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The development of effective therapies for hepatitis C virus (HCV) must take into account genetic variation
among HCYV strains. Response rates to interferon-based treatments, including the current preferred treatment
of pegylated alpha interferon administered with ribavirin, are genotype specific. Of the numerous HCV
inhibitors currently in development as antiviral drugs, nucleoside analogs that target the conserved NS5B
active site seem to be quite effective against diverse HCV strains. To test this hypothesis, we examined the
effects of a panel of nucleotide analogs, including ribavirin triphosphate (RTP) and several chain-terminating
nucleoside triphosphates, on the activities of purified HCV NS5B polymerases derived from genotype 1a, 1b,
and 2a strains. Unlike the genotype-specific effects on NS5B activity reported previously for nonnucleoside
inhibitors (F. Pauwels, W. Mostmans, L. M. Quirynen, L. van der Helm, C. W. Boutton, A. S. Rueff, E. Cleiren,
P. Raboisson, D. Surleraux, O. Nyanguile, and K. A. Simmen, J. Virol. 8§1:6909-6919, 2007), only minor
differences in inhibition were observed among the various genotypes; thus, nucleoside analogs that are current
drug candidates may be more promising for treatment of a broader variety of HCV strains. We also examined
the effects of RTP on the HCV NS3 helicase/ATPase. As with the polymerase, only minor differences were
observed among 1a-, 1b-, and 2a-derived enzymes. RTP did not inhibit the rate of NS3 helicase-catalyzed DNA
unwinding but served instead as a substrate to fuel unwinding. NS3 added to RNA synthesis reactions relieved
inhibition of the polymerase by RTP, presumably due to RTP hydrolysis. These results suggest that NS3 can

limit the incorporation of ribavirin into viral RNA, thus reducing its inhibitory or mutagenic effects.

Hepatitis C virus (HCV) infects more than 170 million peo-
ple worldwide, causing chronic hepatitis, cirrhosis, hepatocel-
lular carcinoma, and/or liver failure (12). Clinical HCV isolates
are categorized into different genotypes that display up to 30%
sequence variation. Response rates to all interferon-based
HCYV therapies are genotype dependent, with patients infected
with HCV genotype 1 having about one-half the chance of a
sustained virological response as patients infected with other
genotypes (37). Current HCV therapies combine pegylated
alpha interferon and ribavirin (1-B-p-ribofuranosyl-1,2,4-tri-
azole-3-carboxamide). A number of viral factors have been
proposed to contribute to the different response rates to inter-
feron (reviewed in reference 59), but less is known about the
effects of viral variation on sensitivity to ribavirin. Here, we
employ biochemical methods to examine the simple hypothesis
that as a nucleoside analog, ribavirin may affect the enzymes
encoded by HCV, and that variation among the enzymes from
different genotypes could affect ribavirin response rates. We
also examine whether HCV genetic variation influences the
sensitivities of HCV enzymes to other nucleoside analogs sim-
ilar to those currently in development as HCV-specific drugs.

The ~9,600-nucleotide HCV genome harbors a single open
reading frame that encodes a polyprotein, which is processed
into 10 distinct proteins by both host and viral proteases (see
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reference 52 for a recent review). The two HCV proteins that
interact most intimately with nucleoside triphosphates (NTPs)
and their analogs are the nonstructural (NS) proteins NS5B (8)
and NS3 helicase (18). NS3 is a bifunctional protein consisting
of a protease at the N terminus and a helicase at the C termi-
nus. The NS3 serine protease is responsible for processing the
viral proteins from NS3 to NS5B, while the ATP-dependent
NS3 helicase is presumably required for unwinding the duplex
RNA and/or resolving secondary RNA structures. NS5B is an
RNA-dependent RNA polymerase responsible for replicating
the viral RNA.

The purine analog ribavirin inhibits the replication of a
variety of RNA and DNA viruses (49). Compared to interferon
monotherapy, pegylated alpha interferon in combination with
ribavirin has led to substantially improved rates of sustained
virological response in hepatitis C patients; however, the mech-
anism of ribavirin antiviral activity is still under debate. Four
different mechanisms have been proposed (reviewed in refer-
ence 59). One proposed mechanism is the enhancement of the
host adaptive antiviral immune response. A second is inhibi-
tion of host IMP dehydrogenase. In cells, ribavirin is converted
into a nucleotide by adenosine kinase (58). Ribavirin mono-
phosphate (RMP) then acts to lower GTP pools in ribavirin-
treated cells because RMP is a competitive inhibitor of IMP
dehydrogenase, which catalyzes the rate-limiting step of GTP
synthesis (39). A third proposed antiviral mechanism is direct
inhibition of the NS5B polymerase. Cellular kinases convert
RMP to ribavirin diphosphate (RDP) and ribavirin triphos-
phate (RTP) (22). RTP acts as a competitive inhibitor of viral
replication; once incorporated, it presents a significant block to
RNA elongation and is a poor template for RNA synthesis.
The fourth proposed mechanism is viral-RNA mutagenesis



1902 HECK ET AL.

and “error catastrophe.” Ribavirin that has been incorporated
into viral RNA can act as a mutagen because its base (1,2,4-
triazole-3-carboxamide) can pair with either cytosine or uracil
(15). As demonstrated with poliovirus, the addition of ribavi-
rin-induced mutations to an already error-prone viral replica-
tion system leads to error catastrophe and the elimination of a
viable infecting population (14). HCV NS5B is capable of
using RTP as a substrate to incorporate ribavirin into viral
RNA (36, 55); however, whether ribavirin acts to eliminate
HCYV in patients through error catastrophe is still debated (51).

Numerous NS5B polymerase inhibitors are presently being
tested in patients. NS5B inhibitors can be divided into four dif-
ferent classes based on where they bind the enzyme. NS5B has the
right-handed shape of a typical polymerase with a palm region
containing the active site and finger and thumb domains. Potent
inhibitors have been found that bind the palm (either nucleoside
analogs or nonnucleoside inhibitors) and to two different sites on
the thumb domain. There is some evidence that nucleoside in-
hibitors may be more broadly effective than nonnucleoside inhib-
itors. The results of one comparative study utilizing HCV repli-
cons indicated that the nucleoside analog 2'-C-methyladenosine
was similarly effective against diverse HCV isolates, in contrast to
the variation observed with nonnucleoside inhibitors (35). In
agreement with these cell-based assays are the results of a study of
NS5B proteins derived from several HCV genotypes by Pauwels
et al., which helped elucidate the role of variable NS5B residues
on nonnucleoside inhibitor binding (43). We extend these studies
with a biochemical analysis examining the influence of genotypic
variation on NS5B sensitivity to nucleotide analogs.

Nucleotide-based NS5B inhibitors include mainly NTPs mod-
ified at the 2" position, which are efficient nonobligate chain-
terminating inhibitors of HCV replication. Such compounds in-
clude 2'-C-methyladenosine triphosphate, 2'-O-methylcytidine
(10), and 2'-C-methylcytidine-3'-O-L-valine (valopicitabine;
NM283) (46). NM283 is a prodrug that is cellularly converted
to 2'-C-methyl-CTP, which is used as a substrate by NS5B to
terminate a growing RNA chain. NS5B does not efficiently
elongate chains terminated with 2’-C-methyl-C, even though
they still possess a 3'-OH. Thus, in contrast to obligate chain
terminators lacking a 3’-OH (e.g., zidovudine), these new
NSS5B inhibitors function as “nonobligate” chain terminators
(16, 17). Molecular modeling suggests that the 3'-OH of such
compounds is misaligned in the NS5B active site so that it is
unable to accept the attack of an incoming NTP (38). Other
NTP analogs have also been shown to inhibit HCV replication
via the NS5B protein and are in various stages of development.
They include 2'-deoxy-2’-fluorocytidine, which inhibits repli-
cation of subgenomic replicons in Huh-7 cells (50). Similarly,
R7128, a prodrug of B-p-2'-deoxy-2'-fluoro-2’-C-methyl-cyti-
dine, is being tested in combination with interferon and riba-
virin (41), and 4'-azidocytidine is in preclinical trials (28).

In this study, we report the characterization of the NS5B
polymerase from four isolates of HCV representing the 1a, 1b,
and 2a genotypes. Although activities differed in steady-state
RNA synthesis assays, each polymerase interacted similarly
with NTP analogs. In agreement with previous reports, our
results show that RTP is a poor substrate for NS5B (36, 55).
The interaction of RTP with the NS3 helicase was also exam-
ined. NS3 helicase proteins derived from the 1a, 1b, and 2a
genotypes all used RTP to fuel unwinding, and the resulting
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hydrolysis of RTP to RDP was found to abrogate RTP effects
on NS5B. Thus, we uncover here a new mechanism whereby
HCYV can reduce the inhibitory effect of ribavirin by preventing
its incorporation into viral RNA.

MATERIALS AND METHODS

Reagents. Poly(U), poly(C), and ribavirin were purchased from Sigma (St.
Louis, MO). RTP was purchased from Moravek Biochemicals, Inc. (Brea, CA),
or Axxora (San Diego, CA). GTP, 3’-dGTP, 2’'-O-methyl-GTP, 2'-O-methyl-ITP,
ITP, 2'-dGTP, and 2',3'-ddGTP were purchased from TriLink Biotechnologies
(San Diego, CA). All oligonucleotides were purchased from Integrated DNA
Technology (Coralville, IA), and their concentrations were determined from
extinction coefficients provided by the manufacturers.

Proteins. NS5BA21, NS3 helicase fragment (NS3 amino acids 166 to 631)
(NS3h), and NS3 were expressed and purified in Escherichia coli as recombinant
proteins using DNA subcloned from ¢cDNAs of HCV isolates from genotype
la_H77 (pCV-H77c) (61), genotype 1b_J4 (pJ4L6S) (64), genotype 1b_conl
(pBDL429P+S+) (34), and genotype 2a (pHC-J6CF) (63).

For expression of the various HCV polymerases, a set of plasmids was con-
structed based on the scheme described by O’Farrell et al. (42). The coding
sequences for NS5B lacking 21 C-terminal residues were PCR amplified from the
HCYV isolates indicated above. The following primer pairs, containing an Nhel or
Spel restriction site in the upstream primer and an Xhol site in the downstream
primer, were used: 1la(H77), 5'-CTA GCT AGC ATG TCT TAT TCC TGG
ACA-3" and 5'-CCG CTC GAG GCG GGG CCG GGC ATG AGA C-3';
1b(J4), 5'-CTA GCT AGC ATG TCC TAT ACG TGG ACA-3’ and 5'-CCG
CTC GAG GCG GGG TCG GGC ACG AGA-3'; 1b(conl), 5'-CTA GCT AGC
ATG TCC TAC ACA TGG ACA-3' and the same downstream primer as J4; and
2a(J6), 5'-CTA ACT AGT ATG TCA TAC TCC TGG ACC GG-3' and 5'-CCG
CTC GAG GCG GGG TCG GGC ACG CGA CA-3' (restriction sites are
underlined). The purified PCR products were digested with the appropriate
restriction enzymes and ligated to the Nhel/Xhol-digested pET23a vector (No-
vagen) to generate C-terminally His-tagged expression constructs. Each recom-
binant protein contained an additional Met and Ala at the N terminus and the
sequence LEHHHHHH fused to the C terminus.

The NS5B expression plasmids were transformed into E. coli Rosetta(DE3)
(EMD Chemicals, Inc., Gibbstown, NJ). The same protocol was used to express
and purify each polymerase. Cells harboring the expression plasmid were grown
overnight at 30°C. Cells from 20 ml of the starter culture were harvested and
used to inoculate 2 liters of LB medium. The cells were grown at 37°C to an
absorbance at 600 nm of 0.8 and induced with 0.4 mM isopropyl-B-p-thiogalac-
topyranoside. After growth at 25°C for 4 h, cells were harvested by centrifugation
and resuspended in 50 mM sodium phosphate (pH 7.8), 400 mM NaCl, 10%
glycerol, 0.25% Triton X-100, 5 mM B-mercaptoethanol, and 20 mM imidazole
(buffer A) supplemented with protease inhibitor cocktail for His-tagged proteins
(Sigma). The cells were lysed by sonication, and the extract was cleared by
centrifugation at 18,500 X g for 20 min (fraction I). Fraction I was loaded onto
an Ni-nitrilotriacetic acid column (Novagen) equilibrated with buffer A. The
column was washed and eluted with buffer A containing a gradient of imidazole
from 20 mM to 1 M. Fractions containing polymerase were combined and
dialyzed (fraction IT) overnight against 50 mM HEPES (pH 7.5), 200 mM NaCl,
10% glycerol, 0.25% Triton X-100, 0.1 mM dithiothreitol, 0.1 mM EDTA (buffer
B). The sample was then applied to a Fractogel EMD COO™~ column (EMD
Biosciences) equilibrated with buffer B, and the protein was eluted with a gra-
dient of 200 to 500 mM NaCl (fraction III). Fraction III was loaded onto a Blue
Sepharose 6 Fast Flow column (Amersham) equilibrated with buffer B contain-
ing 500 mM NacCl. The column was washed with this buffer, and then the protein
was eluted with buffer B containing 2.5 M NaCl. The combined fractions were
dialyzed against buffer B containing 30% glycerol for storage (fraction IV). The
purified protein was concentrated in a Centricon-10 spin column (Amicon), and
the protein concentration was measured by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis with bovine serum albumin as a standard.

The three truncated NS3 proteins (NS3h) lacking the protease domain have
been described previously (30). Each NS3h contained NS3 residues 166 to 631,
followed by a C-terminal PNSSSVDKLAAALEHHHHHH tag. Previously,
NS3h_la(H77) was called Hel-1a (30-32) and Hel-His (20), NS3h_1b(J4) was
called Hel-1b (19, 30, 32), and NS3h_2a(J6) was called Hel-2a (19, 30, 32).

The full-length NS3 protein [NS3_1b(con1)] was isolated as an N-terminally
His-tagged protein by amplifying cDNA from the plasmid pBDL429P+S+ using
PCR primers NS3(+) (5'-GCG CGC GCT AGC GCG CCT ATT ACG GCC
TAC-3") and NS3(—) (5'-GCG CGC GAA TTC GGT CAC GTG ACG ACC
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TABLE 1. Steady-state kinetic parameters describing the interaction of GTP and various NTP analogs with polymerases isolated from HCV
strains of various genotypes

Value”
Parameter
NS5BA21_1a(H77) NS5BA21_1b(conl) NS5BA21_1b(J4) NS5BA21_2a(J6)

GTP

Keqe (min l) 0.58 £ 0.50 4422 2.5 +0.8 2.7+04

K,, (pM) 900 = 500 57+ 11 65 =12 190 + 40

kel K, (min7l mel) 0.6 £0.3 77 £ 38 38 £ 12 14 =2
K; (pM)

3'-dGTP 042 +0.23 0.23 = 0.04 0.12 = 0.02 0.18 £ 0.04

2'-O-methyl-GTP 24+ 1.3 1.0 £0.2 1.5+03 29+ 0.6

2'-O-methyl-ITP 6.4+ 3.6 34 +0.7 2.6 0.5 3.6 +0.8

ITP 250 = 140 84 £ 16 61 =11 54 =11

RTP 140 = 80 190 =+ 40 230 = 40 270 = 60

2'-dGTP 280 = 160 150 = 30 280 = 50 110 =20

2',3’-ddGTP 390 + 220 380 = 70 260 = 50 150 = 30

“ Mean values obtained from three to five independent titrations.

TCC AG-3'). The PCR product was purified, digested with Nhel and EcoRI (the
restriction sites are underlined), and ligated into a similarly treated pET28 vector
(Novagen). The NS3 protein was expressed and purified as described previously
for truncated NS3, except that the final DEAE column was replaced with a
Fractogel EMD COO- column (EMD Biosciences).

The concentrations of the purified proteins were determined by absorbance at
280 nm using extinction coefficients calculated using the program “Sequence
Analysis” (Informagen, Greenland, NH).

RNA-dependent RNA polymerase assays. RNA-dependent RNA polymerase
activity was assayed using poly(C) as a template for incorporation of [a->*P]GTP.
Unless otherwise noted, standard reactions were performed in a total volume of
10 pl containing 20 mM HEPES-KOH (pH 7.5), 10 mM NaCl, 10 mM MgCl,,
1 mM MnCl,, 4 U Superase - In (Ambion), 3 mM dithiothreitol, 25 pg/ml
poly(C), 50 uM [a->*P]GTP, and 0.2 uM NS5B. The reaction mixtures were
incubated at room temperature for 30 min, and the reactions were terminated
with 5 pl 0.5 M EDTA. The reaction mixtures were spotted onto DES]1 filter
papers, which were washed three times for 15 min each time in 0.5 M sodium
phosphate (pH 7) and washed twice in 70% ethanol before the radioactive
product was counted in a liquid scintillation counter.

ATPase assays. NTP hydrolysis was monitored by measuring NS3-catalyzed
phosphate release from [y-*P]JATP as previously described (21). These assays
exploit the fact that nucleotides adsorb onto activated charcoal (Norit), whereas
inorganic phosphate does not. The reactions were run at 37°C in 50 mM Tris-Cl
(pH 7.5), 10 mM MgCl,, ATP, and helicase at the indicated concentrations in the
presence or absence of RNA and were terminated with the addition of 0.1 ml of
16% Norit in 5% trichloroacetic acid. After centrifugation at 16,000 X g for 10
min, phosphate in the supernatant was measured by scintillation counting.

DNA-unwinding assays. DNA helicase assays were performed using a labeled
duplex (see Fig. SA for sequence) with a single-stranded 3’ tail using a method
based on one previously described (2). The short DNA strand contained a
fluorescein (F) moiety covalently attached to the 3’ end, while the longer strand
possessed a hexachlorofluorescein (H) moiety covalently attached to the 5" end
(bottom strand). The short strand was radiolabeled using [y**P]JATP and polynu-
cleotide kinase (Roche, IN). To anneal, 20 wM of each oligonucleotide was
mixed in 10 mM Tris (pH 7.5), heated for 5 min at 90°C, and cooled slowly to
room temperature over several hours.

The indicated amounts of HCV helicase and duplex DNA were preincubated
in reaction buffer (50 mM Tris, pH 7.5, 4 mM MgCl,) for 10 min at room
temperature before initiation by adding 1 mM ATP (or RTP) and 1 pM of a trap
(an unmodified 18-mer DNA oligonucleotide bearing the same sequence as the
short strand). The trap served to sequester excess enzyme, to prevent enzyme
recycling, and to prevent unwound DNA from reannealing to the template DNA.

For the gel-based analysis, the reaction was terminated by the addition of
stopping buffer (0.25% bromophenol blue, 0.25% xylenecyanol FF, 30% glycerol,
200 mM EDTA, 2% sodium dodecyl sulfate) and separated by a 12% native
polyacrylamide gel. After running for 30 min at 200 V, the gel was dried and
subsequently visualized using a PhosphorImager and quantified by using Image-
Quant software from Molecular Dynamics.

For the fluorescence-based analyses, separation of the oligonucleotides was
monitored by an increase in the fluorescein fluorescence, which was excited at

492 nm, with fluorescence emission monitored at 522 nm. Such assays were
performed in 500 pl in a Varian Cary Eclipse fluorescence spectrophotometer
(Walnut Creek, CA) or in 10-pl volumes using a Lightcycler PCR machine
equipped with a fluorescence detection system from Roche (Indianapolis, IN).
Complete unwinding of the annealed substrate was determined by boiling the
substrates for 5 min, cooling them in the presence of a DNA trap (unlabeled
short strand), and reading the fluorescence.

Data analysis. Nonlinear least-square analysis was performed using GraphPad
Prism (GraphPad Software, San Diego, CA). Inhibitor concentrations leading to
50% inhibition (ICsys) were determined by fitting the data to a sigmoid dose-
response curve. K,,,s were determined by fitting the data directly to the Michaelis-
Menten equation. K;s were determined by fitting the data to a standard model for
competitive inhibition:

Vina[S]

el D) W

where V., is the maximum rate of metabolism, v; is the velocity with inhibitor,
[S]is the substrate concentration, and [I] is the inhibitor concentration. The error
bars in the figures represent standard deviations obtained in repeated indepen-
dent reactions (3 = n = 5), and uncertainties in Table 1 represent standard
deviations of data obtained for three to five independent titrations with sub-
strate. Errors in K;s in Table 1 reflect the same percent errors as the K,,,s used for
K; calculation in equation 1, because K,,s had larger uncertainties than Kjs
calculated from repeat titrations using the same K,,,.

RESULTS

Expression and purification of HCV NS5B polymerase from
various HCV strains. We chose to study recombinant NS5B
proteins derived from the la(H77), 1b(conl), 1b(J4), and
2a(J6) strains. All four isolates are infectious to chimpanzees
(7, 62-64); the 1b(conl) isolate also forms the backbone of
many commonly used HCV replicons (3). Each protein has a
C-terminal His tag and lacks the C-terminal 21 amino acids.
Deletion of the final 21 amino acids, which most likely tether
the polymerase to cellular membranes, aids in the production
of a soluble recombinant protein in E. coli (1, 40, 53, 54, 60).
The four polymerases were expressed similarly, despite the fact
that they possess numerous sequence differences even in
known motifs characteristic of RNA-dependent RNA poly-
merases (29) (Fig. 1A).

Characterization of NS5BA21 variants. The abilities of the
four NS5BA21 proteins to synthesize [**PJRNA from [a-**P]NTPs
was measured using a template made of RNA transcribed from
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1 SMSYSWTGAL VTPCAAEEQK LPINALSNSL LRHHNLVYST TSRSACQRQK KVTFDRLQVL DSHYQDVLKE VKAAASKVKA NLLSVEEACS LTPPHSAKSK

Motif A Motif B
la(H77) 201 VEFLVQAWKS KKTPMGFSYD TRCFDSTVTE SDIRTEEAIY QCCDLDPQAR VAIKSLTERL YVGGPLTNSR GENCGYRRCR ASGVLTTSCG NTLTCYIKAR
1b(conl) 201 ..... NeweB coCuveeBur vrvnnnnnnn N...V..S A.E.. QeeReveeee cTuveeeeeK cQuuvnnnne cevnnnnnnne eeeanalion A
1b(J4) 201 ..... NT... .. Coveeene vecnncanes soes V.eeSee v A.E.. Q..Rec.ovu. & j K cQucirieee cveennnnee soeene L..T
2a(J6) 201 ....LK..AE ..Decirrrr tinnnnnnnn R.oooonn S.. RA.S.PEE.H T..H...ovv ounn MF..K QT ............... M. ..I...V..L

Motif C

Motif D

Motif E

la(H77) 301 AACRAAGLQD CTMLVCGDDL VVICESAGVQ EDAASLRAFT LRAFT EAMTRYSAPP G GDPPQPEYDL ELITSCSSNV SVAHDGAGKR VYYLTRDPTT PLARAAWETA

1b(conl)
1b(J4)
2a(J6)
la(H77)
1b(conl)
1b(J4)
2a(J6)
la(H77)
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1b(J4)
2a(J6)
B sl i 1 1 Lo a1 3 3 3 C 1 - D
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E 3
© 1.54 ©
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NaCl (mM) PolyC (uM)

FIG. 1. (A) Alignment of the NS5B amino acid sequences from the 1a(H77), 1b(conl), 1b(J4), and 2a(J6) strains used in this study.
RNA-dependent RNA polymerase motifs A through E are indicated (29). (B to G) Characterization of conditions for optimal RNA synthesis by
the four NS5BA21 polymerases. The ability of each polymerase to synthesize poly(G) from [a-**P]GTP using poly(C) template was assessed as
specific activity (v/e), where v is nmoles RNA/min and e is nmoles of enzyme. To test metal ion requirements, NS5B reactions were titrated with
MgCl, (B), MnCl, (C), and MnCl, (D) in the presence of 10 mM MgCl,. The effects of pH (E), salt concentration (F), and template concentration
(G) were also determined. All reaction mixtures contained 500 puM GTP. The reaction mixtures in panel E contained various buffers at a
concentration of 50 mM and at their respective pK,s: citric acid (5.4), MES (morpholineethanesulfonic acid) (6.15), PIPES [piperazine-N,N'-
bis(2-ethanesulfonic acid)] (6.8), MOPS (morpholinepropanesulfonic acid) (7.2), HEPES (7.5), Tris (8.1), and CAPS (N-cyclohexyl-3-aminopro-
panesulfonic acid) (10.4). The reactions in panel F were carried out in the absence of MnCl,. All other assay conditions were as described in

Materials and Methods.

HCV replicon cDNA, RNA oligonucleotide, or homopolymer
[poly(C)]. Products were analyzed either by measuring
[**P]RNA bound to DEAE filters after washing them or by
analyzing *?P-labeled oligonucleotide using denaturing poly-
acrylamide gels (data not shown). Polymerases derived from all
four genotypes were found to be active in all of the assays. An
assay using only [a->*P]GTP and poly(C) was chosen for fur-
ther analysis for simplicity and so that our results could be
directly compared with those of the recent comparative study
of nonnucleoside NS5B inhibitors by Pauwels et al. (43).

RNA synthesis assays were optimized using each NS5SBA21
(Fig. 1B to G). In all assays, the rates of RNA synthesis were
linearly dependent on both time and enzyme concentrations,
demonstrating that the reactions were performed under a
“steady state.” Although specific activities (rate/enzyme) var-
ied among the polymerases (1b > 2a > 1a), they all displayed
similar basic properties. All NSSBA21 proteins require diva-
lent metal cations to synthesize RNA, and although Mg>™ is
likely the physiological metal of choice (Fig. 1B), all four en-
zymes synthesize RNA somewhat faster in the presence of
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Mn?" (Fig. 1C). Mn*" concentrations higher than 3 mM in-
hibited all enzymes, and optimal RNA synthesis took place
when 10 mM Mg?* was supplemented with 1 mM Mn>* (Fig.
1B, C, and D). Likewise, all four genotypes were most active at
physiological pH (Fig. 1E), and like the NS3 helicase (24), they
were all most active in the absence of added salts (Fig. 1F).

For each NS5BA21 protein, the maximal RNA synthesis rate
was achieved when there were roughly 200 to 300 template
nucleotides for each molecule of polymerase (Fig. 1G). As
reported previously, excess template RNA inhibits steady-state
RNA synthesis rates (57). We always performed poly(C) assays
with template concentrations exceeding those of enzymes by
300-fold. All subsequent assays were performed using 20 mM
HEPES-KOH (pH 7.5), 10 mM NaCl, 10 mM MgCl,, 1 mM
MnCl,, and 25 pg/ml poly(C) (71.5 uM C).

To better understand the molecular basis for the dramatic
differences in activity, standardized steady-state assays were
performed at various [a->P]GTP concentrations (Fig. 2A). As
seen before, the concentrations of GTP needed to achieve
half-maximal velocities (K,,) were notably different for the
various polymerases (43). Turnover rates (k) were calculated
for each enzyme (Table 1) assuming that the polymerase func-
tions as a 100% active monomer (V,,../E,, where V. is the
maximum rate of catalysis and E, is total enzyme), although it
must be noted that these two assumptions likely oversimplify
the experimental conditions. There is growing evidence that
NS5B functions as an oligomer (48, 56), and it is also possible
that low activity levels are due to a partially denatured enzyme
(9). Active-site titrations and structural studies are currently
under way in our laboratory to test these hypotheses, but no
final data are available at this time. It may therefore be pref-
erable to interpret the ks in Table 1 as “specific activities”
expressed in terms of moles RNA synthesized/min/mole of
protomer. Nevertheless, it is clearly evident that the less active
polymerases from genotypes la_H77 and 2a_J6 also display a
higher K,,, for the GTP substrate. As a result, the catalytic
efficiency of the “worst” enzyme, NS5SBA21_1a(H77), is 130-
fold lower than the -catalytic efficiency of the “best,”
NS5BA21_1b(conl) (Table 1).

Inhibition of NS5B RNA-dependent RNA polymerase activ-
ity. To compare the abilities of the four NS5B enzymes to
synthesize RNA in the presence of different nucleotide ana-
logs, we analyzed commercially available analogs of GTP and
of ITP, which can be inserted into an RNA duplex, forming
two Watson-Crick hydrogen bonds with C, rather than three.
These compounds included canonical 2'-dGTP, obligate chain
terminators (3’-dGTP and 2',3’-ddGTP), nonobligate chain
terminators (2'-O-methyl GTP and 2'-O-methyl ITP), and the
mutagen RTP. Using NS5BA21_1b(J4), RNA synthesis assays
were performed at various GTP concentrations in the presence
of various inhibitor concentrations. The data were analyzed by
using double-reciprocal (Lineweaver-Burke) plots and by fit-
ting velocity data directly to equations describing competitive
(where the inhibitor binds the enzyme only), uncompetitive
(where the inhibitor binds the enzyme-substrate complex only),
mixed (where the inhibitor binds the enzyme and the enzyme-
substrate complex), and noncompetitive (where the inhibitor
binds the enzyme and the enzyme-substrate complex with the
same affinity) inhibition using nonlinear regression analysis.
All data fit best to models for competitive inhibition, as shown
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FIG. 2. Interaction of NS5Bs from various genotypes with GTP and
2'-O-methyl GTP. (A) GTP concentration dependence of RNA syn-
thesis rates by HCV genotype 1a, 1b, and 2a polymerases. The rates
(V,) of [«-**P]GTP incorporation into poly(G) were determined for
different concentrations of GTP. Analysis of the data yielded the
steady-state kinetic constants summarized in Table 1. (B) Inhibition of
NS5B RNA synthesis by 2'-O-methyl GTP. Shown is a Lineweaver-
Burke plot of RNA synthesis by NSSBA21_1b(J4) in the presence of 0,
2, 4, and 10 uM 2’-O-methyl (O™") GTP and increasing concentra-
tions of GTP. (C) Comparison of the effects of 2’-O-methyl GTP on
RNA synthesis by the four polymerases. The points represent mean
values of fraction of activity remaining (V;/V,) obtained from three to
five independent reactions. The error bars represent standard
deviations.

in a double-reciprocal plot (Fig. 2B) with 2’-O-methyl GTP as
the inhibitor. The data revealed that 2'-O-methyl GTP and
2'-O-methyl ITP behaved like the corresponding 2'-O-methyl
CTP derivative studied previously (10). Each of the four poly-
merases studied responded similarly to various concentrations
of 2'-O-methyl GTP (Fig. 2C).

To compare the various enzymes using the panel of inhibi-
tors, the concentration of GTP was held constant at 50 pM
while the reactions catalyzed by each enzyme were titrated with
each inhibitor (Fig. 3A). Each titration was performed in trip-
licate, and the average ICs, was calculated for each compound/
enzyme combination (Fig. 3B). ICs,, values were generally sim-
ilar among the four enzymes. The same data were then used to
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FIG. 3. Inhibition of NS5B-catalyzed RNA synthesis by seven NTP analogs. (A) Fraction of RNA synthesis by NS5BA21_1b(con1) remaining
(Vi/V,) in the presence of 50 pM GTP and increasing concentrations of the various inhibitors, including 2'-O-methyl (2'-O™") derivatives. The
points represent mean values obtained from three to five independent reactions. (B) Data from inhibitor titrations were used to calculate ICs,
values for each compound and all four polymerases. Inhibitors are shown in order of decreasing potency. Mean values were obtained from three
to five independent titrations. In panels A and B, the error bars represent standard deviations.

calculate a K; for each compound by fitting it to equation 1
using the K, s for GTP listed in Table 1. Interestingly, despite
the large differences in apparent GTP binding affinities, overall
the K;s among the enzymes showed little variation. Although
statistical analysis yielded a number of significant differences,
these two- to threefold differences in equilibrium constants
represent only minor differences in free energy. The few dif-
ferences of potential interest are noted below.

For each enzyme, 3'-dGTP was the most potent inhibitor, fol-
lowed by the 2'-O-methyl (O™¢") derivatives. ITP behaved as an
alternate substrate, with K;s that paralleled substrate K,,,s. NS5B
appeared to select against the substrates for DNA synthesis, and
as a result, both canonical 2’-dGTP and the chain terminator
ddGTP were poor inhibitors of all enzymes, although the 2a(J6)
enzyme showed somewhat less discrimination against them. RTP
was likewise a poor inhibitor of all enzymes, with K;s determined
from these steady-state assays reflective of dissociation contents
previously determined using transient-state kinetics and an engi-
neered NS5B capable of using a stably annealed primer-template
substrate (36). Comparison of K,,s with K;s for RTP indicated
that, in the case of the 1la(H77) enzyme, RTP competed better
with GTP (Table 1).

Effects of ribavirin and RTP on NS3-catalyzed ATP hydro-
lysis. We next asked whether the panel of NTP analogs could
influence another enzyme in the HCV replicase, the NS3 he-
licase, which uses the energy from NTP hydrolysis to unwind
duplex RNA (or DNA). We found that the helicase was capa-
ble of hydrolyzing each of the various NTP analogs to fuel
unwinding (D. N. Frick and C. A. Belon, unpublished data).
These findings are in agreement with previous studies indicat-
ing that the helicase indiscriminately hydrolyzes all canonical
NTPs (19, 47). However, for RTP, this result was somewhat
surprising, given that RTP was previously shown to be an
inhibitor of both hydrolysis and unwinding, indicating that it
might not be a substrate for the helicase (4). For this reason,
and because of the clear clinical relevance of examining the
mechanism of ribavirin, we carried out a more detailed analysis
of the interactions of NS3 helicase with ribavirin and RTP.

To examine the relative affinity of RTP for NS3, the abilities of
RTP, ribavirin, and GTP to inhibit NS3-catalyzed [y-**P]ATP
hydrolysis were assessed. Reactions were first performed in the
presence of saturating amounts of poly(U) RNA using the trun-

cated NS3 lacking the protease domain derived from genotype 2a
[NS3h_2a(J6)]. NS3h_2a(J6)-catalyzed ATP hydrolysis was ti-
trated with ribavirin (0 to 14.2 mM), RTP (0 to 2.4 mM), or GTP
(0 to 0.4 mM) in the presence of 50 uM [y-**P]JATP. GTP was
hydrolyzed by NS3 helicase at rates comparable to those for ATP,
as reported previously (19, 30, 47). ATP hydrolysis was only
weakly inhibited by ribavirin, with an ICy, more than 300 times
that of GTP, while the ICs, for RTP was approximately 10-fold
higher than that of GTP (Fig. 4). The data confirmed that riba-
virin must be phosphorylated to interact with NS3 and that RTP
interacts with the NS3 helicase, but as with NS5B, RTP interacts
with the NS3 enzyme notably less strongly than typical cellular
NTPs.

The presence of RNA significantly reduces the affinity of the
helicase for its NTP substrates (19, 30, 47). In order to better
determine the apparent affinity of ribavirin and RTP, the ex-
periments were repeated without RNA (Fig. 4B). Increasing
concentrations of ribavirin, RTP, or GTP were included in
reactions catalyzed by NS3h_2a(J6) in the presence of 20 uM
[y-**P]ATP. Again, the ICs, for ribavirin was more than 100-
fold higher than the K, for ATP, and RTP again bound ap-
proximately 10-fold less tightly than GTP. It was interesting
that even though the NS3 helicase has been shown to be non-
selective toward its NTP substrates (19, 30), like NS5B, NS3
distinguishes between GTP and RTP.

Since RTP is a more potent inhibitor of the NS3 ATPase in
the absence of RNA, the apparent affinity of RTP for
NS3h_la(H77), NS3h_1b(J4), or NS3h_2a(J6) was determined
in the absence of nucleic acids (Fig. 4C). Assays monitoring
ATP hydrolysis catalyzed by each helicase were titrated with
increasing concentrations of RTP. Analysis of the data showed
clearly that the ICs,s for RTP for the three NS3 helicases were
not significantly different (Fig. 4C).

RTP can fuel the NS3 helicase. We next examined the ability
of RTP to inhibit DNA unwinding catalyzed by HCV helicase,
because a previous report mentioned that RTP inhibited the
HCYV helicase but that complete inhibition of unwinding could
not be attained (4). Surprisingly, we found that RTP did not
inhibit the rate of the reaction (data not shown), and we spec-
ulated that NS3 could instead use RTP as an alternate sub-
strate to fuel unwinding. To examine if RTP was acting as an
alternate substrate, we modified an existing fluorescence-based
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FIG. 4. Effect of RTP on NS3-catalyzed ATP hydrolysis. (A) Inhibi-
tion of reactions (V/V,) containing 50 pM [y-**P]JATP by increasing
concentrations of ribavirin, GTP, and RTP in the presence of 2.7 mg/ml
poly(U) RNA. The data were fitted to equation 1 using the K,,, (270 pM)
for ATP (30). (B) Inhibition of reactions containing 20 M [y->*P]ATP by
increasing concentrations of ribavirin, GTP, and RTP in the absence of
RNA. The data were fitted to equation 1 using the K,,, (10 uM). (C) RTP
inhibition of ATP hydrolysis catalyzed by NS3h_la(H77) (squares),
NS3h_1b(J4) (triangles), or NS3h_2a(J6) (diamonds). Reaction mixtures
contained 8 wM [y->*P]ATP in the presence of the indicated concentra-
tions of RTP in the absence of RNA. The data were fitted to equation 1
using a K,,, for ATP (10 uM) determined previously (30) and the following
K;s for RTP: NS3h_la(H77), 380 wM; NS3h_1b(J4), 560 pnM; and
NS3h_2a(J6), 380 nM.

helicase assay so that it could be performed in microvolumes.
This was necessary because the reactions required relatively
high concentrations of RTP, which was in limited supply.
The helicase assay chosen (based on methods from refer-
ence 2) used a radiolabeled duplex containing a 3’ overhang
and had a fluorophore and a quencher covalently attached to
the 3’ and 5" ends of the complementary strands (Fig. 5A).
Unwinding reactions were initiated by addition of ATP to a
DNA-helicase mixture, along with 100-fold excess trap DNA,
which functions both to prevent reannealing and to prevent
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FIG. 5. Effect of RTP on NS3-catalyzed DNA unwinding.
(A) DNA substrate used in the unwinding reaction. (B) DNA (100
nM) was preincubated with NS3h_la(H77) (150 nM) for 10 min.
Reactions were initiated by the addition of 2 mM ATP and 10 pM trap
DNA. Unwinding reactions were monitored by measuring the increase
in fluorescence (F) upon DNA substrate separation (solid line). The
DNA unwound was calculated by using the fluorescence obtained for
a sample of DNA fully unwound by being boiled in the presence of a
DNA trap (F). At the indicated time points (squares), aliquots were
withdrawn for gel analysis, where [ss] is the single-strand-product con-
centration and [DNA] is the substrate concentration. (C) DNA sub-
strate (100 nM) was incubated with 150 nM NS3h_2a(J6) for 10 min,
followed by addition of no NTP, 2 mM ATP, or 2 mM RTP. (D) Com-
parison of the abilities of RTP to support the unwinding catalyzed by
NS3h_1a(H77), NS3h_1b(J4), or NS3h_2a(J6). The reactions were
performed as for panel C.

dissociated helicase from rebinding the substrate. To first con-
firm that the observed fluorescence correlated with unwound
DNA, a 500-pl reaction was continually monitored in a fluo-
rescence spectrophotometer, and periodically, 10-ul aliquots
were withdrawn and analyzed on 12% nondenaturing poly-
acrylamide gels (Fig. 5B). After thus calibrating the assay,
10-pl microreactions were monitored instead using a Light-
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FIG. 6. NS3 blocks inhibition of NS5B by RTP. (A) The ability of
NS5BA21_1b(conl) to synthesize RNA in the presence and absence of
RTP and the presence of increasing concentrations of NS3_1b(conl)
was measured. The ICs, (350 uM) for RTP was used for the reactions
containing RTP. While NS3 and RTP each inhibit the polymerase
separately, the presence of NS3 mitigates the inhibitory effect of RTP.
(B) Percent inhibition by RTP. The error bars indicate standard
deviations.

cycler equipped with a fluorescence detection system (Fig. 5C
and D).

NS3h unwound duplex DNA substrate when ATP was re-
placed with RTP, although to a lesser extent (Fig. 5C). If one
assumes that the reaction took place in a single turnover, the
data can be interpreted to imply that when RTP is used as a
substrate, the enzyme is somewhat less processive. In other
words, less total DNA is unwound because the enzyme falls
from the template (and binds the trap DNA) sooner when
RTP is used as the reaction fuel. The effect of RTP on un-
winding was then examined using helicases isolated from the
three different genotypes (Fig. SD). Unwinding reaction mix-
tures containing NS3h_1la(H77), NS3h_1b(J4), or NS3h_2a(J6)
were mixed with DNA substrate prior to initiation by addition of
either ATP or RTP and trap DNA. All helicases unwound the
DNA similarly, but NS3h_2a was slightly faster and unwound a
higher percentage of the duplex. The results were confirmed by
repeating each assay three times and analyzing the final reaction
products on polyacrylamide gels. These data agreed with our
previous report that genotype 2a(J6) encodes a slightly more
active helicase than genotype la(H77) or 1b(J4) (30).

The effect of NS3 helicase on RTP-NS5B interaction. If NS3
helicase used RTP to fuel unwinding, converting RTP to RDP,
the helicase would lower the RTP pool available as a potential
substrate for the NS5B polymerase. NS5B and NS3 coordinate
their actions in the HCV replicase (26) in an interaction that
takes place via the protease domain of NS3 (66). Formation of
an NS3-NS5B complex facilitates nucleic acid unwinding (66),
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and NS3 has been shown to stimulate NS5B-catalyzed RNA
synthesis on HCV RNA templates (45).

To first examine if we could recapitulate a stimulatory effect
of NS3 and NS5B in our system using poly(C) template, RNA
synthesis by NS5BA21_1b(conl) was monitored in reactions
containing various amounts of purified NS3 from the same
genotype [NS3_1b(conl)]. No stimulation was observed. In all
titrations, NS3 inhibited total RNA synthesis, presumably be-
cause NS3 was competing for a limited supply of GTP needed
for RNA synthesis (Fig. 6A). Similar inhibition was observed
using other NS5B proteins, other helicase constructs, or tem-
plates made of HCV replicon RNA or synthetic RNA oligo-
nucleotides (data not shown). When the experiment was re-
peated in the presence of 350 wM RTP, less inhibition by NS3
was observed (Fig. 6A), and when NS3 and NS5B were present
at equal concentrations, RTP no longer appeared to inhibit
NS5B (Fig. 6B). This experiment is noteworthy because it
suggests that concentrations of RTP needed to exert a strong
effect on pure NS5B may not be cellularly possible because of
the action of the NS3 helicase.

DISCUSSION

The significance of the studies performed here is threefold.
First, we showed that genetic variation among HCV isolates
can lead to polymerases that interact with NTP substrates with
up to 100-fold differences but that this variation does not lead
to significant differences in the effects of nucleotide-based in-
hibitors. Second, the work here addressed the question of
whether RTP is an “inhibitor” of HCV helicase. Previously,
Borowski et al. found that RTP partially inhibits HCV heli-
case-catalyzed DNA unwinding, with about 35% of the original
activity remaining at 0.6 mM RTP (4). We showed here that
this remaining activity is explained by the fact that RTP acts as
an alternate substrate for the NS3 helicase. We showed that
RTP fuels helicase, and as a consequence, helicase can effec-
tively reduce the incorporation of ribavirin into viral RNA.
This observation does not directly support or contradict the
hypothesis that ribavirin exerts its action as a lethal viral mu-
tagen, but it indicates that the activity of the helicase would
make such a mechanism less effective.

In addition to ribavirin, which forms the basis for all current
HCV therapies in combination with various types of inter-
feron, several nucleoside analogs are promising HCV drug
candidates, some of which have already entered into clinical
trials. Given the genotype-specific response rates to current
treatments and the wide range of circulating genotypes, it is
surprising that few systematic comparative biochemical studies
have been performed. We have found only one such study
published to date, which examined the effects of nonnucleoside
NS5B inhibitors on genotypic variants (43). Compared with the
relative effects of various nonnucleosides on NS5B from vari-
ous genotypes, the differences among the relative ICs,s and K;s
reported here are quite minor (43). Thus, nonobligate chain
terminators appear more promising for eliminating a broader
variety of HCV strains. We included in our study nucleotide
analogs that are commercially available. Although not under
clinical investigation, the 2'-O-methyl NTPs studied here are
similar to compounds that have entered clinical trials. Our
results are in agreement with replicon and infectious cell cul-
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ture studies demonstrating that 2’-C-methyladenosine is active
against multiple genotypes (23, 33, 35). Our findings with mul-
tiple NTP analogs suggest that other nucleotide-based drug
candidates are likely to be broadly effective as well. Resistance
to nonobligate chain terminators has already been docu-
mented (38), but these mutations add significant costs in terms
of viral fitness (17).

Like other NTP analogs, RTP seems to affect the genotypes
studied here similarly. The ability of NS5B to use RTP as a
substrate was first analyzed using a modified version of NS5B
that can efficiently extend RNA primers (36). That study
showed that NS5B enzyme incorporates RTP even more
poorly than our estimates, with an apparent K, (dissociation
constant) 100-fold higher than that of GTP, and that ribavirin
is incorporated at a rate about 400-fold lower than that of GTP
(36). A later study using wild-type [1b(NIH1)] full-length re-
combinant NS5B confirmed that RTP is worse than GTP as an
NS5B substrate and also revealed that templates containing
ribavirin were transcribed by NS5B up to 3,000-fold more
slowly than natural RNA (55). Our data show that RTP binds
NS5B up to five times more weakly than GTP. Interestingly,
NS5B from the 1a(H77) strain, the only strain of the four
examined here that contains a phenylalanine instead of a ty-
rosine at NS5B position 415, seems to bind RTP the best (Fig.
3 and Table 1). An F415Y substitution has previously been
linked with ribavirin resistance, both in genotype la-infected pa-
tients and in replicons (44, 65); in other genotypes, tyrosine is the
consensus residue. Although the data with NS5BA21 1a(H77)
have a high error rate due to the enzyme’s low specific activity, the
basic trend suggests that with this genotype la strain, RTP com-
petes better with GTP (compare ICs,s [Fig. 3B], K,,,s, and K;s
[Table 1]). This finding is consistent with 415F conferring greater
sensitivity to RTP.

Since RTP is clearly such a poor substrate for NS5B, its
effects on other HCV enzymes may provide other clues to its
mechanism of action. For example, other studies have previ-
ously examined the effects of ribavirin and RTP on HCV NS3
DNA unwinding (4) and NTPase activity (5). This report con-
firms the previous observation that RTP acts as a competitive
inhibitor of ATP hydrolysis (5), but our data do not support the
earlier conclusion that RTP inhibits the helicase-unwinding
activity (4). Instead, we demonstrated that RTP can act as an
alternate fuel for the unwinding reaction. The fact that RTP
competes with ATP for binding to the helicase is not surpris-
ing, because the NS3 helicase is nonselective, hydrolyzing all
eight canonical (d)NTPs, NTP analogs, and even tripolyphos-
phate (19, 47). The more important finding here is that the
presence of RTP actually fuels nucleic acid unwinding. Genetic
variation appears to have little effect on the RTP-NS3 inter-
action.

The fact that NS3 can hydrolyze RTP indicates a mechanism
by which HCV can avoid the effects of a viral mutagen like
ribavirin. By rapidly hydrolyzing RTP to RDP, NS3 can effec-
tively prevent the incorporation of ribavirin into viral RNA
(Fig. 6). Although RDP could be converted back to RTP by
cellular kinases, it is likely that the close association of the
helicase with the polymerase (27) would keep the pool of RTP
immediately available to the polymerase at low levels. The
hydrolysis of RTP by NS3 could explain why some ribavirin-
resistant mutants have been mapped outside NS5B (44). It is
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possible that mutations elsewhere in the viral replicase could
enhance or diminish the ability of NS3 to hydrolyze potentially
inhibitory nucleotides.

Several theories have been invoked to explain the antiviral
effect of ribavirin (as outlined in the introduction). The theory
that RTP exerts its inhibitory effect as a mutagen is still con-
troversial (51), and the results of two recent clinical studies
have (25) and have not (11) supported this hypothesis. While
cell culture studies have indicated that ribavirin increases the
rate of viral RNA mutations (6, 13, 15), it remains unclear
whether or to what degree the resulting “error catastrophe” of
the virus accounts for the antiviral effect of ribavirin in pa-
tients. Our data suggest that HCV helicase could significantly
reduce the impact of RTP as a direct inhibitor of the NS5B
polymerase and as a viral mutagen and that NTP hydrolysis by
the helicase should be taken into account in the development
of NTP analogs as HCV drugs.
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