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particles were immunogenic and that insertion of a tag into the E2
protein could induce antibodies as a secondary immunogen.

4. Discussion

In this study we showed that infectious FLAG-tagged HCV par-
ticles with an N151K mutation that modulated HCV-glycosylation
could be efficiently produced in cells and purified on a FLAG-aga-
rose column. This purification procedure allowed analysis of the
physical properties of the particles and the generation of anti-E2
antibodies.

The FLAG-tagged HCV particles were purified by simple anti-
FLAG affinity chromatography in combination with ultrafiltration.
However, the efficiency of purification was low, and the recovery
of the HCV core protein in the final purified virus preparation
was only approximately 5%. This low efficiency of purification of
the HCV particles maybe due to a number of factors: (1) Interaction
between the E2-FLAG protein and the anti-FLAG-agarose column
may have been prevented by cellular host proteins with specific
or non-specific affinity for the anti-FLAG-agarose, (2) A conforma-
tion change may have occurred in the E2 protein due to insertion of
the FLAG sequence, which may have blocked FLAG interaction with
anti-FLAG, (3) Free FLAG-E2 proteins may have bound more tightly
to the FLAG-agarose than the FLAG-E2 protein on the viral surface.
Nevertheless, sufficient purified FLAG-HCV particles were obtained
with this purification procedure for further analysis.

In the density gradient analysis of the purified HCV particles,
the peak of the HCV core protein coincided with the peaks of
HCV RNA and viral infectivity. [n previous reports of density gradi-
ent fractionation of non-FLAG-tagged viral particles, the peak of
infectivity was reported to shift to a lighter density fraction than
the peaks of HCV core protein or RNA [8,13,14]. This discrepancy
between our, and previous, data may be explained by the fact that
the properties of the purified FLAG-tagged HCV particles may differ
from those of the JFH-1 based HCV particles reported previously.
Regarding viral infectivity, it is known that cholesterol and sphin-
golipid association with HCV particles is important for virion mat-
uration and infectivity [9]. The association of HCV particles with
these lipids occurs in lipid rafts [9]. Since the E2-FLAG protein
may have a decreased dependency on lipid rafts compared to the
non-tagged E2 protein, this therefore resulted in a shift in the peak
of infectivity. Alternatively, an association between HCV and very-
low-density lipoprotein (VLDL) has an important role in HCV infec-
tivity [15]. Tagging of HCV particles with FLAG may have somehow
changed the association of HCV with VLDL and cause the observed
shift in the infectivity peak. The mechanism of the shift of the
infectivity peak of the FLAG-HCV particles needs to be examined
in more detail in future studies.

HCV particles from human plasma samples have been previ-
ously examined by immunogold electron microscopy [16]. In the
present study, we could clearly observe spherical particle struc-
tures of 40-60 nm in the purified samples. Furthermore, the
FLAG-tagged HCV particles were aggregated by anti-FLAG anti-
body. This is the first report of the aggregation of HCV particles
produced in an in vitro culture system. This method may therefore
facilitate future examination of the detailed conformation of HCV
particles and future elucidation of HCV particle structure by cryo-
electron microscopy. However, it is regarded structural analysis as
difficult to that aggregated HCV particles were inequable showing
in this report because of this method also gathered defective viral
particles which have the E2-FLAG protein.

Immunization of mice with purified FLAG-tagged HCV particles
induced anti-E2 as well as anti-FLAG antibodies. These results indi-
cated that the envelope proteins of the FLAG-tagged HCV particles
were immunogenic and that insertion of a tag into the E2 protein
could induce antibodies as a secondary immunogen. Thus, not only
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epitopes of viral origin, but also an epitope inserted into the virus,
can induce an immune response. Although it is unclear how many
amino acids can be inserted into the E2 HVRI1, at least a triple
FLAG-tag sequence (25 amino acids) is possible as shown in this
study.

In conclusion, we have established a simple system for the puri-
fication of recombinant infectious FLAG-epitope-tagged HCV parti-
cles. The use of this system may contribute to studies aimed at a
detailed analysis of HCV particle structure and towards HCV vac-
cine development.
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Ribavirin (RBV), a nucleoside analogue, is used in the treatment of hepatitis C virus (HCV) infection in
combination with interferons. However, potential mechanisms of RBV resistance during HCV replication
remain poorly understood. Serial passage of cells harboring HCV genotype 2a replicon in the presence
of RBV resulted in the reduced susceptibility of the replicon to RBV. Transfection of fresh cells with RNA
from RBV-resistant replicon cells demonstrated that the RBV resistance observed is largely replicon-
derived. Four major amino acid substitutions: T1134S in NS3, P1969S in NS4B, V2405A in NS5A, and
Y2471H in NS5B region, were identified. Site-directed mutagenesis of these mutations into the replicon
indicated that Y2471H plays arole in the reduced susceptibility to RBV and leads to decrease in replication
fitness. The results, in addition to analysis of sequence database, suggest that HCV variants with reduced

susceptibility to RBV identified are preferential to genotype 2a.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is a leading cause of chronic liver
diseases, such as chronic hepatitis, cirrhosis and hepatocellular
carcinoma, affecting approximately 170 million people worldwide
(WHO, 2000). HCV belongs to the genus Hepacivirus of the fam-
ily Flaviviridae, and its genome is a single-stranded, positive-sense
RNA of 9.6kb. HCV displays marked genetic heterogeneity and
is currently classified into 6 major genotypes and more than 50
subtypes. HCV genotypes have regional distribution and, of those,
genotypes 1 and 2 are detected worldwide (Simmonds et al., 2000).
Current standard therapy for chronic hepatitis C consists of the
combination of pegylated interferon alpha (IFN-a) in combina-
tion with ribavirin (RBV). However, approximately 50% of treated
patients infected with genotype 1 do not respond or show only
a partial or transient response and treatment is limited by the
adverse effects of both agents (Manns et al., 2001; Fried et al.,
2002).

HCV replication is associated with a high rate of mutation that
gives rise to a mixed and changing population of mutants, known
as quasispecies (Martell et al., 1992; Domingo, 1996). The char-
acteristic of HCV may have important implications concerning
viral persistence, pathogenicity and resistance to antiviral agents

* Corresponding author. Tel.: +81 3 5285 1111; fax: +81 3 5285 1161.
E-mail address: tesuzuki@nih.go.jp (T. Suzuki).

0166-3542/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.antiviral.2009.12.008

(Domingo, 1996; Forns et al., 1999; Farci and Purcell, 2000). Most
previous studies on the possible relationship between HCV qua-
sispecies and response to chemotherapy have been carried out in
HCV genotype 1 patients. In addition, several studies have success-
fully demonstrated that the HCV subgenomic replicon is derived
from genotype 1, which typically contains HCV nonstructural
genes placed downstream of the neomycin phosphotransferase
gene, in selecting variants resistant to antiviral inhibitors. Two
studies have demonstrated the identification of HCV genotype 1
mutants responsible for decreased sensitivity to RBV (Young et
al,, 2003; Pfeiffer and Kirkegaard, 2005). However, little is known
about the generation of genotype 2 isolates resistant to antivi-
rals including RBV, or the molecular mechanisms that confer
resistance.

In this study, we report the generation and characterization of
HCV genotype 2a replicon variants with reduced susceptibility to
RBV. The impacts of major amino acid substitutions observed on
RBV susceptibility and viral replication capacity were also exam-
ined.

2. Materials and methods
2.1. Compounds

RBV and IFN-a were purchased from MP Biomedicals
(Eschwege, Germany) and Dainippon Sumitomo Pharma (Osaka,
Japan), respectively.
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Table 1
Primers used for PCR and nucleotide sequencing.
Region Primer name Nucleotide sequence Position? Polarity
NS3-4A-4B region PCR primers
JF1S GAAAAACACGATGATACCATG 1756-1776 Sense
JF1AS AACCCAGTCCCACACGTC 4650-4633 Antisense
Sequencing primers
JE5S CACTTTCAGTGACAACAGCA 2322-2341 Sense
JF6S CGCCACCCGACGCCCTCATGA 3003-3022 Sense
JF4AS CTGGTCGACAACGGACTGGT 4109-4090 Antisense
NS5A-NS5B region PCR primers
JF2S TGCTCCGGATCCTGGCTC 4612-4629 Sense
JE2AS TACCTAGTGTGTGCCGCTCTA 7786-7806 Antisense
Sequencing primers
JE3S TGAGGTCCATGCTAACAGA 5209-5228 Sense
JF4S TCGAGGGGGAGCCTGGAGAT 5870-5889 Sense
JF3AS GAGTGTCTAACTGTTTCCCAG 7220-7200 Antisense

2 Reference strain: Gene Bank accession no. AB114136.
2.2. Cell culture

The human hepatoma cell line Huh-7 was maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
MEM non-essential amino acids (Invitrogen) 100 units/ml peni-
cillin, 100 pg/ml streptomycin, and 10% fetal bovine serum (FBS) at
37°Cina5%CO; incubator. HCVrepliconcells JFH-1/4-1 (Miyamoto
et al., 2006), which are Huh-7-derived cells carrying a subgenomic
replicon of JFH-1 (Kato et al., 2003) were maintained in the Huh-
7 medium as above, supplemented with 1 mg/ml G418 (Nacalai
Tesque, Kyoto, Japan).

2.3. Quantification of HCV RNA

Total RNA was isolated from harvested cells using Trizol (Invit-
rogen). Copy numbers of the viral RNA were determined by
real-time RT-PCR involving single-tube reactions and performed
using TagMan EZ RT-PCR Core Reagents (PE Applied Biosystems,
Foster City, CA, USA), as described previously (Aizaki et al., 2003;
Takeuchi et al., 1999).

2.4. Cell viability assay

Cells were seeded at density of 5 x 10% cells/well in 24-well
plates and RBV at various concentrations was added on the next
day. Cultures were further incubated for 3 days at 37°C under a
humidified 5% CO, atmosphere. Cytotoxicity assay was performed
by Cell Titer-GLO™ Luminescent Cell Viability Assay (Promega,
Madison, WI, USA) according to the manufacturer’s instructions.
Luciferase activities were quantified with LUMAT LB9501 (Berthold
Technologies, Bad Wilbad, Germany).

2.5. Isolation and nucleotide sequencing of HCV nonstructural
regions from replicon-containing cells

Total cellular RNA was isolated from replicon cells with or
without RBV treatment as described above. cDNA synthesis was
carried out by using Super ScriptTM III First-Strand Synthesis Sys-
tem for RT-PCR (Invitrogen) with primer JF1AS for NS34AB region
and JF2AS for NS5AB region. Two cDNA fragments, correspond-
ing to NS3-NS4B and NS5A-NS5B regions, were amplified by PCR
using Takara EX Taq DNA polymerase (Takara BIO, Kyoto, Japan)
and specific primers (Table 1; Date et al., 2004). PCR products
were subcloned into pGEM-T vector (Promega) and inserts were
sequenced using QIA prepR Spin Mini Prep kit (QIAGEN, Tokyo,
Japan). Nucleotide sequences were analyzed with the 3100 Avant
Genetic Analyzer (PE Applied Biosystems).
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2.6. Plasmid constructions

pSGR-JFH1/luc, a subgenomic replicon construct with luciferase
reporter derived from HCV genotype 2a JFH-1 isolate was reported
previously (Miyamoto et al., 2006). Mutant replicons carrying
T1134S, P1969S, V2405A, and Y2471H were created by PCR-based
site-directed mutagenesis and cDNA fragments containing the
above mutations were inserted into the corresponding sites of
pPSGR-JFH/luc. All plasmids were confirmed by sequencing the
entire PCR-generated inserts. Each mutant is referred to by the orig-
inal amino acid (one letter code) followed by the residue positions
within the complete open reading frame of full-length JFH-1 and
the substituted amino acid (one letter code).

2.7. RNA synthesis and transient replication assay

The transient replication assay method was described pre-
viously (Kato et al., 2005). Briefly, purified plasmids of pSGR-
JFH1/Luc, -JFH1/Luc-T1134S, -JFH/Luc-P1969S, -JFH/Luc-V2405A
and -JFH/Luc-Y2471H were linearized with Xbal and were treated
with proteinase K and SDS, followed by phenol-chloroform extrac-
tion. RNA was synthesized with Ampliscribe™ T7 Transcription
Kits (Epicentre BIO Technologies, Madison, WI, USA). Each tran-
scribed RNA (5 pg) was electroporated into 2.5 x 108 of Huh7 cells
pulsed at 290 mV, 975uFD with Gene pulser Il apparatus (Bio-Rad
Laboratories, Hercules, CA, USA). Transfected cells were resus-
pended in growth medium without selection antibiotics and were
plated in 24-well plates at 6 x 10* cells per well. Cells were har-
vested at different time points post-transfection and were lysed
in Passive Lysis Buffer (Promega). Luciferase activity in cells was
determined using the Luciferase Assay System (Promega).

3. Results

3.1. Selection of replicon variants derived from genotype 2a with
reduced susceptibility to RBV

It has been reported that RBV inhibits HCV RNA replication in
Huh-7 cells bearing the viral subgenomic replicon RNAs with the
ECsq (50% effective concentration) values of 15-225 uM (Zhou et
al., 2003; Tanaka et al., 2004; Kato et al., 2005; aus dem Siepen
et al., 2007). To select for RBV-associated replicon variants, cells
bearing a genotype 2a HCV replicon were serially passed in the
presence of 200 wM RBV as well as 1 mg/ml G418. After 20-week
treatment, variant cells were then tested for RBV resistance. HCV
RNA levels were determined after a 72-h incubation with various
concentrations of RBV in the absence of G418, and about 5-fold-
reduced susceptibility to RBV was observed in the variant replicon
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Fig.1. Inhibitory effect of RBV on HCV RNA levels in genotype 2a replicon cells after
long-term treatments with RBV. The replicon cells were serially passaged in O or
200 WM RBV for 20 weeks. The cells were then split and incubated with fresh RBV at
various concentrations in the absence of G418 for 3 days, followed by the determi-
nation of HCV RNA. Clear bars, passage in the absence of RBV: gray bars, passage in
the presence of RBV. HCV RNA copies per microgram of total RNA were normalized
as percentages of those of untreated (RBV 0 wM). Each data point is presented as the
mean of three independent determinations with standard deviation. *p <0.05.

cells; the ECsg values for the variant and wild-type replicon cells
were 470 and 102 M, respectively (Fig. 1). Comparable cytotoxic
effects of RBV were observed against wild-type and variant replicon
cells, with the CCsq (50% cytotoxicity concentration) values of 151
and 156 M, respectively (data not shown).

3.2. Mapping RBV resistance to cell line or replicon RNA

To test whether reduced susceptibility to RBV in the variant cells
observed as above was due to the appearance of mutations within
the viral RNA or was cell-derived, total RNAs from the variant and
wild-type replicon cells were extracted and used for retransfec-
tion of naive Huh7 cells. Retransfected cells resistant to G418 were
established after 4 weeks of cultures in the presence of 1 mg/ml
G418 and were assessed for HCV RNA replication sensitivity to
RBV (Fig. 2A). HCV RNA levels in the cells obtained from the wild-
type replicon were inhibited by 56, 89 and 97% with 100, 300
and 1000 wM RBV, respectively. By contrast, the culture retrans-
fected with RNA derived from the variant replicon cells exhibited
inhibition levels of 13, 29 and 89% with the corresponding concen-
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trations of RBV. ECsg values were calculated to be 93 and 449 pM,
respectively. We confirmed the presence of replicon mutations, as
described below, in the cells retransfected with RNA derived from
the variant replicon cells.

In order to explore the possibility for cell-derived resistance,
both wild-type and variant replicon cells were cured of viral RNAs
by IFN treatment; cells were passaged with media containing
1001U/mL IFN-a in the absence of G418 for 2 months. To compare
RBV sensitivity, cured cells were transiently transfected with the
wild-type JFH-1 subgenomic replicon RNA and were treated with
various concentrations of RBV for 72 h. Similar anti-HCV effects of
RBV were observed in the cured cells derived from wild-type and
variant replicons, with the ECsq values of 147 and 118 pM, respec-
tively (Fig. 2B). Thus, the results suggest that the RBV resistance
observed may arise by mutations in the replicon rather than by
changes in the cells.

3.3. HCV mutations in replicon variant with reduced
susceptibility to RBV

It has been reported that mutations in RNA virus genomes
responsible for RBV resistance are mostly present in the coding
region for the viral RNA-dependent RNA polymerase (RdRp). On
the other hand, it is known that RBV works as an RNA mutagen
to generate rapidly mutating viral RNA and that NS5B RdRp and
other nonstructural proteins in HCV are involved in the viral repli-
cation complex, playing key roles in genome replication. Therefore,
we sequenced the coding regions for NS3 through NS5B proteins
of the replicon molecules in order to determine whether muta-
tions associated with RBV resistance were generated. As shown
in Table 2, there were numerically more synonymous and non-
synonymous mutations in the RBV-resistant variant replicon cells
(RBV treatment) when compared with untreated replicative con-
ditions (No-treatment) across most regions examined. Mutation
frequencies of NS3, NS4B and NS5A regions of RBV treatment were
significantly higher than those of No-treatment. The total num-
ber of synonymous mutations in the RBV-resistant variant replicon
cells was 3 times higher than that under untreated replicative
conditions, and the number of non-synonymous mutations in the
RBV-resistant variant replicon cells was 1.5 times higher than that
under untreated replicative conditions. The number of both syn-
onymous and non-synonymous mutations (NS3, NS4B, NS5A and
NS5B regions) in the RBV-resistant replicon cells was greater than
thatin the control cells. We also found a large number of transition
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Fig. 2. Testing for replicon-derived resistance (A) or for cell-derived resistance (B). (A) Total RNA from RBV-resistant- or wild-type replicon cells was transfected into naive
Huh? cells. After selection in 1 mg/ml G418 for 4 weeks, re-established replicon cells, wild-type derived (clear bars) and RBV resistance derived (gray bars), were treated
with increasing concentrations of RBV in the absence of G418 for 3 days. HCV RNA copies per microgram total RNA were assessed and the levels from wild-type cells without
RBV treatment were set at 100%. Data are indicated as means with standard deviations. *p<0.05. (B) RBV-resistant- or wild-type replicon cells were cured by passage in
IFN-o in the absence of G418. Cured cells were transiently transfected with the replicon RNA derived from pSGR-JFH 1/luc. Transient replication assay of transfectants derived
from wild-type (clear bars) and RBV resistance (gray bars) was performed after treatment with various concentrations of RBV for 72 h. The values for wild-type-derived cells
without RBV treatment were set at 100%. Data are indicated as means with standard deviations.
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Table 2
Mutation frequencies in HCV NS regions after 20-weeks culture with or without RBV treatment.
Region ntlength No-treatment RBV treatment
No. of non-synonymous No. of synonymous  Mutation No. of non-synonymous No. of synonymous  Mutation
mutations?® mutations® frequency (10-3) mutations? mutations? frequency (1073)
NS3 1893 1.7+ 2.1 23415 21 47+24 65 %25 5.9°
NS4A 165 1.0+ 1.0 03+0.6 8.1 03+05 05+09 44
NS4B 780 13+12 03+06 2.1 23415 25+£12 4.7¢
NS5A 1380 40+ 1.2 20+12 43 59+1.2 62+24 12.2%
NS5B 1773 45+ 1.5 23415 38 48+ 1.8 42+ 1.1 9.0
NS3-NS5B 5991 125+ 2.7 73+£27 - 178 £ 45 20.1 £ 4.6 -

4 Values are means + standard deviations.
b p<0.05 relative to No-treatment by the unpaired t-test.
¢ p<0.01 relative to No-treatment by the unpaired t-test.

mutations in RBV-resistant cells, particularly G-to-A and C-to-U
transitions, as expected from previous studies. Although mutations
were distributed throughout nonstructural regions, four major
amino acid substitutions; T1134S in the NS3 region, P1965S in
NS4B, V2405A in NS5A, and Y2471H in NS5B, not seen in wild-type
cells were observed in most of the subclones among RBV-resistant
replicon cells. T1134S, P1969S, V2405A, and Y247 1H were present,
respectively, in 7 of 11, 6 of 11, 8 of 13, and 7 of 13 PCR subclones
sequenced.

3.4. Effects of T1134S, P1969S, V2405A, and Y2471H on RBV
susceptibility

Totest the possibility that any of the four mutations as identified
confer resistance to RBV, we introduced these mutations individ-
ually into the JFH-1 subgenomic replicon containing a luciferase
reporter gene. Cells transfected with mutant- or wild-type repli-
con RNA grown in the presence of various concentrations of RBV
for 2 or 3 days. As demonstrated in Fig. 3A, the replication lev-
els of all four mutant replicons (SGR-JFH1/Luc-T1134S, -P1969S,
-V2405A, and -Y2471H) in the presence of 125 or 500 uM RBV
were higher than those of the wild-type replicon. In particular, the
Y2471H mutant significantly reduced susceptibility to RBV; repli-
cation levels of SGR-JFH1/Luc-Y2471H were 3-5-fold higher when
compared to those of wild-type under the present assay conditions.

The relative replication activity of these mutant replicons was
further determined in 3-day replication assay without drug treat-
ment (Fig. 3B). All mutant replicons exhibited reduced efficiency

relative to the wild-type replicon. Levels of the Y2471H-mutated
replicon were approximately 30% of those of the wild-type, thus
suggesting that replicon mutants with reduced sensitivity to RBV
are associated with decreased replication fitness.

4. Discussion

It is generally accepted that, during chemotherapy against viral
infection, high rates of viral replication and high frequencies of
mutation lead to generation of drug-resistant mutants. Although
several potential mechanisms for the inhibition of HCV replication
by RBV have been proposed, the molecular mechanisms involved
in the generation of RBV-resistant HCV remain poorly understood.

This study found that long-term treatment of HCV JFH-1-derived
replicon cells with RBV leads to selection of preferential muta-
tions in NS3 (T1134S), NS4B (P1969S), NS5A (V2405A) and NS5B
(Y2471H) genes. Each mutation only required a single nucleotide
change, and P1969S, V2405A and Y2471H are transition muta-
tions, which are known to be commonly caused by incorporated
RBV.Site-directed mutagenesis of these mutations into the replicon
demonstrated that Y2471H plays a role in reduced susceptibility to
RBV.

Crystal structure information revealed that HCV RdRp is
organized into an arrangement with palm, fingers, and thumb sub-
domains (Lesburg et al., 1999). Residue 2471 (the 33rd position of
NS5B) is present in the N-terminal loop region that bridges the
fingers. Although this site is apparently distant from the active
site of the polymerase in the palm region, it has been reported
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Fig. 3. Impact of major mutations in NS3-NS5B regions on RBV susceptibility (A) and replication capacity (B). Mutated replicons carrying single residue substitutions (T1134S,
P1969S, V2405A, and Y247 1H) were constructed and used for transient replication assay. Cells were transfected with either wild-type (WT) or with mutant replicon RNA in
the absence or presence (125, 500 M) of RBV. Luciferase activity was assessed at 4 h, 2 days and 3 days post-transfection (p.t.). (A) Luciferase activities of WT were set at 1,
and the fold increases in the activities of mutants were plotted. (B) Luciferase activities in the absence of RBV at 4 h and 3 days post-transfection were shown. The activities
of mutants were normalized as percentages of the WT activities. Data from triplicate samples were averaged and indicated with standard deviations. *p <0.05 against WT.
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that small molecules, such as benzimidazole compounds, are able
to specifically bind the fingers-thumb interface and inhibit poly-
merase activity (Herlihy et al., 2008), thus suggesting that amino
acid substitutions in the loop region may affect RNA polymeriza-
tion. The involvement of tyrosine residue at position 415 of HCV
NS5B in RBV resistance has been previously described for patients
with genotype 1a infection and for the genotype 1breplicon (Young
et al., 2003). Although the mechanism for resistance remains elu-
sive, it has been hypothesized that RBV interacts with RdRp around
this residue, which is located in the thumb subdomain, thus affect-
ing RNA polymerization (Young et al., 2003).

Based on analysis of available sequences from Genbank, tyrosine
at the 33rd residue of NS5B is conserved in all isolates of genotype
2a, but not in other genotypes. In genotype 1a and 1b isolates, 96%
contain histidine and only a small population contains tyrosine or
asparagine at the site. All the isolates of genotypes 3, 4, 5 and 6
contain histidine, whereas phenylalanine is conserved for genotype
2b. It should be noted that V2405 and P1969 are also completely
conserved for genotype 2a but not for other genotypes. Therefore, it
islikely that the identified HCV variants with reduced susceptibility
to RBV are genotype-specific. It will be of interest to determine
whether HCV genotype 2a is intrinsically more sensitive to RBV
when compared with other genotypes.

At present, at least 4 mechanisms of action of RBV are proposed
(Lau et al., 2002). They include (1) direct inhibition of the HCV
replication machinery, (2) as an RNA mutagen that drives a rapidly
mutating RNA virus over the threshold to “error catastrophe”, (3)
inhibition of the host enzyme inosine monophosphate dehydro-
genase (IMPDH), and (4) enhancement of host T-cell-mediated
immunity against viral infection. In addition to the direct inhibition,
it is also possible that other mechanisms such as error-prone and
IMPDH-inhibition are involved in HCV escape from RBV treatment.
Further investigation of the interaction of HCV variants with the
viral and cellular factors involved in viral resistance may improve
understanding of the mechanism(s) of RBV resistance.

In conclusion, RBV encountered resistance from the HCV geno-
type 2a replicon largely mediated by mutations in the N-terminal
region of NS5B. Although whether these mutagenic effects are also
demonstrable in IFN-RBV combination therapy will require fur-
ther studies, the mutations identified in this study represent the
first drug-resistant variants belonging to HCV genotype 2a. The
drug resistance patterns found in this study may be of benefit in
prediction in vivo resistance profiles and the development of next-
generation nucleoside analogues as anti-HCV drugs.
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Hepatitis C virus (HCV) replication and infection depend on the lipid components of the cell, and replication is
inhibited by inhibitors of sphingomyelin biosynthesis. We found that sphingomyelin bound to and activated
genotype 1b RNA-dependent RNA polymerase (RdRp) by enhancing its template binding activity. Sphingomyelin
also bound to 1a and JFH1 (genotype 2a) RdRps but did not activate them. Sphingomyelin did not bind to or
activate J6CF (2a) RdRp. The sphingomyelin binding domain (SBD) of HCV RdRp was mapped to the helix-turn-
helix structure (residues 231 to 260), which was essential for sphingomyelin binding and activation. Helix structures
(residues 231 to 241 and 247 to 260) are important for RdRp activation, and 238S and 248E are important for
maintaining the helix structures for template binding and RdRp activation by sphingomyelin. 241Q in helix 1 and
the negatively charged 244D at the apex of the turn are important for sphingomyelin binding. Both amino acids are
on the surface of the RARp molecule. The polarity of the phosphocholine of sphingomyelin is important for HCV
RdRp activation. However, phosphocholine did not activate RARp. Twenty sphingomyelin molecules activated one
RdRp molecule. The biochemical effect of sphingomyelin on HCV RdRp activity was virologically confirmed by the
HCYV replicon system. We also found that the SBD was the lipid raft membrane localization domain of HCV NS5B
because JFH1 (2a) replicon cells harboring NS5B with the mutation A242C/S244D moved to the lipid raft while the
wild type did not localize there. This agreed with the myriocin sensitivity of the mutant replicon. This sphingomyelin

interaction is a target for HCV infection because most HCV RdRps have 241Q.

Hepatitis C virus (HCV) has a positive-stranded RNA ge-
nome and belongs to the family Flaviviridae (21). HCV chron-
ically infects more than 130 million people worldwide (34), and
HCYV infection often induces liver cirrhosis and hepatocellular
carcinoma (19, 28). To date, pegylated interferon (PEG-IFN)
and ribavirin are the standard treatments for HCV infection.
However, many patients cannot tolerate their serious side ef-
fects. Therefore, the development of new and safer therapeutic
methods with better efficacy is urgently needed.

Lipids play important roles in HCV infection and replica-
tion. For example, the HCV core associates with lipid droplets
and recruits nonstructural proteins and replication complexes
to lipid droplet-associated membranes which are involved in
the production of infectious virus particles (24). HCV RNA
replication depends on viral protein association with raft mem-
branes (2, 30). The association of cholesterol and sphingolipid
with HCV particles is also important for virion maturation and
infectivity (3). The inhibitors of the sphingolipid biosynthetic
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pathway, ISP-1 and HPA-12, which specifically inhibit serine
palmitoyltransferase (SPT) (23) and ceramide trafficking from
the endoplasmic reticulum (ER) to the Golgi apparatus (37),
suppress HCV virus production in cell culture but not viral
RNA replication by the JFH1 replicon (3). Other serine SPT
inhibitors (myriocin and NA255) inhibit genotype 1b replica-
tion (4, 29, 33). Very-low-density lipoprotein (VLDL) also
interacts with the HCV virion (15).

Sakamoto et al. reported that sphingomyelin bound to HCV
RNA-dependent polymerase (RdRp) at the sphingomyelin
binding domain (SBD; amino acids 230 to 263 of RdRp) to
recruit HCV RdRp on the lipid rafts, where the HCV complex
assembles, and that NA255 suppressed HCV replication by
releasing HCV RdRp from the lipid rafts (29). In the present
study, we analyzed the effect of sphingomyelin on HCV RdRp
activity in vitro and found that sphingomyelin activated HCV
RdRp activity in a genotype-specific manner. We also deter-
mined the sphingomyelin activation domain and the activation
mechanism. Finally, we confirmed our biochemical data by a
HCV replicon system.

MATERIALS AND METHODS

HCV RNA polymerase. A C-terminal 21-amino-acid deletion was made to the
HCV RdRps of strains HCRG6 (genotype 1b) (36), NN (1b) (35), Conl (1b) (5),
JFH1 (2a) (36), J6CF (2a) (25), H77 (1a) (7), and RMT (1la), and the mutants
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were purified from bacteria as described previously (36). HCR6 (1b) RdRp with
the mutation L245A [RdRp(L245A)] or 1253A [RdRp(I253A)] or the double
mutation L245A and 1253A [RdRp(L245A/1253A)]; JFH1 (2a) RdRp with
the mutation(s) A242C/S244D, A242, S244D, or T251Q; J6CF (2a) RdRp
with the mutation(s) R241Q, S244D, or R241Q/S244D; and H77 (la)
RdRp(A238S/Q248E) were introduced using an in vitro mutagenesis kit
(Stratagene) and the oligonucleotides listed in Table S1 in the supplemental
material. HCR6 (1b) His,-tagged RARp(L245A/1253A) was removed from
pET21b/KM (36) and cloned into the BamHI/Xhol site of pGEX-6P-3 (GE),
resulting in pPGEXHCVHCRG6RARp(L245A/1253A).

In vitro HCV transcription. In vitro HCV transcription was performed as
described previously (36). Briefly, following 30 min of preincubation without
ATP, CTP, or UTP, 100 nM HCV RdRp was incubated in 50 mM Tris-HCI (pH
8.0), 200 mM monopotassium glutamate, 3.5 mM MnCl,, 1 mM dithiothreitol
(DTT), 0.5 mM GTP, 50 uM ATP, 50 pM CTP, 5 pM [a-*?P]JUTP, 200 nM RNA
template (SL12-1S), 100 U/ml human placental RNase inhibitor, and the lipid
(amount indicated below) at 29°C for 90 min. *?P-labeled RNA products were
subjected to 6% polyacrylamide gel electrophoresis (PAGE) containing 8 M
urea. The resulting autoradiograph was analyzed with a Typhoon Trio plus image
analyzer (GE).

RNA filter binding assay. An RNA filter binding assay was performed as
described previously (36). Briefly, 100 nM HCV RdRp and 100 nM ?P-labeled
RNA template (SL12-1S) were incubated with or without 0.01 mg/ml egg yolk
sphingomyelin in 25 ul of 50 mM Tris-HCI (pH 7.5), 200 mM monopotassium
glutamate, 3.5 mM MnCl,, and 1 mM DTT at 29°C for 30 min. After incubation,
the solutions were diluted with 0.5 ml of TE (50 mM Tris-HCl [pH 7.5], 1 mM
EDTA) buffer and filtered through nitrocellulose membranes (0.45-um pore
size; Millipore). The filter was washed five times with TE buffer, and the bound
radioisotope was analyzed by Typhoon Trio plus after being dried.

Enzyme-linked immunosorbent assay (ELISA). Ninety-six-well microtiter
plates (Corning) were coated with 250 ng of egg yolk sphingomyelin in ethanol
by evaporation at room temperature. After the wells were blocked with phos-
phate-buffered saline (PBS) and 3% bovine serum albumin (BSA), they were
incubated with 1 pmol of the HCV RdRp of HCR6 (1b) wild type (wt) or L245A,
1253A, or L245A/1253A mutant; NN (1b); H77 (1a); RMT (1a); J6CF (2a); or
JFH1 (2a) wt or A242C/S244D, A242, S244D, or T251Q mutant in Tris-buffered
saline (50 mM Tris-HCI [pH 7.5] and 150 mM NaCl) for 1.5 h at room temper-
ature. After being blocked with 3% BSA, the bound HCV RdRp was detected by
adding rabbit anti-HCV RdRp serum (1:5,000) (see Fig. S1 in the supplemental
material) (17) before incubation with a horseradish peroxidase (HRP)-conju-
gated anti-rabbit IgG antibody (1:5,000; Southern Biotech). The optical density
at 450 nm (ODys) was measured with a Spectra Max 190 spectrophotometer
(Molecular Devices) using a TMB (3,3',5,5'-tetramethylbenzidine) Liquid Sub-
strate System (Sigma).

HCV subgenomic replicon. A D244S mutation was introduced into the HCV
strain NN (1b) subgenomic replicon pLMHI4 (35), resulting in
PLMH(NN)5B(D244S) [where 5B(D244S) is the NS5B protein with the mutation
D244S]. The A242C/S244D mutation was introduced into the HCV JFH1 (2a)
replicon, pPSGR-JFH1/luc (25), resulting in pSGR-JFH1/luc5B(A242C/S244D). The
Hpal and Xbal fragment of pSGR-JFH1 (18) was replaced with that of pSGR-
JFH1/luc5B(A242C/S244D), resulting in pSGR-JFH15B(A242C/S244D). The
A2385/Q248E mutation was introduced into HCV H77 (la) replicon
pHCVrep13(S2204I)/Neo (7) after the neomycin gene was replaced by the firefly
luciferase gene [pH77(I)/luc] by insertion of AflIT and AscI sites (see Table S1 in the
supplemental material), resulting in pH77(I)/luc5B(A2385/Q248E). Subgenomic
replicon RNA was transcribed in vitro by T7 RNA polymerase using MegaScript
(Ambion) after the replicon plasmids were linearized by Xbal (strain NN and JFH1
replicons) or Hpal (strain H77 replicon). Subgenomic replicon RNA was stored at
—80°C after being purified by phenol-chloroform extraction and ethanol precipita-
tion.

Replicon assay with myriocin. Huh7.5.1 cells were kindly provided by F.
Chisari and were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) with 10% fetal bovine serum (FBS; Gibco) (38). HCV replicon RNA (10
ng) was transfected into 4 X 10° Huh7.5.1 cells (1 X 107/ml) in OptiMEM I
(Gibco) by electroporation (GenePulser Xcell; Bio-Rad) at 270 V, 100 £, and
950 wF. After transfection, the cells were plated in 12-well plates incubated in
DMEM-10% FBS. At 6 h after transfection, cells were treated with 0, 5, and 50
nM myriocin. At 4, 54, and 78 h after transfection (48 and 72 h after myriocin
treatment), the cells were harvested, and luciferase activity was measured using
a Dual-Glo luciferase assay kit and a GloMax 96 Microplate Luminometer
(Promega). Luciferase activity was normalized against the activity at 4 h after
transfection (26).

J. VIROL.

HCV JFH1 wt and NS5B(A242C/S244D) replicon cells. Huh7/scr cells were
kindly provided by F. Chisari of the Scripps Research Institute and were main-
tained in Dulbecco’s modified Eagle’s medium (Gibco) with 10% fetal bovine
serum (Gibco). RNA (10 pg each) from SGR-JFH1 and SGR-JFH1 with the
mutations A242C/S244D in NS5B [NS5B(A242C/S244D) was transfected into 4
X 10® Huh7/scr cells (1 X 107/ml) in OptiMEM I (GIBCO) by electroporation
(GenePulser Xcell; Bio-Rad) at 270 V, 100 (2, and 950 pF. After transfection,
the cells were plated in 10-cm dishes and incubated in DMEM-10% FBS with 1.0
and 0.5 mg/ml G418 (Gibco). JFH1 wt and NS5B(A242C/S244D) replicon cells
were maintained in DMEM-10% FBS and 0.5 mg/ml G418.

Membrane floating assay. JFH1 wt and NS5B(A242C/S244D) replicon cells
were suspended in two packed cell volumes of hypotonic buffer (10 mM HEPES-
NaOH [pH 7.6], 10 mM KCl, 1.5 mM MgCl,, 2 mM DTT, and 1 tablet/25 ml of
EDTA-free protease inhibitor cocktail tablets [Roche]) and disrupted by 30
strokes of homogenization in a Dounce homogenizer using a tight-fitting pestle
at 4°C. After nuclei were removed by centrifugation at 2,000 rpm for 10 min at
4°C, the supernatant (postnuclear supernatant [PNS]) was treated with 1%
Triton X-100 in TNE buffer (25 mM Tris-HCI [pH 7.6] 150 mM NaCl, 1 mM
EDTA) for 30 min on ice. The lysates were supplemented with 40% sucrose and
centrifuged at 38,000 rpm in a Beckman SW41 Ti rotor (Beckman Coulter)
overlaid with 30% and 10% sucrose in TNE buffer at 4°C for 14 h.

Western blotting. Western blotting using anti-HCV RdRp (17), rabbit anti-
NS3 (32), anti-NS5A (16) and anti-caveolin-2 was performed as previously pub-
lished (17).

Reagent. Egg yolk sphingomyelin, cholesterol phosphocholine, myriocin, and
rabbit anti-caveolin-2 antibodies were purchased from Sigma. Hexanoyl sphin-
gomyelin, Cq-ceramide, Cg-B-D-glucosyl ceramide, and Cg-B-D-lactosyl ceramide
were purchased from Avanti Polar Lipids. [a-**P]JUTP was purchased from New
England Nuclear. )

Statistical analysis. Significant differences were evaluated using P values cal-
culated from a Student’s ¢ test.

Nucleotide sequence accession number. The sequence of HCV RMT has been
deposited in the GenBank under accession number AB520610.

RESULTS

Sphingomyelin activation of HCV RNA polymerases of var-
ious genotypes. There are several sequence variations in the
sphingomyelin binding domain (SBD; amino acids 231 to 260
of HCV RdRp) among HCV genotypes (see Fig. 7A). In order
to compare the RdRps of different genotypes of HCV, we
purified RdRp from genotypes 1b (strains HCR6, NN, and
Conl), 1a (H77 and MRT), and 2a (JFH1 and J6CF) (see Fig.
S2 in the supplemental material). First, the effect of ethanol on
HCV HCR6 (1b) RdRp transcription was examined because
lipids were suspended in ethanol before they were added to the
HCYV transcription reaction mixture. We found that 2% eth-
anol did not inhibit HCV transcription (see Fig. S3 in the
supplemental material); therefore, all subsequent experiments
were performed using less than 2% ethanol.

The kinetics of sphingomyelin activation were analyzed us-
ing egg yolk sphingomyelin for HCR6 (1b) RdRp wt (Fig. 1A)
and subtype 2a (JFH1 and J6CF) RdRps (Fig. 1B), and
N-hexanoyl-p-erythro-sphingosylphosphorylcholine  (hexa-
noyl sphingomyelin) was used for HCR6 (1b) RdRp wt (Fig.
1C) and subtype 1a (H77 and RMT) RdRps (Fig. 1D). The egg
yolk sphingomyelin activation curve of HCR6 (1b) RdRp wt at
low concentrations (<<0.01 mg/ml) was sigmoid. The transcrip-
tion activity of HCR6 (1b) RdRp wt increased in a dose-
dependent manner. It was activated 11-fold at 0.01 mg/ml and
then plateaued (14-fold activation) at 0.1 mg/ml. However,
JFH1 (2a) and J6CF (2a) RdRps were activated 2.5-fold and
2.2-fold, respectively, at 0.01 mg/ml sphingomyelin, at which
point they plateaued.

Egg yolk sphingomyelin is a mixture. In order to obtain the
optimal molar ratio for sphingomyelin activation of HCR6 (1b)
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FIG. 1. Sphingomyelin activation of HCV RNA polymerases. (A) Activation kinetics of HCV HCR6 (1b) RdRp wt by egg yolk sphingomyelin
(SM). The inset shows activation produced by 0 to 0.02 mg/ml egg yolk sphingomyelin. Activation kinetics of HCV 2a (JFH1 and J6CF) RdRps
by egg yolk sphingomyelin (B) and of HCV HCR6 (1b) RdRp wt by hexanoyl sphingomyelin (SM C6) (C). In panel C, the first order of the graph
was fitted by linear regression; the calculated equation is indicated in the graph. (D) Activation kinetics of HCV 1a (H77 and RMT) RdRps by
hexanoyl sphingomyelin. (E) Activation effect of hexanoyl sphingomyelin on HCV RdRp of various genotypes. HCV RdRp (100 nM) was
incubated with or without 2 M SM C6. The names of the RdRps are indicated below the graph. Mean * standard deviation of the activation ratio

was calculated from three independent experiments.

RdRp wt, its activation kinetics were calculated using hexanoyl
sphingomyelin (Fig. 1C, SM C6). The equation for the first-
order ratio of hexanoyl sphingomyelin activation according to
linear regression fitting was as follows: y = 7.1494x — 1.5398,
where y is the activation ratio and x is the sphingomyelin
concentration (r* = 0.9978). RdRp activation had almost pla-
teaued at 2 pM hexanoyl sphingomyelin. The activation kinet-
ics of JFH1 (2a) and J6CF (2a) RdRps in egg yolk sphingo-
myelin were biphasic and plateaued at 0.01 mg/ml. Those of
RMT (1a) and H77 (1a) RdRps in hexanoyl sphingomyelin
were also biphasic and plateaued at 2 uM. The curve of the
first order was fitted by linear regression. The molar ratio of
RdRp to hexanoyl sphingomyelin at its plateau was calculated
as 1:20.

Because RdRp activation had almost plateaued at 2 pM
hexanoyl sphingomyelin, we compared the effect of sphingo-
myelin on 100 M concentrations of RNA polymerases of the
HCV 1a, 1b, and 2a genotypes using 2 pM hexanoyl sphingo-
myelin (Fig. 1E and Table 1).

Helix-turn-helix structure for sphingomyelin binding and
activation. Sphingomyelin binds to the SBD peptide (see HCV
SBD in Fig. 7) (29). Initially, we tested whether SBD was the
sphingomyelin binding site in HCV RdRp by ELISA (Fig. 2A
and Table 1). When the L245 and 1253 residues of the SBD

peptide were mutated to A, sphingomyelin binding activity was
lost (29). We introduced the same mutations in HCV HCR6
(1b) RdRp and purified HCR6 (1b) RdRp with mutations
1.245A,1253A, and L.245A/1253A. Because the C-terminal His-
tagged HCR6 RARp(L245A/1253A) was not soluble, it was
solubilized by tagging of glutathione S-transferase (GST) se-
quence at the N terminus but lost polymerase activity. As the
1.245A/1253A mutant had lost its polymerase activity, polymer-
ase activation was tested only for L245A and 1253A (Fig. 2B
and Table 1). These results confirmed that SBD located in the
finger domain (residues 230E to 263G) successfully achieved
sphingomyelin binding in HCV RdRp and that sphingomyelin
did not bind to the SBD when the helix-turn-helix structure
had been destroyed by the L245A or 1253A mutation (29).
The sphingomyelin binding activities of genotype 1a and 2a
RdRps were also tested (Fig. 2 and Table 1). Both JFH1 and
J6CF were tested for genotype 2a because J6CF (2a) RdRp
had an additional amino acid difference at position 241 in the
SBD, and its sphingomyelin binding activity was very low (Fig.
2A and 7A; Table 1). J6CF (2a) RdRp(R241Q) showed the
same sphingomyelin binding activity as HCR6 (1b) RdRp wt,
indicating that 241Q was the critical amino acid for sphingo-
myelin binding. J6CF (2a) RdRp(S244D) and RdRp(R241Q/
S244D) also showed higher sphingomyelin binding activity

-216-



11764

WENG ET AL.
-
£
I
o

L

E |3

2| g

o> &3

g | s )

9218 =

S

e[S

E |

35|

Sl =

< |8

L

AL

o

2 | €

mm

>

B2 =

i [ ]

512, |7

- — <

A

2| 3

*50.

<2

13| |§

Elz| I#

S | £ -

on =

s |~ 5]

= @]

&

5 g

e

<

£

g

=

w

-

m

2| |2
K=}

&= &
@}
=
e
g
5]
£
o
bl
I
=%

A242C §244D A242C/S244D T251Q

wt  A2385/Q248E  wt R241Q S244D R241Q/S244D wt

wt
86.7
3.0 20

wt
144

78.7 934 117

L245A 1253A 1245A/I1253A D244S  wt

wt

100

19.3 118 53.1 80.2 704 755 931 92.4 80.7
23

82.5

15.5

30.8
(2.8)* (2.5)¢

243

SM binding (%)’

1.8

4.4

1.0 31

3.4 1.6

5.6

4.3

8.1

7.9

7.9

3.6

ND

(11.2)

13.0
45

(n-fold)*
Activation of RNA binding

Activation of polymerase

1.4

1.3 ND ND

1.7

3.2

3.6

1.5

33

14

1.9 ND ND ND

ND

1.7

2.6

(n-fold)*

ged from three independent experiments. ND, not done.

Egg yolk sphingomyelin (SM; 250 ng) was used.

¢ Hexanoyl s

“ Numbers were avera,
d

b

phingomyelin (2 M) was used.

Egg yolk sphingomyelin (0.01 mg/ml) was used.

J. VIROL.

than the wt (P < 0.001) but lower binding than the R241Q
mutant. However, S244D showed higher RdRp activation than
R241Q (P < 0.005), while the RdRp activation ratio of the
double mutant (R241Q/S244D) was lower than that of S244D
or R241Q, although all of them activated RdRp with sphingo-
myelin (P < 0.005) (Fig. 2A and C and Table 1). For JFH1,
when the JFHI RdRp SBD was modified (A242C/S244D) to
allow it to bind with more sphingomyelin than the wt (P <
0.005), the mutant JFH1 RdRp(A242C/S244D) was activated
more than the wt by sphingomyelin (P < 0.005) (Fig. 2A and
C; Table 1). The sphingomyelin binding activity of JFH1
RdRp(T251Q) was 80.7% of that of HCR6 (1b), and its acti-
vation ratio was 1.8-fold. These results agree that SBD is both
the sphingomyelin activation and binding domain and that the
domains for these two activities are somehow different.

We determined which amino acid, 242C or 244D, en-
hanced sphingomyelin binding by comparing HCR6 (1b)
and JFH1 (2a) RdRps. Sphingomyelin binding of HCR6
(1b) RdRp(D244S) was 79% of that of the wt (P < 0.005) (Fig.
2A and Table 1), and its activation by sphingomyelin was only
3.6-fold (Fig. 2C and Table 1). The sphingomyelin binding of
JFH1 (2a) RdRp(A242C) and RdRp(S244D) increased to
75.5% and 93.1%, respectively, of HCR6 (1b) RdRp wt (Fig.
2A and Table 1). This was significantly higher than that of
JFH1 (2a) RdRp wt (P < 0.005), and the sphingomyelin acti-
vation of JFH1 (2a) RdRp(A242C) and RdRp(S244D) was
increased 1.0-fold and 3.1-fold, respectively (P < 0.005) (Fig.
2C and Table 1). From these mutation analyses of the J6CF
and JFH1 RdRps, we concluded that 244D enhanced sphin-
gomyelin binding and RdRp activation.

HCV 1a RdRps were not activated even though sphingomy-
elin bound to them (Fig. 1E and 2A and Table 1). We then
tried to elucidate the domains responsible for sphingomyelin
activation. There are 14 amino acids (residues 19, 25, 81, 111,
120, 131, 184, 270, 272, 329, 436, 464, 487, and 540) unique to
genotype la RdRp in the region of residues 1 to 570 and two
amino acid differences unique to 1a RdRp in SBD, i.e., 238A
and 248Q (see Fig. 6A). Initially, we focused on the SBD and
introduced the A238S and Q248E mutations into the H77 (2a)
RdRp SBD (Fig. 2A and D and Table 1). The sphingomyelin
binding activity of H77 (2a) RdARp(A238S/Q248E) was similar
to that of H77 (2a) RdRp wt. The sphingomyelin activation
ratio of H77 (2a) RdARp(A238S/Q248E) was increased 8.1-fold,
leading us to conclude that these mutations are essential to
sphingomyelin activation.

Effect of lipids on HCV RNA polymerase activity. In order
to elucidate the structure of the lipids involved in activation
of HCV RdRp, p-lactosyl-B-1,1’-N-octanoyl-p-erythro-sphin-
gosine [Cg-lactosyl(B) ceramide], p-glucosyl-B1-17-N-octanoyl-
D-erythro-sphingosine (Cg-B-D-glucosyl ceramide), N-hexanol-
D-erythro-sphingosine (Cy-ceramide), and cholesterol were
tested for their abilities to activate RdRp. The relative poly-
merase activities of 100 nM HCV HCR6 (1b) RdRp activated
with 0.01 mg/ml egg yolk sphingomyelin, 2 wM hexanoyl sphin-
gomyelin, 8 puM Cg-lactosyl(B) ceramide, 12 pM Cg-B-D-glu-
cosyl ceramide, 12 pM Cg-ceramide, and 0.02 mg/ml choles-
terol were 11.2, 13.0, 5.66, 4.19, 1.12, and 2.25 of that without
lipids, respectively (Fig. 3A). The amount of lipids that gave
the maximum activation was calculated from the kinetics of the
lipids bound to HCR6 (1b) and JFH1 (2a) RdRps (Fig. 3B and
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FIG. 2. Sphingomyelin binding and activation of HCV RNA polymerase sphingomyelin binding domain mutants. Names of RdRps are
indicated below the graphs. (A) Egg yolk sphingomyelin (SM) binding activity relative to that of HCR6 (1b) RdRp wt. Mean * standard deviation
of the binding was calculated from three independent experiments. (B) Egg yolk sphingomyelin activation of HCR6 (1b) RdRps. RdRps (100 nM)
were incubated with or without 0.01 mg/ml egg yolk sphingomyelin. (C) Hexanoyl sphingomyelin activation of the RdRps (RdRp names are
indicated below the graphs). HCV RdRps (100 nM) were incubated with or without 2 uM hexanoyl sphingomyelin. The mean =* standard deviation
of the activation ratio was calculated from three independent experiments. *, P < 0.005; #* P < 0.001.

C). Cy-lactosyl(B) ceramide and Cg-B-D-glucosyl ceramide ac-
tivated HCR6 (1b) RdRp compared with the linear regression
kinetics of the reaction with hexanoyl sphingomyelin as it pla-
teaued (Fig. 1C and 3B). Cholesterol activated HCR6 (1b)
RdRp slightly but did not activate JFH1 (2a) RdRp (Fig. 3C).
We therefore concluded that the phosphocholine of sphingo-
myelin bound to the SBD of HCV RdRp because the order of
HCV RdRp activation was hexanoyl sphingomyelin > Cg-lac-
tosyl(B) ceramide > Cg-B-D-glucosyl ceramide, and Cq-cer-
amide did not activate HCV HCR6 (1b) RdRp. The polarity of
the phosphocholine of sphingomyelin is important for HCV
RdRp activation (see Fig. S5 in the supplemental material).

In order to test whether phosphocholine activated HCV
RdRp (Fig. 3D), HCR6 (1b) RdRp was incubated with 0.4, 2,
20, 100, and 400 pg and 2, 4, 11, 54, and 100 mg of phospho-
choline. Up to 400 pg of phosphocholine did not affect RdARp
activity, but more than 2 mg of phosphocholine inhibited
RdRp activity.

Effect of sphingomyelin on the template RNA binding of
HCV RNA polymerase. The mechanism of HCV RdRp activa-
tion was analyzed. RNA polymerase changes its conformation
throughout the different transcription steps, and template
binding is the first step of transcription (9). Therefore, the
effect of sphingomyelin on template RNA binding activity was
tested (Fig. 4A and Table 1). Sphingomyelin enhanced the
template RNA binding of HCR6 (1b) RdRp wt but not that of
JFH1 (2a), H6CF (2a), or H77 (la) wt RdRp. When the

A238S/Q248E mutation was introduced into H77 (1a) RdRp,
the RNA binding was enhanced. J6CF (2a) RdRp R241Q and
$244D mutants showed similar enhancement of RNA binding,
but the R241Q/S244D double mutant did not. The activation
effect of RNA binding of HCR6 (1b) RdRp mutants L245A,
1253A, and D244S was lower than that of RdRp wt. JFH1 (2a)
RdRp wt and RdRp(A242C/S244D) showed similar RNA
binding activation levels. Based on a comparison of the sphin-
gomyelin activation of HCR6 (1b) RdRp wt and its mutants
which lost sphingomyelin binding with J6CF (2a) RdRp wt and
the R241Q and S244D mutants and H77 (1a) RdRp wt and the
A238S/Q248E mutant, we concluded that polymerase activa-
tion by sphingomyelin was induced mainly via activation of the
template RNA binding of RdRp. RNA binding activity of
JFH1 (2a) RdRp wt and RdRp(A242C/S244D) was almost
saturated because RNA binding of these RdRps was not acti-
vated by sphingomyelin (see Fig. S4 in the supplemental ma-
terial).

HCV RdRp has to be bound with sphingomyelin before or
at the same time as it binds to template RNA. After RdRp had
bound to the template RNA, sphingomyelin did not enhance
template RNA binding strongly (Fig. 4B).

Effect of the sphingomyelin binding domain mutations for
HCV replicon activity with myriocin. In order to confirm
sphingomyelin activation of HCV polymerase activity in a viral
replication system, HCV replicon activity of the loss-of-func-
tion mutant HCV NN (1b) NS5B(D244S) and the gain-of-
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FIG. 4. Sphingomyelin activation of the RNA binding activity of
HCV RNA polymerase. (A) Sphingomyelin activation of RNA filter
binding of HCV RdRps (RdRp names are indicated below the graph).
RdRps and 3?P-labeled RNA template (SL12-1S) were incubated with
or without egg yolk sphingomyelin (SM), before filtration. (B) Effect of
the order of sphingomyelin treatment. Numbers below the graph in-
dicate the order in which the reagents were added. The graph repre-
sents the ratio to RNA binding without sphingomyelin. The mean *
standard deviation of the activation ratio was calculated from three
independent experiments. *, P < 0.01.

function mutants H77 (1la) NS5B(A2385/Q248E) and JFH1
(2a) NS5B(A242C/S244D) were compared with 5 and 50 nM
myriocin treatment for 72 h (Fig. 5).

First, HCV replicon activity was compared as the relative
luciferase activity (Fig. 5A). Both JFH1 (2a) wt and
NS5B(A242C/S244D) replicons showed similar and strong rep-
licon activity (133 X 10° = 12 x 10* and 138 X 10° + 85 x 10°,
respectively). JFH1 (2a) wt replicon was resistant to myriocin
treatment, as reported by Aizaki et al. using other SPT inhib-
itors (3). The JFH1 (2a) NS5B(A242C/S244D) replicon be-
came sensitive to myriocin but still showed higher replicon
activity than NN (1b) or H77 (1a) replicons even at 50 nM
myriocin.

To analyze the effect of mutations precisely, the replicon
activity relative to each wt strain was compared (Fig. 5B). The
JFHI (2a) wt replicon with 50 nM myriocin showed the same
luciferase activity as the wt without myriocin (102% * 9.6%).
JFH1 (2a) NS5B(A242C/S244D) replicon activity was the
same as that of the wt without myriocin (103% = 12%); with
5 nM myriocin it was 84.1% * 6.6% of the wt level, but with 50
nM myriocin it was 70.3% * 5.3% of the wt level, which was
significantly lower (P < 0.01). NN (1b) wt replicon activity was
45.3% =+ 6.6% with 5 nM myriocin and 21.7% * 2.9% with 50
nM myriocin relative to the wt level without myriocin. NN (1b)
NS5B(D244S) replicon activity was 72.2% * 12% without
myriocin (P < 0.05), 44.0% * 7.4% with 5 nM myriocin, and
38.1% = 4.2% with 50 nM myriocin relative to wt level without
myriocin, which was significantly higher (P < 0.01). Thus, NN
(1b) NS5B(D244S) showed lower replicon activity than the wt
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FIG. 5. Myriocin inhibition of HCV replicon activity. Huh7.5.1 cells were incubated with myriocin after transfection with the HCV replicons indicated
below the graphs. Means * standard deviations of the relative luciferase activity at 72 h after myriocin treatment compared to activity at 4 h after
transfection (A) and to that of each wt without myriocin (B) were calculated from three independent measurements. *, P < 0.05; #* P < 0.01.

and was less sensitive to myriocin than the wt. H77 (1la) wt
replicon activity was 59.9% * 4.2% with 5 nM myriocin and
49.2% * 6.4% with 50 nM myriocin relative to the wt level
without myriocin. H77 (1a) NS5B(A238S/Q248E) replicon ac-
tivity was 123% = 7.1% without myriocin (P < 0.01), 66.1% =+
6.3% with 5 nM myriocin, and 38.0% * 4.1% with 50 nM
myriocin relative to wt level without myriocin. Both H77 (1a)
wt and NS5B(A238S/Q248E) replicons were sensitive to myrio-
cin, and the replicon activity of NS5B(A238S/Q248E) was
higher than that of the wt.

JFH1 (2a) RARp(A242C/S244D) localized in the DRM frac-
tions. Myriocin sensitivity of JFH1 (2a) NS5B(A242C/S244D)
replicon indicates the importance of 244D in JFH1 NS5B for
sphingomyelin binding. To further confirm the role of 244D for
recruitment of HCV RdRp to the detergent-resistant mem-
brane (DRM), where the HCV replication complex exists, we
compared the distribution of NS5A and NS5B of JFH1 (2a) wt
and NS5B(A242C/S244D) in their replicon cells by sucrose
density gradient centrifugation of the DRM (Fig. 6). NS5A
proteins of both JFH1 (2a) wt and NS5B(A242C/S244D) rep-
licons localized in the DRM fraction where caveolin-2 was
present (11, 27), but most of NS5B wt localized in the Triton-
soluble fractions. NS5B of JFHI (2a) NS5B(A242C/S244D)
replicon was shifted to the DRM fraction from the soluble
fraction. The shift of NS5B(A242C/S244D) localization into
the DRM demonstrated that SBD was the DRM localization
domain of NS5B and that residue 244D was important for this
localization.

DISCUSSION

Hepatitis C virus is an envelope virus, and the lipid compo-
nents of the virion play important roles in HCV infectivity and
virion assembly (3, 15, 20, 24). HCV replication complexes
localize in lipid raft structures/DRMs in the membrane frac-

top > bottom
1t 2 3 45 6 7 8 910

wt G
NS5B .
A242CS244D
wit
NS5A
A242CS244D
wt
Caveolin-2
A242CS244D

DRM

FIG. 6. Membrane floating assay of JFH1 wt and NS5B(A242C/
$244D) replicon cells. The PNS fractions of HCV JFHI1 (2a) wt and
NS5B(A242C/S244D) replicon cells were treated with 1% Triton
X-100 in TNE buffer for 30 min at 4°C and subjected to 10 to 40%
sucrose gradient centrifugation in TNE buffer. Each fraction was sub-
jected to 10% SDS-PAGE, followed by Western blotting with anti-
NSS5A, -NS5B, and -caveolin-2 antibodies. Fractions are numbered as
indicated at the top of the panel. The DRM fractions (fractions 1 to 3)
are indicated.
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FIG. 7. Sphingomyelin binding domain (SBD) of HCV RNA polymerase. (A) The SBDs (231N to 260L) of HCV RdRps are aligned together
with their secondary structure predicted by the Chou-Fasman program (10). The predicted secondary structure is indicated below the sequence
as follows: H, a-helix; E, B-sheet; and C, coil. The o-helix structures of HCV Conl (1b) RdRp and JFH1 (2a) RdRp are boxed in red. Residues
241Q and 244D are indicated in red and green, respectively. The 238A and 248E of the H77 and RMT (la) RdRps are indicated in purple.
GenBank accession numbers of HCV genotypes 3a, 4a, 5a, and 6a are GU814263 (12), GU814265 (12), Y13184 (8), and Y12083 (1), respectively.
(B) Comparison of the SBDs of HCV Conl (1b) (yellow) and JFH1 (2a) RdRps (magenta). The starting and ending amino acids of H1 and H2
are indicated. The sphingomyelin binding site, 241Q, is indicated in red, and 244D of Conl (1b) and 244S of JFH1 (2a) RdRp are indicated in
green. (C) Surface model of HCV Conl (1b) RdRp. SBD is indicated in yellow, and 241Q and 244D are indicated in red and green, respectively.
The structures of the Conl and JFH1 RdRps were constructed by PyMOL, version 1.1.1 (http://www.pymol.org/). PDB numbers of Conl (1b)

RdRp and JFH1 (2a) RdRp are 3FQL (14) and 3I5K (31), respectively.

tions of subgenomic replicon cells (30). Lipid rafts are com-
posed mainly of sphingomyelin, cholesterol, and glycosphingo-
lipids. Most reports regarding the relationship between lipids
and HCV have examined virion assembly, infectivity, and the
localization of HCV, but their biochemical interactions have
not been reported. Our findings clearly demonstrate that
sphingomyelin plays an important role not only in HCV rep-
lication complex formation and its localization but also in HCV
RdRp activity.

The helix-turn-helix structure of the SBD (residues 230 to
263), which is located between RNA polymerase motifs A and
B, has been proposed as the sphingomyelin binding domain of
HCV RdRp (29). We compared the SBD of Conl (1b) (Pro-
tein Data Bank [PDB] 3FQL) (14) and JFH1 (2a) (PDB 3I5K)
(31) and the secondary structure of the amino acids (201 to
290) in the SBD predicted by the Chou-Fasman program (10)
(Fig. 7; see also Fig. S5 in the supplemental material) because
the helix structures of the SBD of Conl1 (helix 1 [H1], 231N to
241Q; helix 2 [H2], 247A to 260L) and JFH1 (H1, 231R to
242A; H2, 246P to 260L) RdRp fit with those predicted by the
Chou-Fasman program. The structures contributing to sphin-
gomyelin binding and activation are H1 and H2 and the junc-
tion (turn) between the two helix structures that are similar to
the human immunodeficiency virus (HIV) gp120 V3 domain,

prion protein (PrP), and B-amyloid peptide (13, 22). Although
Conl (1b) RdRp has a shorter helix structure than JFH1 (2a)
RdRp (Fig. 6B), the structures of their SBDs are very similar
(Fig. 7; see also Fig. S5). When the helix-turn-helix structure of
the SBD was destroyed (HCR6 genotype 1b RdRp mutants
L245A and 1253A), the RdRp lost sphingomyelin binding ac-
tivity and lost its activation (Fig. 2).

In order to study the structure-function relationship of the
SBD and sphingomyelin, we compared the SBD of genotype
1a, 1b and 2a RdRps and particularly focused on residue 244D
in the turn and residues 241Q and 238S/248E in the helix
domains. The polar amino acid 241Q and the negatively
charged 244D of Conl (1b) RdRp located on the surface of the
RdRp molecule bind and interact with the positively charged
choline residue of sphingomyelin (Fig. 7C; see also Fig. S5 in
the supplemental material). The positively charged 241R re-
pels the choline residue of sphingomyelin, and as a result,
J6CF (a) RdRp wt did not bind to sphingomyelin. J6CF (2a)
RdRp(R241Q) showed almost the same sphingomyelin bind-
ing activity as HCR6 (1b) RdRp wt. This ionic interaction
between SBD and sphingomyelin agrees with the activation of
lipids with different sphingosine structures and fatty acid
chains (Fig. 3A). JFH1 (2a) RdRp does not interact well with
sphingomyelin because it does not have the negatively charged
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amino acids at the tip of its turn structure. Once its 244S was
changed to D, more sphingomyelin bound to JFH1 (2a) RdRp
and activated the RdRp (Fig. 2A and C). The reason for the
low activation of J6CF (2a) RdARp(R241Q/S244D) is not clear.
Sometimes mutations affect the entire conformation of the
molecule. In conclusion, from the comparison of sphingomy-
elin binding and activation of HCR6 (1b), J6CF (2a), and
JFH1 (2a) RdRp SBD mutants, 241Q is the essential amino
acid for sphingomyelin binding in the SBD. Amino acid 244D
enhanced both binding and RdRp activation.

The in vitro sphingomyelin binding and RdRp activation
experiments indicate that sphingomyelin binding and its RdRp
activation are different biochemical reactions because we
found controversial activation rates for sphingomyelin binding
and RdRp activation among J6CF (2a) RdRp mutants (Fig. 2).
The relationship between sphingomyelin binding and the acti-
vation of polymerase activity was studied by comparing geno-
type 1b and 1a RdRps, both of which bind to sphingomyelin
(Fig. 2). However, 1a RdRp is not activated by sphingomyelin
because both of the helix structures of 1a RdRp are probably
terminated at 238A and 248Q, making its helix structures
shorter than those of 1b RdRp (Fig. 6A). The length of the
helix structure may be essential for sphingomyelin activation
because RdRp changes its structure to bind to template RNA
when sphingomyelin binds to SBD (Fig. 4).

HCV RdRp changes its conformations at the early stages of
transcription initiation, including the template RNA binding
step (6, 9). Sphingomyelin binding is likely to change the con-
formation of 1b RdRp to recruit template RNA and initiate
transcription efficiently. Comparison of the activation ratio of
RNA binding and polymerase activity of 1b RdRp, J6CF (2a)
RdRp wt and R241Q and S244D mutants, and JFH1 (2a)
RdRp wt and mutant A242C/S244D suggests that steps other
than RNA binding are also likely to be activated by sphingo-
myelin.

From a kinetic analysis of sphingomyelin activation (Fig. 1C
and D), 20 sphingomyelin molecules are estimated to interact
with the SBD of RdRp and activate it because sphingomyelin
activation plateaued at 20 sphingomyelin molecules per HCV
RdRp molecule. It is not clear whether 20 sphingomyelin mole-
cules form a micelle or a layer structure. However, the structure
of sphingomyelin is important for the activation of HCV RdRp
because phosphocholine did not activate the RdRp (Fig. 3D).

To confirm these biochemical findings in HCV replication,
we tested the effect of SBD mutations in HCV replicon systems
with the SPT inhibitor myriocin (Fig. 5) (4, 33) because NA255
was not available. The loss-of-function mutant, HCV NN (1b)
NS5B(D244S), showed lower replicon activity than NN (1b) wt
and more resistance to 50 nM myriocin, which did not affect
the viability of cells (4, 33), than the wt. The gain-of-function
mutant, H77 (1a) NS5B(A238S/Q248E), showed higher repli-
con activity than H77 wt and retained myriocin sensitivity be-
cause it had the sphingomyelin binding sites 241Q and 244D.
At 50 nM myriocin, another gain-of-function mutant, JFH1
(2a) NS5B(A242C/S244D), was inhibited although its activity
was the same as that of JFH1 (2a) wt without myriocin because
the JFH1 wt replicon had high replicon activity without myrio-
cin (Fig. 5A). The JFH1 replicon activity may be maximal in
the system; therefore, the JFH1 (2a) NS5B(A242C/S244D)
replicon did not show higher activity than JFH1 (2a) wt with-
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out myriocin while H77 (1a) NS5B(A238S/Q248E) showed
higher replicon activity than H77 wt.

The binding and RdRp activation activity of the amino acid
244 mutants by sphingomyelin did not differ greatly from the
wt in vitro. However, the myriocin sensitivity of JFH1 (2a)
NS5B(S244D) was demonstrated clearly. That of H77 (1a)
NS5B(A238S/Q248E) indicated that sphingomyelin binding
was the target of myriocin inhibition, not the sphingomyelin
activation of RdRp. These data confirm the importance of
241Q, 244D, and the helix structure in SBD for HCV replica-
tion in the cells.

Sphingomyelin is the major component of the lipid raft
structure/DRM where the HCV genome replicates. To confirm
that the SBD is the membrane binding site of HCV RdRp, we
analyzed the localization of NS5B of JFH1 (2a) wt and
NS5B(A242C/S244D) replicons by membrane floating assay
(Fig. 6). JFH1 (2a) NS5B wt did not localize in the DRM.
However, the localization of NS5B of the JFH1 (2a)
NS5B(A242C/S244D) replicon shifted to the DRM from the
soluble fractions. Previously, HCV NS5B was believed to lo-
calize in the DRM by its C-terminal hydrophobic sequences
(21). However, our data demonstrate that the SBD is the
membrane localization domain of HCV NS5B, which agrees
with the myriocin sensitivity of JFH1 (2a) NS5B(A242C/
S244D) replicons (Fig. 5) and the release of HCV 1b NS5B
from the DRM by another SPT inhibitor, NA255 (29).

This is the first report of RNA polymerase activation by
lipids. Twenty sphingomyelin molecules interact with SBD,
particularly with residues 241Q and 244D of HCV (1b) RdRp,
and change the conformation of the RdRp in order to recruit
RNA templates. At the same time, HCV RdRp molecules may
be aligned on the sphingomyelin layer formed via interactions
between the hydrocarbon chains of sphingosine and fatty acids
via placement of their SBD into the layer (Fig. 7C). Consistent
with previous research (3, 23, 37), our findings explain why the
inhibitors of the sphingolipid biosynthetic pathway influence
subgenomic replicons derived from HCV genotypes 1a and 1b
but not those derived from JFH1 (2a) (Fig. 5). Most HCV
isolates have 241Q in NS5B, and some of them also have 244D
(Fig. 7A). These sphingomyelin interactions are new targets
for the treatment of HCV.
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Abstract

We have previously reported that the NS3 helicase (N3H) and NS5B-to-3’X (N5BX) regions are important for the efficient
replication of hepatitis C virus (HCV) strain JFH-1 and viral production in HuH-7 cells. In the current study, we investigated
the relationships between HCV genome replication, virus production, and the structure of N5BX. We found that the Q377R,
A450S, S455N, R517K, and Y561F mutations in the NS5B region resulted in up-regulation of J6CF NS5B polymerase activity in
vitro. However, the activation effects of these mutations on viral RNA replication and virus production with JFH-1 N3H
appeared to differ. In the presence of the N3H region and 3’ untranslated region (UTR) of JFH-1, A450S, R517K, and Y561F
together were sufficient to confer HCV genome replication activity and virus production ability to J6CF in cultured cells.
Y561F was also involved in the kissing-loop interaction between SL3.2 in the NS5B region and SL2 in the 3’X region. We next
analyzed the 3’ structure of HCV genome RNA. The shorter polyU/UC tracts of JFH-1 resulted in more efficient RNA
replication than J6CF. Furthermore, 9458G in the JFH-1 variable region (VR) was responsible for RNA replication activity
because of its RNA structures. In conclusion, N3H, high polymerase activity, enhanced kissing-loop interactions, and optimal
viral RNA structure in the 3'UTR were required for J6CF replication in cultured cells.
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Introduction

Hepatitis C virus (HCV) contains a positive-stranded RNA
genome and belongs to the Flaviviridae family [1]. Chronic HCV
infection affects more than 130 million people worldwide [2]. The
HCV RNA genome is approximately 9.6 kb in length and contains
a long open reading frame that encodes a polyprotein of
approximately 3,010 amino acids. This polyprotein is processed
into at least 10 polypeptides by host and viral proteases [3,4]. The
5"-untranslated region (UTR) contains a highly conserved internal
ribosome entry site (IRES) that is 341 nucleotides long [5]. The
3’UTR is known to contain a variable region (VR), a poly
pyrimidine “U/C” (polyU/UC) tract, and a 98-base X-region
(3'X tail) [6]. The second stem loop of the X region interacts with
the NS5BSL3 cis-acting replication element (CRE) and may
contribute to initiation of negative strand RINA synthesis [7].

JFH-1 belongs to genotype 2a and is the only strain that can
efficiently replicate and produce virions in HuH-7 and HuH-7-
derived cell lines [8,9,10]. When the structural protein-coding
regions of the non-replicating HCV strains were fused to the non-
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structural protein-coding region and 3'UTR of JFH-1, replication
was initiated and virions were produced in HuH-7-derived cells
[10,11]. In order to analyze the mechanisms underlying the robust
replication of JFH-1, we compared JFH-1 with J6CF. J6CF shares
approximately 90% sequence homology with JFH-1 but does not
replicate in HuH-7 cells. Analysis of JFH-1/J6CF chimeras
demonstrated that the NS3 helicase-coding region (N3H) and
the NS5B-to-3'X (N5BX) region of JFH-1 conferred replication
activity to J6CF in HuH-7 cells [12]. Mutations in the N3H region
are expected to affect helicase activity, while mutations in the
NS5B-to-3'X region may affect polymerase and replication
activity through secondary or higher order structures of the
RNA. We have also previously reported that JFH-1-type
mutations in the NS5B region enhanced genotype 1b RdRP
activity in vitro [13]. Thus, JFH-1-type mutations in the INS5B
region of J6CF are hypothesized to enhance J6CF RdRP activity.
As mentioned above, the 3'UTR of the HCV genome consists of a
VR, polyU/UC tracts of various lengths and a highly conserved
3'X tail. Deletion of the VR was reported to allow replication in
both cultured cells [14] and in the chimpanzee [15]. The
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Author Summary

Hepatitis C virus (HCV) is a major cause of chronic liver
disease. Chronic HCV infection affects more than 130
million people worldwide. An efficient cell culture system
is indispensable for HCV research and the development of
antiviral strategies, including antiviral drugs and vaccines.
Using one HCV strain, JFH-1, we have developed a novel
cell culture system that, for the first time, has allowed for
both the production of infectious HCV and the analysis of
the HCV life cycle. To date, JFH-1 is the only HCV strain that
replicates efficiently in cultured cells. Understanding the
mechanisms underlying replication of JFH-1 in cultured
cells is important and advantageous for the development
of antiviral strategies. In the present study, we demon-
strate that high polymerase activity, enhanced kissing-loop
interactions between the NS5B and 3’X regions, and
optimal viral RNA structure of the 3' UTR are required for
the efficient replication of JFH-1 and viral production in
cultured cells. Our data provides information that will
prove essential for the establishment of replication-
competent variants of HCV strains that are currently
replication incompetent in cultured cells. This study also
contributes to a better understanding of the mechanisms
underlying persistent HCV infections.

minimum length of polyU/UC tract required for replication has
also been previously determined [14,16].

In the current study, we examined RNA polymerase activity
and the RNA structures of the NS5B and 3'UTR that contribute
to HCV replication, and determined the essential domains
required for robust HCV RNA replication in cultured cells.

Materials and Methods

Cell culture

HuH-7 cells [17] and Huh-7.5.1 cells [9] were cultured at 37°C
in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum under 5% CQO, conditions.

Construction of plasmids encoding a C-terminal 12xHis
tagged HCV RdRP lacking 21 C-terminal amino acids

HCV JFH-1 and J6CF RdRP without the C-terminal 21 amino
acid hydrophobic sequence were PCR amplified from pJFHI1 [8]
and pJ6CF (a kind gift from Jens Bukh) [15], respectively. Primer
sequences for mutagenesis are listed in Table SI1. Following
digestion with Xbal and Xhol, DNA fragments were cloned into
the Nhel and Xhol sites of pET21b (Novagen, Madison, WI),
resulting in pET21bHCVJFH-1RdRpwt and pET21bHCV]6-
CFRdRpwt. pET21bHCV]JFH-1RdRpwt and pET21bHCV]6-
CFRdRpwt were then digested with Xbal and X/ol and the RARP
fragments cloned into the same restriction sites of pET28a,
resulting in pET21(KM)JFH-1RdRpwt and pET21(KM)J6CFR-
dRpwt, respectively.

Mutation analysis of J6CF and JFH-1 RdRP

JFH-1-type substitutions (S377R, A450S, S455N, R517K, and
Y561F in the NS5B region; amino acid numbers are based on the
AA relative numbering [18]) were introduced into J6CF RdRP
and J6CF-like substitutions (S450A, N455S, K517R, F561Y, and
F561I) and D318A were introduced into JFH-1 RdRP using the
QuickChange II Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA). Primer sequences for mutagenesis are listed in Table
S1. Sequences were confirmed by nucleotide sequencing.
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Expression, purification, and in vitro transcription of HCV
RdRP

pET21(KM)JFH-1RdRPwt, pET21(KM)J6CFRdRPwt, and
their mutants were expressed with pGEX-HSP90a [13] in
Escherichia coli Rosetta/pLysS (Novagen). RARP was then purified
as previously described [13], with the exception that protein
induction was undertaken at 18°C for 4 h. In uvitro de novo
transcription was performed as described previously [13]. Briefly,
following 30 min pre-incubation without ATP, CTP, or UTP,
0.1 pM HCV RdRP was incubated in 50 mM Tris/HCI (pH 8.0),
200 mM monopotassium glutamate, 3.5 mM MnCl,, 1 mM
DTT, 05mM GTP, 50 uM ATP, 50 uM CTP, 5puM
[¢-*?PJUTP, 0.02 pM RNA template (SL12-1S) and 100 U/ml
human placental RNase inhibitor at 29°C for 90 min. [**P]-RNA
products were subjected to PAGE (6% gel, 8 M urea). The
resulting autoradiograph was analyzed with a Typhoon trio plus
image analyzer (GE Healthcare, Piscataway, NJ). The radio
isotope count of 184 nt RINA product of each mutant RARPs was
measured and compared to that of JFH-1 RdRP wt in the same
PAGE.

Subgenomic-replicon constructs

pSGR-J6/N3H+5BSLX-JFHI1/Luc was constructed by re-
placement of the 5BSL-to-3'X fragment (9211 to 9678 of JFH-1)
generated by PCR with the corresponding fragment of pSGR-J6/
N3H+3'UTR-JFH1/Luc [12]. Constructs with substitutions in
NS5B region were generated as follows; mutations were
introduced by PCR-based mutagenesis and Xhol-Xbal-restricted
fragments were exchanged with the corresponding fragment of
pSGR-J6/N3H+5BSLX-JFHI/Luc or pSGR-J6/N3H+3'UTR-
JFH1/Luc [12]. To generate the constructs used for the analyses
of the 3'UTR, VR fragments (9415-9479 of JFH-1 and J6CF) or
polyU/UC fragments (9480-9579 of JFH-1 and 9480-9606 of
J6CF) were generated by PCR and replaced with the correspond-
ing fragment of pSGR-J6/N3H+5BSLX-JFH1/Luc. To generate
the constructs with substitutions in the VR or 3’'SL2, mutations
were introduced by PCR-based mutagenesis and SgrAl-Xbal-
restricted fragments were exchanged with the corresponding
fragment of pSGR-J6/N3H+5BSLX-JFH1/Luc. Primer sequenc-
es for mutagenesis are listed in Table SI.

Full-length genomic HCV constructs

Plasmids used in the analysis of genomic RNA replication and
core production were constructed from pJ6/N3H+N5BX-JFHI
[12] and pJ6CF [15]. pJ6/N3H+5BSLX-JFH1 was constructed by
replacement of the corresponding sequence with the 5BSL-to-3'X
fragment (9211 to 9678 of JFH-1) generated by PCR. pJ6/
N3H+3'UTR-JFHI1 was constructed by using the N3H region
[Clal (3929) - EcoT221 (5293)] and 3'UTR [Stul (9415) - Xbal
(9678)] of JFH-1 to replace the corresponding sequences of pJ6CF.
Mutagenesis was performed as described above.

RNA synthesis and transfection

RNA synthesis and transfection were performed as described
previously [8,12]. Briefly, plasmids were linearized with Xbal,
treated with Mung Bean Nuclease (New England Biolabs, Ipswich,
MA) and purified. Linearized, purified DNA was then used as a
template for in vitro RNA synthesis using the MEGAscript T7 kit
(Ambion, Austin, TX) in accordance with the manufacturer’s
instructions. Synthesized RNA was treated with DNase I (Ambion)
followed by purification using ISOGEN-LS (Nippon Gene,
Tokyo, Japan). The quality of the synthesized RNA was examined
via agarose gel electrophoresis. Ten micrograms of in witro-
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synthesized RINA was used for each electroporation. Trypsinized
HuH-7 cells or Huh-7.5.1 cells (3x10° cells) were washed with
Opti-MEM I (Invitrogen, Carlsbad, CA) and resuspended in
Cytomix buffer [19]. RINA was then combined with 400 pl of cell
suspension and the mixture was transferred to an electroporation
cuvette (Bio-Rad, Hercules, CA). The cells were then pulsed at 260
V and 950 pF using the Gene Pulser II apparatus (Bio-Rad).
Transfected cells were immediately transferred to 6-well plates
containing culture medium and incubated at 37°C under standard
5% CO; conditions.

Luciferase reporter assay

Luciferase activity of the JFH-1 subgenomic replicon and
chimeras in HuH-7 cells were measured as described previously
[12,20]. Briefly, 5 pg of transcribed RNA was transfected into
3x10° HuH-7 cells by electroporation. Transfected cells were
immediately resuspended in culture medium and seeded into 6-
well culture plates. Cells were then harvested at 4, 24, and 48 h
after transfection and lysed with 200 pl of Cell Culture Lysis
Reagent (Promega, Madison, WI). Debris was removed by
centrifugation. Luciferase activity was quantified using a Lumat
LB9507 luminometer (EG & G Berthold, Bad Wildbad, Germany)
and a Luciferase Assay System (Promega). Assays were performed
three times independently, with each value corrected for
transfection efficiency as determined by measuring luciferase
activity 4 h after transfection. Data are presented as relative light

units (RLU).

Quantification of HCV core protein

To estimate the concentration of HCV core protein in the
culture medium, we harvested supernatants at the indicated time
points. The supernatant was then passed through a filter with a
0.22- um pore size (Millipore, Bedford, MA) and subjected to the
chemiluminescence enzyme immunoassay (Lumipulse II HCV
core assay, Fujirebio, Tokyo, Japan) in accordance with the
manufacturer’s instructions.

Infection of cells with secreted HCV and determination of
infectivity

Culture medium from RNA transfected cells was collected at
72 hours post-transfection. Huh7.5.1 cells were seeded at a density
of 1x10* cells per well in poly-D-lysine coated 96-well plates
(CORNING, Corning, NY). On the following day, the collected
culture media were serially diluted and used for inoculation of the
seeded cells, and the plates were incubated for another 3 days at
37°C. The cells were fixed in methanol for 15 min at —20°C, and
the infected foci were visualized by immunofluorescence as
described below.

Cells were blocked for 1 hour with BlockAce (Dainippon
Sumitomo Pharma, Osaka, Japan), then washed with PBS,
followed by incubation with anti-core antibody at 50 pg/ml in
BlockAce. After incubation for 1 hour at room temperature, the
cells were washed and incubated with a 1:400 dilution of
AlexaFluor 488-conjugated anti-mouse IgG (Molecular Probes,
Eugene, OR) in BlockAce. The cells were then washed and
examined using fluorescence microscopy (Olympus, Tokyo,
Japan). Infectivity was quantified by counting the infected foci
and expressed as focus forming units per milliliter (ffu/ml).

Chemicals and radio isotope

Nucleotides were purchased from GE, [a-**P]UTP from New
England Nuclear (Boston, MA), and human placental RNase
inhibitor and restriction enzymes from TaKaRa (Shiga, Japan).
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Statistical analysis
Significant differences were evaluated using the Student’s #test.
p<<0.05 was considered significant.

RNA secondary structure prediction

RNA secondary structure prediction was performed using
Mfold software [21].

Results

As we have reported previously, the NS3 helicase and the
NS5B-to-3"X regions of JFH-1 are important to confer replication
competence to J6CF, a replication-incompetent strain [12]. Of
these two regions, NS5B-to-3'X of JFH-1 is the most important to
replication-competence. The NS5B region encodes RdRP, and
the JFH-1-version of this polymerase may have high activity and
be crucial to replication-competence. The requirement of 3'UTR
of JFH-1 suggested that the RINA structure in this region is
important for efficient genome replication. To understand the
mechanisms of efficient replication of JFH-1 in HuH-7 cells, we
focused on the NS5B-to-3'X region because the NS3 helicase
region of JFH-1 had relatively minor effects on replication of J6CF
derivatives [12]. In order to identify the important protein
domains within RARP required for efficient virus replication, we
compared the RNA polymerase activity of HCV J6CF RdRP to
that of JFH-1 RARP using three assays, in vitro transcription with
purified RdRP, in wivo virus RNA replication, and i vivo virus
production. To identify the important sequences or structures in
the NS5B-to-3'X region involved in efficient replication, we
analyzed the effect of sequence differences in this region on
replication of the viral genome.

Comparison of RNA polymerase activity in vitro

By comparing the sequence of RdRP of JFH-1 (GenBank
Accession No. AB047639), J6CF (AF177036), other 2a strains
(AB047640 — 5, AY746460, AF238481 - 5, AF169002 -5), a la
strain (H77: AF009606), and four 1b strains (Conl: AJ238799,
AB080299, AY045702, M58335), we found 14 amino acids
variants unique to JFH-1 RdRP (57T, 130P, 131Q), 1504, 377R,
4051, 435V, 4508, 455N, 474M, 479H, 517K, 561F and 5718S).
We focused on five JFH-1-type amino acid substitutions (Q377R,
A450S, S455N, R517K, and Y561F) that have been shown to
increase the polymerase activity of 1b RARP [13]. We introduced
these JFH-1-type amino acid substitutions into J6CF RdRP,
individually and in combination, to test their effects on polymerase
activity. We also tested a J6CF RdRP variant with a R517K
substitution because it was included in the J6/N3H+5BSLX-JFHI
replicon (see below), although it did not enhance the polymerase
activity of 1b RARP i vitro [13].

The RdRPs of HCV JFH-1 and J6CF and mutant variants were
purified as indicated in the Materials and Methods and Fig. S1A.
The polymerase activity of wild-type (wt) and mutant RARPs was
measured using a de novo transcription system (Fig. 1 and Fig. SIB).
The activity of J6CF RdRP was 7.0%£0.6% of that of JFH-1.
Similar to results seen with 1b RdARP substitution variants, the
single amino acid substitutions Q377R, A450S, S455N, R517K,
and Y561F resulted in increased polymerase activity of J6CF
RdRP (25.5+1.5,27.7%1.0, 53.1£0.9, 16.9+3.5 and 16.7£2.5%
of JFH-1 RdRP wt, respectively). However, combining double and
triple amino acid substitutions did not demonstrate any additive or
synergistic effects on the in vitro polymerase activity (Fig. 1).

JFH-1 RdRP variants with individual J6CF-type amino acid
substitutions, including R377Q), S450A, N455S, K517R, and
F561Y, were also examined in vitro. With the exception of N455S,
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Figure 1. Relative HCV RNA polymerase activity of JFH-1 and
J6CF wild-type and mutant RARP. HCV RdRP activity was measured
using the purified HCV RdRP (Fig. S1A) and the average RdRP activity
and the standard deviation (error bar) relative to that of JFH-1 RdRP wt
were calculated from three independent experiments (Representative
gel images are shown in Fig. S1B). The relative activity values are
presented above the graph. SNF, A450S+S455N+Y561F; SKF,
A4505+R517K+Y561F; NKF, S455N+R517K+Y561F.
doi:10.1371/journal.ppat.1000885.g001

all other J6CF-type amino acid substitutions reduced the activity of
JFH-1 RdRP, with levels ranging from 37.3 to 52.9% of the
activity from wt JFH-1 RdRP (Fig. 1). The N455S variant
maintained polymerase activity similar to that of JFH-1 wt. The
JFH-1 D318A variant has a mutation in the active site of RARP
and showed no polymerase activity, confirming our w witro
transcription system.

JFH-1-type amino acid residues in the NS5B region
restored the replication activity of the J6CF-based
replicon

In order to test whether the JFH-l-type amino acids
substitutions into the NS5B region of J6CF that enhanced
polymerase activity i vifro enabled the replication of J6CF in
cultured cells, we used the subgenomic J6CF replicon harboring
the NS3 helicase region and 3'UTR of JFH-1 (J6/N3H+3'UTR-
JFHI1-Luc; Fig. 2A) as a reference construct. This replicon could
replicate in cultured cells but exhibited less than 1% of the JFH-1
replication activity [12]. In order to test the effect of JFH-1 type
amino acids on replication, we introduced the five substitutions
that increased polymerase activity of JoCF RARP w vitro (Q377R,
A450S, S455N, R517K, and Y561F, see Fig. 2B) into the
subgenomic replicon J6/N3H+3'UTR-JFHI-Luc and analyzed
their effects on RINA replication. Among these JFH-1-type amino
acids substitutions, Y361F was the most effective (23.2+3.5% of
J6/N3H+N5BX-JFHI1-Luc; Fig. 2C), while A450S, S455N, and
R517K exhibited only a small effect on the replication activity
(7.120.6%, 3.0£0.5%, and 5.5=1.0% of J6/N3H+N5BX-JFH]1-
Luc, respectively; Fig. 2C). The Q377R mutation demonstrated
no effect on replication (Fig. 2C). We next tested the effects of
Y561F in combination with each of the other substitutions. We
found that A450S, S455N, and R517K mutations enhanced the
replication activity of Y561F (59.1%£6.1%, 43.9%£6.6%, and
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57.9%4.6% of J6/N3H+N5BX-JFHI-Luc, respectively; Fig. 2C).
We also tested the effects of triple mutations and found that the
replication activity of the SNF (A450S+S455N+Y561F) and SKF
(A450S+R517K+Y561F) mutants demonstrated 86.8+6.0% and
112.2%£7.9% replication activity of J6/N3H+N5BX-JFHI1-Luc,
respectively (Fig. 2C). In addition, we did not observe any
significant differences between replicon activity of these mutants
and that of J6/N3H+N5BX-JFHI-Luc. A combination of four
mutations (SNKF; A450S+S455N+R517K+Y561F) resulted in
similar activity as SKF (115.2%11.7% of J6/NSH+N5>BX-JFHI-
Luc; Fig. 2C). These results indicated that Y561F represented the
most effective JFH-1-type mutation required for efficient replica-
tion, and that SKF and SNKF were sufficient to support
replication activity equivalent to that of the replicon with the
entire NS5B and 3" UTR of JFH-1 (J6/N3H+N5BX-JFH1-Luc).
The additive effects of the JFH-1-type NS5B substitutions on the
replicon differed from results obtained with the in vitro polymerase
activity assay.

Next, we examined whether these substitutions were sufficient
for full-genome RINA replication and virus production. We used
Huh-7.5.1 cells to assess virus production because Huh-7.5.1 is
highly permissive for HCV propagation [9]. We found that J6/
N3H+3'UTR-JFHI-Luc showed weak replication activity
(Fig. 2C), and the core protein was not detectable in the culture
medium of J6/N3H+3'UTR-JFH1-transfected cells (Fig. 3B). The
constructs expressing A450S, S455N, or R517K substitution
variants demonstrated only very low core levels in the supernatant,
while the construct expressing the Y561F mutation underwent
RNA replication and produced the core protein (Y561F;
15.523.0% of J6/N3H+N5BX-JFHI; Fig. 3B). Double mutants
containing the Y561F mutation were found to produce greater
amounts of core protein than the Y561F single mutant
(A4505+Y561F, 57.4%3.3%; S455N+Y561F, 45.9%+4.0%; and
R517K+Y561F, 61.925.8% of J6/N3H+N5BX-JFHI; Fig. 3B).
The triple mutant SNF (A450S+S455N+Y561F) produced more
core protein than the double mutants (75.7+12.0% of J6/
N3H+N5BX-JFHI; Fig. 3B). In addition, we observed that the
core production from the SKF and SNKF mutant RNA-
transfected cells was similar to the levels produced by J6/
N3H+N5BX-JFH1 (111.5%£8.8% and 119.0£5.1% of J6/
N3H+N5BX-JFHI, respectively; Fig. 3B). We also measured
infectivity of the supernatants from the mutant RNA-transfected
cells at 72h after transfection (Fig. 3B). The levels of infectious
titers correlated with the core levels among the tested constructs in
this experiment. These results indicated that the SKF substitutions
in the C-terminal region of NS5B were sufficient to elevate viral
RINA replication and viral production.

Extra complementary sequence at the 5BSL3.2 kissing-
loop interaction site of JFH-1 was essential for efficient
replication

We observed a discrepancy between the in vifro RNA polymerase
activity assay and the genome replication assay in the effects of the
amino acid substitutions (Figs. 1 and 2C). Y561F was the most
effective JFH-1-type amino acid substitution in the replication assay,
while S455N was the most effective in the i vitio polymerase activity
assay. As the kissing-loop interaction between 5BSL3.2 and 3'X are
important for RNA replication and amino acid (aa) 561 encoding
nucleotides are involved in the stem-loop 3.2 in the NS5B region
(5BSL3.2) [7,16,22], we hypothesized that the cis-factor (genome
structure) may also affect RNA replication in the cells. Thus, we
constructed the subgenomic replicon J6/N3H+5BSLX-JFHI1-Luc
and the full genome construct J6/N3H+5BSLX-JFHI that
contained the NS3 helicase region and the 5BSL3-to-3'X region
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