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Abstract

The hepatitis C virus (HCV) RNA polymerase (RdRp) may be a target of the drug ribavirin and it

is an object of drug development. Independent isolates of any HCV subtype differ genetically by

~10%, but the effects of this variation on enzymatic activity and drug sensitivity are poorly

understood. We proposed that nucleotide use profiles (G/U ratio) among subtype 1b RdRps may

reflect their use of ribavirin. Here, we characterized how subtype 1b genetic variation affects RNA

polymerase activity and evaluated the G/U ratio as a surrogate for ribavirin use during pegylated

interferon α and ribavirin therapy. Genetic and biochemical variation in the RdRp were compared

between responders who would be largely sensitive to ribavirin and relapsers who would be

mostly resistant. There were no consistent genetic differences between responder and relapser

RdRps. RNA polymerization, RNA binding, and primer usage varied widely among the RdRps,

but these parameters did not differ significantly between the response groups. The G/U ratio

among a set of subtype 1a RdRps increased rather than decreased following failed therapy, as

would be expected if it reflected ribavirin use. Finally, RdRp activity was significantly associated

with ALT levels. These data indicate that (1) current genetic approaches cannot predict RNA

polymerase behavior, (2) the G/U ratio is not a surrogate for ribavirin use, (3) RdRp activity may

contribute to liver disease by modulating viral mRNA and antigen levels, and (4) drug candidates

should be tested against multiple patient-derived enzymes to ensure widespread efficacy even

within a viral subtype.
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Hepatitis C virus (HCV) infects over 130 million people world-wide and is a major cause of

liver failure and hepatocellular carcinoma (1;2). HCV has an enveloped virion containing a

~9,600 nucleotide long positive polarity RNA genome (2). The virus is highly genetically

variable, with six genotypes that have less than 72% identity and multiple subtypes per

genotype with ~80–85% identity (3;4). Independent isolates within a subtype are typically

~88–92% identical, and individual genomes in a patient share only 97–99% identity due to
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HCV’s replication as a quasispecies. The impact of this genetic variation on HCV’s

pathogenesis and response to therapy is poorly understood.

RNA replication is catalyzed by the RNA-dependent RNA polymerase (RdRp) encoded by

the NS5B region of the genome. The RdRp has the typical nucleic acid polymerase structure

that can be likened to a right hand, but there is an extension that links the fingers to the

thumb domains (5;6). Most studies of the RdRp have employed a few common subtype 1b

RdRp isolates, and hence the impact of HCV’s high genetic variability on its structure and

function is poorly understood.

HCV infections are treated with pegylated interferon α plus ribavirin. This year-long and

physically demanding therapy clears the virus (sustained viral response, SVR) in only about

half of patients infected with genotype 1, the most common genotype in the U.S.A. (7–9).

The reasons for the poor success are poorly understood, but they are due to both viral and

host factors. Viral factors are known to affect success of therapy because genotype 1

responds to therapy about 50% of the time, whereas response rates for genotypes 2 and 3 are

~80% (8;10;11). We have presented genetic evidence strongly implying that sensitivity to

interferon-based therapy differs among independent HCV isolates even within a given

subtype (12–14). Host factors include variable drug intake, different antiviral immune

responses, and variable interferon responsiveness (15;16). Recently, human genetic

differences in the IL28 gene cluster have been closely associated with response to therapy

(17–19).

The precise mechanisms by which interferon α controls HCV are not known, but it clearly

acts through multiple effectors. Blunting these effectors is essential for HCV to establish a

chronic infection, and consequently HCV has evolved numerous mechanisms to limit their

induction and/or action (20). The role of ribavirin during HCV therapy is less clear.

Ribavirin approximately doubles the SVR rate when given with interferon α, primarily by

reducing relapse after drug withdrawal (9;21). At least three mechanisms have been

proposed for how ribavirin works (15;22;23). First, it inhibits inosine monophosphate

dehydrogenase (IMPDH), which lowers GTP pools in cells. Second, it skews the immune

system towards a Th1-like response. Finally, ribavirin is a guanosine analog which can be

phosphorylated in cells to ribavirin triphosphate (RTP), which is a substrate for the HCV

RdRp (24;25). Although RTP is a very poor inhibitor of the RdRp, incorporation of RMP

into the viral RNA can induce mutations and can impair extension of RNA synthesis when it

is in the template strand (22;24). The relative importance of these potential mechanisms is

the subject of much debate.

We seek to determine whether ribavirin may work against HCV at least in part by being a

substrate for the RdRp. We previously asked whether we could detect signatures of

differential ribavirin use in patient-derived HCV NS5B sequences or in the biochemical

behaviors of their encoded RdRps (26). We examined the NS5B gene from patients who

failed interferon α monotherapy and were then re-treated with interferon α plus ribavirin.

This approach maximized chances of detecting variations in the NS5B that may modulate

ribavirin effectiveness because response to the second round of therapy would be primarily

due to ribavirin. We found that amino acid substitutions in the RdRp associated with

outcome of therapy clustered asymmetrically on the enzyme, with many variations localized

in the fingers domain that can affect nucleotide selectivity in nucleic acid polymerases (27–

30). We also observed higher use of GTP compared to UTP (G/U ratio) by some responder

RdRps compared to non-responders. Both observations are consistent with the hypothesis

that patients who clear HCV during interferon α plus ribavirin therapy are infected with

variants whose RdRps use the GTP analog RTP better than enzymes from non-responders.
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Here, we examined treatment-naive patients to determine if these genetic and biochemical

patterns were present in typical patients undergoing anti-HCV therapy for the first time.

Materials and Methods

Patient selection and sequence acquisition

Forty HCV 1b-infected participants of the Virahep-C study (12;31) were analyzed. The

patients were treated for up to 48 weeks with 180 µg week−1 peginterferon α2a (Pegasys;

Roche Pharmaceuticals, Nutley, NJ USA) and ribavirin (Copegus; Roche Pharmaceuticals)

at 1000 or 1200 mg day−1 based on body weight. All patients provided informed, written

consent, and this study was conducted in accordance with the Helsinki declaration and was

approved by the Saint Louis University Institutional Review Board. Twenty-six patients

achieved SVR and 14 were relapsers. SVR was defined as undetectable HCV titres six

months following therapy. Relapsers had ≥2.8 log10 declines in viral titers and their titers

transiently became undetectable before resurging.

The NS5B sequences were extracted from the full open reading frame sequences we

previously reported (12). The patient identification numbers and Genbank identifiers are in

Supplementary Table 1.

Genetic and statistical analyses

Phylogenetic trees were created using the Jukes-Cantor genetic distance model. Sequence

alignments were performed with ClustalW. Mean pairwise genetic distances were calculated

using the p-distance algorithm. Amino acid covariances were identified employing a custom

program implementing the observed-minus-expected algorithm, and the covariance

networks were analyzed using Cytoscape (13). Structural analyses were performed in Pymol

using a 1b HCV RdRp structure (1GX5). Statistical significance was calculated using an

independent samples t-test except where indicated. Statistical analyses were done using

SPSS v. 15 (SPSS, Inc., Chicago, IL USA) and Prism v. 5.0 (GraphPad, Inc., La Jolla, CA

USA).

RdRp expression and purification

Viral RNA was isolated and amplified as described (32). NS5B sequences lacking the C-

terminal 21 codons with a C-terminal hexa-histidine tag were cloned into pTrcHis2B

(Invitrogen, Carlsbad, CA USA). RdRps were expressed in E. coli Bl21 Codon+ Cells

(Invitrogen) and purified by nickel-agarose affinity as described (26).

Homopolymeric templated RNA synthesis

RNA synthesis assays were performed as described (26). All biochemical data are

summarized in Supplementary Tables 2 and 3.

RNA binding

RdRp (0.001–3 ug) was incubated with 5 mM MgCl2, 25 mM Tris pH 7.5 and 2 pMol

radiolabeled poly C on ice for 30 min. The mixture was passed through nitrocellulose

(Schleicher& Schuell, Keene, NH USA) and Immobilon-Ny+ membranes (Millipore,

Billerica, MA USA), and retained radioactivity was quantified with a phosphorimager.

Binding data were fit to the equation θ = θmax [P]/([P] + K0.5), where θ is the percentage of

bound RNA, θmax is the percentage of maximal bound RNA, [P] is the RdRp concentration,

and K0.5 is the apparent dissociation constant (33) using Prism.
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Results

Patients

This study employed samples and data from genotype 1-infected patients who were treated

with pegylated interferon α plus ribavirin as part of the Virahep-C study (31). We compared

the NS5B genes and RdRp activities between HCV isolates from SVR patients who cleared

the virus and relapsers who initially responded to therapy but in whom HCV resurged during

or after treatment. We focused on SVR and relapser patients because our previous study of

HCV RdRp activity during therapy (26) implied that differences in use of the guanosine

analog ribavirin by the RdRp may influence outcome of therapy. Ribavirin’s primary effect

is to reduce relapse, approximately doubling the number of patients who achieve SVR

(9;21). Therefore, HCV from the relapsers should be relatively insensitive to ribavirin

because relapse occurred despite the presence of the drug. In contrast, HCV from most SVR

patients should be relatively sensitive to ribavirin. This is because ribavirin was instrumental

in driving the virus to extinction in ~50% of these patients, and many of the remaining SVR

samples should also be sensitive to ribavirin, although this would have been clinically

inapparent because interferon would have cleared the virus by itself.

Few genetic differences between NS5B genes from SVR and relapser patients

We examined the pretherapy consensus HCV NS5B sequences from all subtype 1b Virahep-

C SVR and relapse patients (12) for genetic differences that may be correlated with outcome

of therapy. Five sequences lacked the C-terminal 35 codons, and hence the sequences were

truncated after codon 556 in the genetic analyses to ensure equal representation of all

samples.

The genetic variation within the NS5B gene was less than average in the HCV genome, but

it was still substantial, with a mean pairwise identity of 97% among these isolates. The

amino acid distribution was significantly different between the SVR and relapser groups at

only codon 98, where 22 of the SVR sequences had R and four had K, whereas in the 14

relapsers seven were R and seven were K (p = 0.03 by χ2). No clustering of the SVR and

relapser sequences could be detected in phylogenetic analyses, no significant differences

were found between the SVR and relapser sequences in the number of variations relative to

a reference sequence, and the number of variations found uniquely in each class were

similar. We recently identified networks of coordinated amino acid substitutions

(covariances) in the HCV genome (13). Networks of covarying positions were found in both

the SVR and relapser NS5B sequences, but there were few differences between the networks

from these two response groups. Therefore, despite substantial genetic variability among the

NS5B sequences, there were no significant phylogenetic, diversity, or covariance network

differences that could reliably distinguish NS5B genes from the SVR and relapser groups.

Cloning and expression of variant RdRps

We previously found elevated G/U ratios in RdRps from patients who had failed interferon

monotherapy but then cleared HCV during re-treatment with interferon α plus ribavirin (26).

In the previous study, response to the second round of therapy was primarily due to

differential sensitivity to ribavirin, and as obvious genetic differences between the NS5B

SVR and non-responder sequences could not be found in the previous cohort either, we

extended our examination of the Virahep-C sequences to a biochemical analysis of the

RdRps.

Hexahistidine-tagged expression constructs for NS5B genes lacking the C-terminal 21

codons were cloned; this truncation increases RdRp solubility without affecting biochemical

activity (34). All clones were sequenced to ensure that the quasispecies variants chosen were
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close to the consensus sequence employed in the genetic analyses. These near-consensus

sequence clones were defined as (1) having no more than four amino acid variations relative

to their respective patient consensus sequence, and (2) having no differences relative to their

patient consensus sequence at positions where variations unique to the SVR or relapser

classes were present. The variations relative to the patient sequences are in Supplementary

Table 1. The RdRps were expressed in E. coli and purified by nickel-affinity

chromatography as described (26). Clones expressing adequate RdRp levels were obtained

for 18 SVR and 13 relapser patients; all biochemical data for these enzymes are in

Supplementary Table 2.

These 31 expression clones were compared to their respective patient consensus sequences

to determine if they adequately represented the patient sequences. As expected, there were

more variations in the expression clones than in the consensus sequences (an average of 3.2

additional variations for both groups), but these additional patient-derived variations did not

cause statistically significant differences between the SVR and relapser clones in the total

number of variations or in the mean genetic distances. Therefore, the expression clones are

good representations of the SVR and relapser NS5B genes in these patients.

RNA synthesis

The enzymatic activities of the 31 RdRps were assessed by measuring poly-G or poly-U

synthesis on primed poly-C or poly-A templates. The RdRps were pre-incubated on ice with

the primer/templates for 30 min to form elongation-competent complexes, radiolabeled

nucleotides were added, and the reactions were incubated at 30 °C for 90 min. RNAs were

collected on nitrocellulose filters, the filters were washed, and retained radioactivity was

measured. RNA synthesis was normalized to a reference RdRp from the genotype 1b strain

BK (Genbank AF333324). The negative control was an enzymatically-inactive RdRp

carrying GDD-GAG mutations in the active site.

We observed over a 300-fold variation in enzymatic activity among the enzymes (Fig. 1A),

but the average amounts of poly-G synthesized by the SVR and relapser enzymes were

equivalent (35.3% vs. 39.3%, p = 0.81). The average poly-U synthesis was almost twice as

high in the relapser than SVR enzymes (53.6% vs. 29.3%), but this was not statistically

significant (p = 0.12) due to the large inter-sample variation. These differences in poly-G

and poly-U synthesis imply that there may be differences among the RdRps in their use of

the various NTPs. When poly-G synthesis was normalized to poly-U synthesis (G/U ratio),

we found that the average G/U ratio was 3-fold higher in the SVR RdRps compared to the

relapser enzymes (3.0 vs. 1.0), but this difference again did not achieve statistical

significance (p = 0.14) due to inter-sample variation (Fig. 1B).

RNA binding

The differences in poly-G synthesis among the RdRps could be due to variations in use of

GTP (catalytic rate or GTP affinity) and/or differences in binding to the poly-C template.

Therefore, we asked if there were differences in binding of the RdRps to RNA. The proteins

were incubated with radiolabeled poly-C, the mixtures were passed through two filters in a

slot-blot apparatus, the filters were washed, and retained RNAs were detected by

phosphorimager analysis. The top filter was nitrocellulose to collect RNA:protein

complexes, and the lower filter was charged nylon to collect unbound RNA. The binding

conditions were identical to those used for the polymerization reactions, except that the

RNA concentration had to be reduced to 2 pM. The apparent binding constant for the RNA

was calculated as the half-maximal RNA binding level (K0.5) as described (33). A 66-fold

range was observed in RNA binding by the variant RdRps (Fig. 2A and 2B), but there was

no significant difference in binding by the SVR and relapser enzymes (K0.5 values of 51.6 ±
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11.7 nM and 43.8 ± 34.2 nM, respectively, p = 0.56). RdRps with lower K0.5 values tended

to have higher rates of poly-G synthesis, as would be expected from their better ability to

bind the template (Fig. 2C). However, this correlation was weak (R2 = 0.11, p = 0.06).

Therefore, the large differences in poly-G synthesis among the variant enzymes were not

primarily due to differences in template binding.

Primer length preference

RNA synthesis depends on formation of a complex between the RdRp and the primer-

template, and this could also have contributed to the variability in RNA synthesis despite

pre-incubating the RdRps with the primer-template to minimize this effect. To evaluate

whether complex assembly may have been variable among the enzymes, we compared their

ability to synthesize poly-G on templates primed with our standard 10 nt-long primer (G10)

or a 3 nt primer (G3) (Fig. 3A). The ability of the enzymes to synthesize RNA using the G3

relative to G10 (G3/G10 ratio) varied by 55-fold (Fig. 3B). However, the average G3/G10

ratio for both the SVR and relapse groups was 1.3 (p = 0.96), and there was no significant

correlation between poly-G synthesis primed by G10 and the G3/G10 ratio (R2 = 0.07, p =

0.17). Therefore, there were large differences among the RdRps in how they interact with

primers of different lengths, but these differences did not correlate with synthesis of poly-G

primed by G10 or outcome of therapy.

Changes in RdRp activity during failed therapy

The preceding analyses were performed with pre-therapy HCV sequences, but the

availability of post-therapy sequences for some subtype 1a-infected non-responders in the

Virahep-C study (14) allowed us to ask whether evolution in NS5B gene during therapy

selected for RdRps with altered biochemical parameters (14). Therefore, we selected seven

patients whose NS5B genes accumulated mutations during failed antiviral therapy for

biochemical analysis.

Near-consensus pre-therapy sequences were cloned for all seven patients, and then the

mutations found in the post-therapy sequence from the same patient were introduced into the

pre-therapy clones. The variations in the pre-therapy samples relative to the consensus

sequences, mutations that accumulated during therapy and biochemical data for the RdRps

are in Supplementary Table 3. The 14 RdRps were expressed and purified as before. Poly-G

and poly-U synthesis activities were measured and normalized to the reference RdRp using

our standard approaches, except that the amount of the enzyme was increased from 2 to 3.5

µg to partially compensate for the lower activity of the 1a enzymes (34). Poly-G synthesis

increased in the post-therapy samples for four of the seven patients and remained relatively

stable in the remaining three (Fig. 4A), whereas poly-U synthesis decreased in one and

stayed roughly stable in six (Fig. 4B). Overall, the average poly-G synthesis increased

significantly in the post-therapy samples (2.64 ± 1.7% to 15.8 ± 14.87%, p = 0.04), whereas

the average poly-U synthesis did not change significantly (p= 0.35). These changes led to

large increases in the G/U ratio for four patients (Fig. 4C) and a significant increase in the

average G/U ratio (1.12 to 7.78, p = 0.02). Therefore, most RdRps accumulated mutations

during therapy that elevated their G/U ratios, usually by increasing their ability to synthesize

poly-G.

RdRp activity correlates with ALT levels

Finally, we asked if the pre-therapy biochemical activity of the RdRps was correlated with

baseline clinical characteristics in the 31 patients for whom biochemical data were available.

No correlations were found for poly-G synthesis, poly-U synthesis, the G/U ratio, or poly-C

binding with pre-therapy viral loads or Ishak fibrosis scores. A positive correlation was

found between the poly-U synthesis and ALT (R2 = 0.21, p = 0.01 by Pearson correlation)

Cao et al. Page 6

J Viral Hepat. Author manuscript; available in PMC 2012 May 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



(Fig. 5B), and the correlation between poly-G synthesis and ALT approached significance

(R2 = 0.09, p = 0.10) (Fig. 5A). However, mean pre-therapy ALT levels were not different

between the SVR and relapser patients (p = 0.72). Therefore, higher RdRp activity was

weakly associated with greater liver damage in these patients, but this effect was not related

to treatment outcome.

Discussion

These studies were intended to characterize the natural variation in the RdRp activity among

typical HCV patients undergoing pegylated interferon α plus ribavirin therapy, and to

evaluate the possibility that ribavirin may act at least in part by being a substrate for the

NS5B RdRp following its conversion to RTP. We previously proposed that differences in

poly-G synthesis normalized to poly-U synthesis (G/U ratios) among variant RdRps may

reflect differences in NTP usage, including RTP usage (26). Unfortunately, the very low

usage rate of RTP by the RdRp typically prevents direct measurement of this parameter in

the HCV RdRp unless its internal β-loop is deleted (24). Therefore, a specific goal of these

studies was to evaluate the biochemical activity of the RdRps for patterns that would either

strengthen or refute the possibility that the G/U ratio may be a surrogate for RTP use. We

compared NS5B genes from patients who achieved SVR and hence would be largely

sensitive to ribavirin to genes from patients who partially responded to therapy but then

relapsed and hence would be largely resistant to ribavirin.

No obvious phylogenetic, genetic diversity, or covariance network differences were found

between the SVR and relapse groups. Furthermore, the only position within the NS5B gene

where a significant difference in the distribution of amino acids between the SVR and

relapser sequences was found was at residue 98, but this was just a skewing in the relative

frequency of R vs. K. Therefore, although substantial genetic variability was found in these

NS5B genes, there were no differences that could reliably distinguish sequences from the

SVR and relapser patients.

Consistent with the large genetic variation among the NS5B genes, we observed large

differences among the enzymes in every biochemical parameter we assessed. RNA

polymerization varied by >300-fold (Fig. 1A), RNA binding by 66-fold (Fig. 2A), and the

ability to use short vs. long primers by 55-fold (Fig. 3A). The differences in RNA

polymerization could not be fully explained by differential template binding or apparent

differences in formation of elongation-competent complexes, and hence they are probably

due at least in part to differences in NTP affinity or in the catalytic rates for GTP or UTP.

However, none of the variations among these parameters were significantly different

between the SVR and relapser groups.

We have speculated that the G/U ratio may be a surrogate for the relative use of RTP as a

substrate (26). The average G/U ratio among the Virahep-C SVR enzymes was higher than

among the relapsers (Fig. 1B), and this difference approached statistical significance (p =

0.14). This is the second cohort in which we detected a trend toward higher G/U ratios in

SVR patients, indicating that a modest elevation in G/U ratios is probably present among

enzymes from patients who will clear the virus during antiviral therapy. The biochemical

changes leading to elevated G/U ratios can develop in independent viral lineages because

there was no phylogenetic clustering of the RdRps with high G/U ratios. The higher G/U

ratio among the SVR patients is consistent with our speculation that the G/U ratio may

reflect the relative ability to use RTP. However, when we characterized RNA synthesis by

paired pre- and post-therapy enzymes from seven subtype 1a-infected Virahep-C patients,

we found a large and significant increase in the average G/U ratios in the post-therapy

samples (Fig. 4C). This strongly implies that the G/U ratio does not reflect RTP use, because
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therapy should select for RdRps which use RTP less efficiently rather than more efficiently.

Therefore, there appears to be a modest biochemical difference between SVR and non-

responder enzymes in how they use various NTPs, but this does not reflect their relative

ability to discriminate against RTP. One effect of ribavirin is to inhibit IMPDH and hence

lower cellular GTP levels (35). Consequently, the increased ability of most of the post-

therapy RdRps to use GTP may represent an adaptation to the limited substrate availability

induced by therapy. Consistent with this speculation, 76% (13/17) of the mutations that

accumulated in the RdRps in which poly-G synthesis increased after therapy mapped to the

fingers domain of the enzyme, a domain which assists in nucleotide selectivity and is often

the site of nucleoside drug resistant mutations in nucleic acid polymerases (27–30).

Higher poly-U synthesis by the variant RdRps correlated significantly with higher pre-

therapy ALT levels (p = 0.01), and the correlation between poly-G synthesis and ALT levels

approached significance (p = 0.10). In contrast, there was no correlation between RNA

synthesis and pretherapy viral loads or the fibrosis score. The failure to find correlations

with viral load or the Ishak score is not surprising because genome synthesis is only one of

many variables determining viral titres, and development of fibrosis is also a very complex

process. However, the correlation between RNA polymerase activity and ALT was

unexpected. If this correlation is confirmed in other cohorts, it would indicate that RNA

synthesis is a substantial contributor to liver damage. The simplest explanation for this

correlation would be that the positive-stranded viral RNA is both the viral genome and the

mRNA for all viral proteins. Increasing the mRNA concentration would increase the amount

of viral proteins in cells, increasing any toxic effects they may have and also increasing the

antigen burden on the cells to make them better targets for immune attack.

Finally, the very wide variation in the biochemical parameters we observed in these RdRps

from subtype 1b-infected patients indicates that enzymes from the standard HCV isolates

employed for drug screening are not always representative of enzymes from viral strains

found in the human population, even for the same subtype. Therefore, antiviral drug

candidates should be tested against a wide panel of patient-derived enzymes as early as

possible during development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RNA synthesis activity and G/U ratios of the variant RdRps

A. Activity of the RdRps on homopolymeric templates. The activities of the variant enzymes

on primed poly-C or poly-A templates were measured and normalized to the reference RdRp

(strain BK). The negative control was an enzymatically-inactive RNA polymerase carrying

GDD-GAG mutations in the active site. Error bars are the standard deviation from 3–5

assays. B. The G/U ratios for the variant RdRps. All ratios are normalized to the reference

RdRp.
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Fig. 2. Poly-C RNA binding by the variant RdRps

Radiolabeled poly-C was incubated with varying concentrations of the HCV RdRp, loaded

onto a slot-blot apparatus, and filtered through nitrocellulose (top) and nylon (bottom)

membranes. A. Poly-C binding by the variant RdRps. Error bars are the standard deviation

from 3–5 assays. B. Representative RNA binding experiment C. Correlation of poly-C RNA

binding by the variant enzymes with poly-G synthesis activity.
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Fig. 3. Effect of primer length on RNA synthesis by the variant RdRps

A. Poly-G RNA synthesis by the variant RdRps on a homopolymeric poly-C template

primed with long (10 nt) or short (3 nt) primers, normalized to the reference RdRp. Error

bars are the standard deviation from 3–5 assays. B. RNA synthesis primed by the G3 primer

normalized to RNA synthesis primed by the G10 primer (G3/G10 ratio), normalized to the

reference RdRp.

Cao et al. Page 13

J Viral Hepat. Author manuscript; available in PMC 2012 May 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 4. Changes in RNA polymerase activities among variant HCV RdRps variant after failed
antiviral therapy

A. Poly-G synthesis by the paired pre- and post-therapy RdRps, normalized to the reference

RdRp. B. Poly-U synthesis by the paired pre- and post-therapy RdRps, normalized to the

reference RdRp. Error bars in panels A and B are the standard deviation from 3–5 assays. C.

The G/U ratios for the paired pre- and post-therapy RdRps. All ratios are normalized to the

reference polymerase.
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Fig. 5. Correlation of pre-therapy RNA polymerase activities of the variant RdRps with pre-
therapy ALT levels from the respective patients

A. Correlation with poly-G synthesis. B. Correlation with poly-U synthesis.
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