an RNA Substrate When Nucleic Acid Substrate Concen-

tration Is Equal to NS3 Concentratiofio determine whether B

the interaction between NS3 and NS5B affected RNA
unwinding activity, we used an RNA substrate with a long
single-stranded overhang (30 nt) in order to accommodate
binding of both NS3 and NS5B. NS3 requires a single strand
overhang for efficient unwinding and each NS3 molecule
can bind~8 nucleotides41). NS5B can bind around-810
nucleotides 42). NS3 was incubated with an equimolar
quantity of RNA substrate followed by initiation of the
unwinding reaction by addition of ATP and MgCNery
little sSSRNA product resulted over a 25 min reaction period
(Figure 4). When we introduced an equal amount of NS5B
into the reaction, around 30% of the substrate was unwound
after 25 min. Increasing the amount of NS5B in the reaction
led to ~75% of the substrate being unwound over 25 min.
NS5B Reduces the Ability of NPH-II-Catalyzed Unwinding
of an RNA Substratd.o investigate whether the modulation
NS5B exerts on NS3 unwinding is specific for the NS3
NS5B interaction or a generic effect due to the ability of
NS5B to bind RNA, the effect of NS5B on anothét8-5
RNA helicase, vaccinia virus nucleoside triphosphate phos-
phohydrolase Il (NPH-II), was studied. NPH-II is also a
member of the DExH/D family of proteins, a subset of
helicase superfamily 2 (SF2). It has been shown to possess
robust and processive RNA helicase activih8) NPH-II
(10 nM) was incubated with increasing concentrations of
NS5B and the RNA substrate. The reactions were initiated
by the addition of ATP under steady-state conditions in which | | |
NS5B was found to stimulate the activity of NS3 (see Figure 20 30 40 50
4). The presence of NS5B was found to reduce NPH-II RNA poly U, uM
unwinding in a concentration-dependent manner (Figure 5).
NS5B can bind to the RNA substrate and is likely able to Ficure 3: The effect of NS5B on the ATPase activity of NS3.
compete for binding with NPH-II. These data indicate that ATPase zt;1ct|vr|]tytwastmomtored_t|3% usho aefnzdydrq}e-cmfjplln%systemt
the interaction between NS3 and NS5B produces specificid 4died as follows: (A) Column L, 100 M NS3; Column 2, |
enhancement of NS3-catalyzed RNA unwinding activity. 100 nM NS5B was added to the mixture from column 1 resulting
NS5B Enhances the Ability of NS3-Catalyzed Unwinding in reduced specific activity; Column 3, 2 mM poly U (in
of a DNA Substrate When Substrate Concentration Is Equal nucleotides) was added to the mixture in column 2; Column 4, 100

: ; - ; mM poly U was added to the mixture in column 3; Column 5, 100
to NS3 ConcentrationNS3 is a proficient helicase for mM poly U was added to the mixture in column 4. (B) Column 1.

unwinding DNA S_UbStrateS as We_" as RNA substrag ( 100 nM NS3; Column 2, 2 mM poly U was added to the mixture
44, 45). To determine whether the interaction between NS5B in column 1; Column 3, 100 nM NS5B was added to the mixture
and NS3 stimulated the DNA helicase activity of NS3, in column 2; Column 4, 400 nM NS5B was added to the mixture
experiments were conducted with a DNA substrate. NS3 (250in column 3; Column 5, 100 mM poly U was added to the mixture

; ; . in column 4. (C) Enzyme concentrations were held constant as
nM) was incubated with the 60:30mer DNA subsirate (250 increasing poly U was titrated into the mixture: 100 nM NS3 (red

nM) in the presence of increasing amounts of NS5B. gjrcles): 100 nM NS3, 50 nM NS5B (blue squares); 100 nM NS3,
Substantially greater product formation is observed in the 100 nM NS5B (green circles); 100 nM NS3, 200 nM NS5B (open

presence of NS5B (Figure 6). This result further supports triangles); 200 nM NS5B (closed triangles).

specific activity, s ™

2 uM poly U
NS3, NS5B,
2 uM poly U
NS3, NS5B,
2 uM poly U
NS3, NS5B
100 uM poly U

NS3
NS3,
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FiGure 4: NS5B stimulates NS3-catalyzed unwinding of RNA
when concentrations of enzyme and substrate are similar. NS3 an

NS5B were preincubated 5 min at room temperature before adding

60:30mer RNA substrate. The enzymmibstrate mixture was
incubated an additional 5 min at 3T followed by initiation of
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FIGURE 6: NS5B stimulates NS3-catalyzed unwinding of DNA
when concentrations of enzyme and substrate are similar. Unwind-
ing of 250 nM 60:30mer DNA with 250 nM NS3 in the absence
of NS5B (filled circles) or in the presence of 250 nM NS5B (open
squares), 500 nM NS5B (filled triangles). As a control, there is a
reaction having 250 nM 60:30mer DNA and 250 nM NS5B but no
NS3 (open triangles).

erformed in the presence of excess enzyme concentration

ver substrate concentration. NS3 (300 nM) and 30 or 300
nM NS5B were preincubated before adding 2 nM RNA
substrate. The reactions were initiated by adding ATP,

the unwinding reaction by addition of ATP. (A) Phosphorimage of MgCl,, and an excess quantity of annealing trap (60 nM)
a native gel separating single-stranded RNA from double-stranded gng protein trap (7aM poly U). A 300 nM NS3 concentra-

RNA. Times of reaction are indicated above each lane, as well as

B for a blank sample that has not been unwound,tdror a heated

sample in which all of the substrate has been melted. (B) Unwinding

of 250 nM 60:30merRNA with 250 nM NS3 in the absence of
NS5B (filled circles), or in the presence of 125 nM NS5B (gray
circles), 250 nM NS5B (closed squares), 500 nM NS5B (gray
triangles), and 750 nM NS5B (filled diamonds). As controls, there
are reactions containing no NS3 with 250 nM NS5B (filled
triangles) and 750 nM NS5B (gray squares).
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Ficure 5: NS5B does not enhance the helicase activity of NPH-
II. (A) 10 nM NPH-II unwinds 250 nM 60:30mer RNA in the
absence (open circles) or presence of 100 nM NS5B (filled squares)
250 nM NS5B (open diamonds), 500 nM NS5B (filled triangles),
and 750 nM NS5B (open triangles). NPH-II and NS5B were

tion alone can unwind approximately 40% of the substrate
(Figure 7). With the addition of 30 nM NS5B, the observed
rate constant for product formation is slower but the
amplitude is the same (Figure 7A, Table 1). When NS3 (300
nM) is incubated with an equal amount of NS5B (300 nM),
RNA unwinding was reduced to negligible levels. Similar
results were found for unwinding of DNA under single
turnover conditions (Figure 7B). Hence, NS5B can reduce
NS3-catalyzed unwinding under conditions in which the
enzyme concentration is in great excess of the substrate
concentration. It is possible that NS5B competes for binding
to the substrate under conditions where substrate is limiting
because NS5B is known to bind tightly to RNA. Likewise,
NS5B is capable of binding tightly to sSDNA as exhibited
by fluorescence polarization using &fluorescein-labeled
15mer (Figure 7C). The presence of NS5B leads to formation
of nonproductive complexes with RNA or DNA when the
concentration of nucleic acid substrate is limiting.

Fluorescence Polarization with NS3-FIAsH and NSBB.
order to examine the interaction between NS3 and NS5B in
'solution, a fluorescently labeled form of NS3 was prepared.
A peptide containing four cysteines, eysys-pro-gly-cys-

preincubated 5 min at room temperature before adding 60:30mercys, was fused to the C-terminus of NS3. NS3-tetracys was

RNA substrate. The reactions were initiated by the addition of 3.5
mM ATP and 3.5 mM MgCJ. Reactions were quenched at 30, 60,
90, and 120 s by the addition of 200 mM EDTA/0.7% SDS.

Radiolabeled products were resolved by 20% native polyacrylamide

gel electrophoresis and visualized by phosphorimager analysis.

found to behave similarly to NS3 in ATPase activity and
DNA unwinding (Sikora et al., in preparation). NS3-tetracys
was labeled with the biarsenical compound FIAsH, resulting

in 85% labeling efficiency. To determine whether NS3-
FIAsH could bind to NS5B, a pull-down experiment was

the specific enhancement of NS3-catalyzed product formationpPerformed. NS5B-coated Dynabeads were used to isolate

in the presence of NS5B.

NS5B Reduces the Ability of NS3-Catalyzed Unwinding
under the Single Turner Condition.The previous experi-
ments were performed under multiple-cycle conditions.
Under these conditions, multiple cycles of DNA or RNA
unwinding can occur such that dissociation or association

recombinant NS3, NS3-tetracys, and NS3-FIAsH from solu-
tion, whereas NS3 helicase domain was not isolated (Figure
8A). The same gel was examined by fluorescence imaging
to illustrate the appearance of NS3-FIAsH (Figure 8B).

On the basis of the finding that NS5B-coated Dynabeads
were capable of isolating NS3-FIAsH from solution, fluo-

of enzyme with substrate might limit the observed rate of rescence polarization was utilized to further study the
product formation. To examine the steps involved with DNA interaction between the two proteins. Three concentrations
or RNA more directly, single-turnover experiments were of NS3-FIAsH were titrated with increasing concentrations
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A2 T T T Table 1: RNA and DNA Unwinding by NS3 under Single Turnover
Key Conditions in the Presence or Absence of NS5B
15k 4| @ 300nMNsS3
= O 300nMnss NS3 NS5B  observed rate _
; . +30 nM NS58 substrate  (nM) (nM) constant (s%) amplitude (nM)
g A oniness RNA 300 - 0.83£0.09 0.7&£ 0.03 nM
3 RNA 300 30 0.72+ 0.09 0.66+ 0.03 nM
T RNA 300 300 ND ND
DNA 300 - 0.8+ 0.2 1.6+ 0.1 nM
=530 DNA 300 30  0.27£0.01 1.54+ 0.03 nM
DNA 300 300 0.162+ 0.005 1.1+ 0.02 nM

aKinetic parameters were determined from fitting the data in Figure

B 7 to a two-step mechanism by using the program Kaleidagraph.
Key
300 nM NS3 A NS5B bead pull down
= 300 nM NS3
< +30 nM NS5B ol
‘Z’: 300 nM NS3 E 8 5
a +300 "M NS5B < s =<
@ T = W e T &
33388333
kDa =22 =l o Nl li= Rl
97 —
8 gy - g
50 — [}
250 T T T T
[ [
200 | 3 B NS5B bead pull down

)

150 [ o g

100 | p

NS3wt
NS3h
NS3-FlAsH
NS3

NS3h

NS 3-tetracy:
NS3-FlAsH

50 .

fluorescence polarization, mp O

0 1 1 1 1
0 20 40 60 80 100

NS5B, nM
FIGURE 7: NS5B inhibits NS3-catalyzed RNA unwinding when
enzyme concentrations are in excess of substrate under single
turnover conditions. Unwinding was initiated by mixing 2 nM 60:
30mer RNA (panel A) or 2 nM 60:30mer DNA (panel B) with FIGURE 8: NS5B-coated Dynabead pull-down assay with NS3-
300 nM NS3 in the absence or presence of various concentrationsFIAsH. NS5B-coated beads were incubated with NS3, NS3h, NS3-
of NS5B with 5 mM ATP. When NS5B was included, NS3 and tetracys, or NS3-FIAsH. Products that bound to the beads were
NS5B were preincubated 5 min at room temperature before addingeluted and resolved by-420% SDS-PAGE and visualized by (A)
the 60:30mer substrate. The unwinding reaction was performed atCoomassie staining and (B) fluorescent imaging.
37°C, and the reaction was quenched with 200 mM ED¥A.7%
SDS. (A) Unwinding of 2 nM 60:30mer RNA was performed by
300 nM NS3 (filled circles) or in the presence of 30 nM NS5B
(open circles) or 300 nM NS5B (filled triangles). (B) Identical
conditions as above for a 2nM 60:30mer DNA substrate. Curves
were fit to a two-step unwinding mechanism, and observed rate
constants and amplitudes are shown in Table 1. (C) Binding of
NS5B to 15mer DNA as measured by fluorescence polarization.
Binding was measured by monitoring changes in fluorescence
polarization of a 0.1 nM fluorescein-labeled 15mer DNA. NS5B
binding to F-(T)s resulted inKp values of 7.7+ 6.8 nM. Data
were fit to the quadratic equation to obtalty values using 0 200 400 600 800 1000
Kaleidagraph (Synergy Software), and standard errors are reported. NS5B, nM
) FiIGUurRe 9: Interaction between NS3-FIAsH and NS5B observed
of NS5B, and each sample was allowed to incubate for 90 by fluorescence polarization. The fluorescence polarization of the
min at 37°C. The fluorescence polarization decreased at low following different concentrations of NS3-FIAsH was measured in
concentration of NS5B followed by an increase when NS5B tchreclgg‘)esigge(ooge'r’]“ggaz'rgg) Cgﬂgei‘ggt:qoM”S(é’ge’r\]‘Str5.aBr:]g|5e2) ("\3]%33”
. . .. . . | s u s 1 -
W.as aqded in excess (Figure 9). The minimum Po'm in the FIAsH. Samples were incubated for 90 min at ¥7. Error bars
biphasic curve was reached when the concentration of NS5Brepresent the standard deviation from three independent experi-
was the same or similar to the concentration of NS3-FIASH. ments. Interpolation lines have been added for each curve.
This finding indicates that a thermodynamically favorable
complex forms between these two proteins with a stoichi- conditions resulted in formation of nonproductive complexes,
ometry of~1:1. perhaps due to competition for binding of substrate between
The Effect of NS5B Unwinding Agitly of NS3 under Pre-  NS3 and NS5B. In order to more carefully evaluate the effect
Steady-State Unwinding Conditior®&eady conditions may of NS5B on the unwinding reaction, experiments were
report on association and dissociation of the enzyme from performed under pre-steady-state conditions in which the
its substrate rather than unwinding, per se. Single turnoverenzyme and substrate concentrations were similar. Under
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Key own, but becomes rapid when combined with the chromo-
® sominss somal replicase, DNA polymerase Il holoenzyme (Pol Il
2 W 3000MNS3 HE) (46). Evidence was reported recently that coupling
g . s e between the bacteriophage T7 helicase and polymerase are
g +200 M NS5B coupled such that the polymerase enhances the rate of the
2 A s Nass helicase 29). Investigation of these functional interactions
é A Jmnanss is important for understanding the DNA replication.
? 300 M NS3 In contrast, far fewer studies have explored multiprotein
O +so0nminsse complexes involved in RNA virus replication. Ahlquist
O soonunses reported that the ability of Brome Mosaic Virus 2a poly-

. 10: Effect of NS5B i divity of NS3 und merase-like protein to interact with 1a helicase-like protein
IGURE 10: ect o on unwinding activity o under i ; ; ;
pre-steady-state conditions. Unwinding of 100 nM 45:30mer was Sl_gnl_fl(_:an_tly contributes to BMV survival4@). Previously
performed with 300 nM NS3 alone (filled circles) or with 100 nM P',Ccm'nn' et al. 2) reporteq.that NS3 or NS3h C,OUId
(closed squares), 200 nM (closed diamonds), 300 nM (open Stimulate the polymerase activity of NS5B and this stimula-
triangles), 400 nM (filled triangles), and 500 nM NS5B (open tion is dependent on NS3 ATPase activity. Recently another
circles), and with 500 nM NS5B alone (open squares). Proteins group reported that NS5B stimulates DNA unwinding

were preincubated at 28C for 10 min prior to incubation with . ; _
DNA substrate. Data were fit to a two step unwinding mechanism activity of NS3. In contrast, a different RNA-dependent RNA

followed by a steady state, and the observed kinetic parametersP0lymerase derived from West Nile virus had no effect on

are shown in Table 2. NS3 DNA helicase activityZ23). NS5B is also known to
interact with a cellular helicase, p68, and relocalize it from
Table 2: DNA Unwinding by NS3 under Pre-Steady-State the nucleus to the cytoplasm. When p68 was depleted using
Conditions in the Presence or Absence of NS5B specific p68 small interfering RNA, reduction in the tran-
NS5B (nM) k, observed () kssobserved (nvs%) scription of negative-strand from positive-strand HCV RNA
0 0.95+ 0.03 0.53£ 0.04 was observed4g). _ o _
100 0.87+ 0.03 0.71+ 0.05 The NS3 protease domain appears to mediate interactions
200 0.60+0.03 1.16+ 0.09 with the NS5B polymerase (Figures 1 and 2), consistent with
300 0.5840.03 14+0.1 previous reportsAL, 23). Data in this report are the first to
400 0.64+ 0.03 1.3+ 0.1 : X
500 0.63+ 0.03 13+01 show that NS5B can stimulate the sSSRNA product formation

— , — — resulting from the unwinding activity of NS3. This is an
aKinetic parameters were determined from fitting the data in Figure . tant findi - th fivity of NS3 has b
10 to a two step mechanism followed by a steady state using the 'MPOrtant new finding since the actvity o as been
program Kaleidagraph. shown to differ between DNA and RNA substraté5)( The

functional studies indicate that NS3 may become more
efficient in the presence of NS5B because the basal rate of
ATPase activity is reduced whereas the RNA helicase activity
is enhanced (Figures 4 and 5).

NS5B can stimulate the product formation for RNA
unwinding activity of NS3 under multiple turnover conditions
in which the nucleic acid substrate concentration is similar
to the enzyme concentration. Previous work with DNA
substrates demonstrates a similar findi2g)( Under these
conditions, unwinding, per se, is not measured. Steady-state
conditions may be more reflective of enzyme association or
dissociation with substrate rather than unwinding. To more
thoroughly examine unwinding, we carried out experiments
under single turnover conditions. These conditions include
a vast excess of poly U relative to substrate and enzyme to
ensure that enzyme does not have the ability to rebind to
fresh substrate after dissociation. Under single turnover

onditions, NS5B actually reduces the rate constant for
nwinding and the amplitude (Figure 7, Table 1). The same
observation is made when a DNA substrate is examined.
Investigation under pre-steady-state conditions for DNA
unwinding suggests that the interaction between NS3 and
DISCUSSION NSS'B _somewhat slows the_: observed rate constant for
unwinding as the concentration of NS5B increases (Figure

The interaction between polymerase and helicase haslO, Table 2). Interestingly, the steady-state rate for product
become a common view for DNA replication complexes. formation was found to increase. A likely explanation for
Von Hippel 25) reported functional coupling of the helicase these findings is that NS5B increases the association rate of
(gp41) and polymerase (gp43) of bacteriophage T4 within NS3 with the substrate. Under multiple-cycle reaction
the DNA replication fork. The polymerase gp43 can strongly conditions, this leads to increased product formation because
increase the helicase gp41 unwinding activity. The replicative NS3 associates with substrate more rapidly after dissociation
helicase ofEscherichia coliDnaB, is also inefficient onits ~ from product. The kinetic results illustrate the importance

these conditions, the initial unwinding event can be observed
as well as multiple cycle events, but the possibility of
competitive interactions between the two enzymes for the
nucleic acid substrate is minimized.

We have recently optimized conditions for conducting pre-
steady-state DNA unwinding with NS3 (Chen et al., in
preparation). On the basis of these studies, a 30 bp DNA
substrate with a T15 loading strand was selected. The
concentrations of NS3 and 45:30mer were held constant at
300 nM and 100 nM, respectively, and the NS5B concentra-
tion was varied from 0 to 500 nM (Figure 10). As the
concentration of NS5B was increased, product formation was
found to increase somewhat until the concentration of NS5B
was approximately equal to the concentration of NS3. The
steady-state rate increased; however, the observed rat
constant for the first phase of unwinding demonstrated a
modest reduction as the concentration of NS5B was increase
(Table 2). The increase in product formation correlated with
a stoichiometry of~1:1 NS3:NS5B, providing kinetic
evidence for a 1:1 complex between these two proteins.
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Ficure 11: Model for interaction between NS3 and NS5B. NS3 (white ovals) and NS5B (gray ovals) independently exist as oligomeric
proteins in vitro. A stoichiometric complex forms upon mixing the two proteins.

of conducting pre-steady-state unwinding experiments in ACKNOWLEDGMENT

order to clearly evaluate the steps that are responsible for
increased product formation in multiple turnover experi-
ments. These results illustrate that the interaction between

We thank Lauren Blair for performing molecular modeling
studies on NS3 and NS3-tetracys.

NS3 and NS5B is complex and may involve competition g ppORTING INFORMATION AVAILABLE

for binding nucleic acids when substrate is limiting. Whether
NS5B stimulates or inhibits product formation during NS3-

Experimental details. This material is available free of

catalyzed nucleic acid unwinding is dependent on the relative charge via the Internet at http://pubs.acs.org.

concentrations of enzyme and substrate.
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