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ABSTRACT

To establish a simple system for purification of recombinant infectious hepatitis C virus (HCV) particles, we
designed a chimeric J6/JFH-1 virus with a FLAG (FL)-epitope-tagged sequence at the N-terminal region of the
E2 hypervariable region-1 (HVR1) gene (J6/JFH-1/1FL). We found that introduction of an adaptive mutation
atthe potential N-glycosylation site (E2N151K)leads to efficient production of the chimeric virus. This finding
suggests the involvement of glycosylation at Asn within the envelope protein(s) in HCV morphogenesis.

To further analyze the biological properties of the purified recombinant HCV particles, we developed a
strategy for large-scale production and purification of recombinant J6/JFH-1/1FL/E2N151K. Infectious parti-
cles were purified from the culture medium of J6/JFH-1/1FL/E2N151K-infected Huh-7 cells using anti-FLAG
affinity chromatography in combination with ultrafiltration. Electron microscopy of the purified particles
using negative staining showed spherical particle structures with a diameter of 40-60 nm and spike-like pro-
jections. Purified HCV particle-immunization induced both an anti-E2 and an anti-FLAG antibody response in
immunized mice. This strategy may contribute to future detailed analysis of HCV particle structure and to
HCV vaccine development.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The hepatitis C virus (HCV) causes chronic hepatitis, liver cir-
rhosis and hepatocellular carcinoma [1]. HCV is a positive strand
RNA virus belonging to the Hepacivirus genus in the Flaviviridae
family. The HCV genome consists of about 9600 nucleotides and
contains three regions: a 5’ non-coding region of 341 nucleotides
containing the sequence for the IRES structure, a coding region of
about 9000 nucleotides, which encodes about 10 viral proteins,
and a 3’ non-coding region of about 200 nucleotides depending
on the size of the poly-uridylate track within this region [2,3].

The main therapy for HCV is treatment with pegylated-inter-
feron and rivabirin. However, these agents show little effect in pa-
tients that have a high titer of HCV RNA, genotype 1. Thus, it is
necessary to develop new, more effective therapies and preventive
treatments to counteract HCV infection. As yet, no preventive

* Corresponding author. Address: Department of Virology II, National Institute of
Infectious Diseases, 1-23-1 Toyama, Shinjuku, Tokyo 162-8640, Japan. Fax: +81 3
5285 1161.

E-mail address: wakita@nih.go.jp (T. Wakita).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.04.081
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vaccine is available for HCV. A recombinant HCV vaccine based
on the viral envelope protein E1/E2 has been reported that gener-
ated neutralizing antibodies (nAb) in animals [4]. These nAbs were
capable of limiting HCV pseudoparticles (HCVpp) and HCV cell cul-
ture (HCVcc) infection.

Recently, a genotype 2a strain of HCV named JFH-1 was discov-
ered. This strain can efficiently replicate in the Huh-7 cell line [5],
and an in vitro culture system of infectious HCV has also been suc-
cessfully developed using the JFH-1 genome [6-8]. The JFH-1 viral
production system is expected to become a powerful tool for HCV
vaccine development. In this study, we developed a simple strategy
for purification of recombinant HCV particles from the media of in-
fected Huh-7 cells for structural analysis and for vaccine develop-
ment using the JFH-1 genome.

2. Materials and methods
2.1. Plasmids

Plasmid pJ6/JFH-1 was generated from pJFH-1 by replacement
of the 5’ untranslated region with the p7 region of J6 [9]. The
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plasmids pJ6/JFH-1/1FL and p]6/JFH-1/3FL were constructed by
introduction of a single (DYKDDDDKGGG) or triple (DYKDHDG-
DYKDHDIDYKDDDDKGGG) FLAG-tag sequence, respectively, into
pJ6/JFH-1, which replaced part of the E2 HVR1 (amino acids 394-
400) region. These two plasmids were then modified by introduc-
tion of a Lys residue to replace the Asn at amino acid position 151
of the E2 sequence, creating pJ6/JFH-1/1FL/E2N151K and p]6/JFH-
1/3FL/E2N151K, respectively.

The J6E2 gene (codons 1490-2500) was generated by PCR ampli-
fication from pJ6CF. The sense and antisense primers used were: 5'-
CACAAGCTTCGCACCCATACTGTTGGGG-3' and 5'-ACAGGATCCCAT-
CGGACGATGTATTTTGTG-3, respectively. For cloning purposes,
HindlIIl or BamHI sites (underlined) were added to the primers.
The amplified DNA was digested and inserted into p3XFLAG-CMV-
13 (SIGMA, Saint Louis, MO).

The plasmid CDM-]J6E2Fc encodes the J6E2 sequence down-
stream of the preprotrypsin leader sequence. pCDM-]J6E2Fc was di-
gested with Sacl and BamHI, and the DNA fragment containing the
preprotrypsin leader and J6E2 sequence was inserted into pCD4Rg
(a kind gift from Dr. Brian Seed, Harvard Medical School) from
which the Sacl-BamHI fragment containing the CD4 gene was re-
moved. This ligation resulted in the creation of a plasmid encoding
a fusion gene of E2 and human IgG1-Fc.

2.2. Cell culture

The human hepatoma cell line, Huh-7, was maintained in
DMEM supplemented with 10% FBS at 37 °C in a 5% CO, incubator.

2.3. In vitro synthesis of HCV RNA and RNA transfection of Huh cells

HCV RNA was synthesized from the plasmids described above
in vitro using a MEGAscript T7 kit (Ambion, Austin, TX). Synthe-
sized HCV RNA was then electroporated into cells as previously de-
scribed [10]. The transfected cells were transferred onto 100-mm
culture dishes containing culture medium.

2.4. Quantification of HCV core protein and RNA

The HCV core protein in cell culture supernatants or in purified
HCV samples was quantified by enzyme immunoassay using a HCV
core ELISA kit (Ortho Clinical Diagnostics). HCV RNA in purified HCV
samples was quantified by RTD-PCR as previously described [11].

2.5. Deglycosylation with PNGase F

For deglycosylation reactions, the Enzymatic In-Solution
N-Deglycosylation kit (Sigma) was used according to the manufac-
turer’s instructions. Briefly, lysates of passaged cells were incu-
bated for 10 min at 100 °C in denaturation buffer and then in the
presence of PNGase F enzyme for 1 h at 37 °C. These samples were
analyzed by Western blotting as described below using anti-FLAG
(SIGMA) and anti-GAPDH (CHEMICON, Temecula, CA) antibodies.

2.6. Sequence analysis

The cDNAs of the HCV genome were synthesized from total RNA
isolated from HCV RNA-transfected cells [5]. These cDNA were
subsequently amplified using DNA polymerase (TaKaRa LA Tagq,
Takara, Shiga, Japan). The sequence of the amplified DNA was
determined by the 3130 Genetic Analyzer (Applied Biosystems,
Foster city, CA).

2.7. Purification of recombinant HCV particles

Culture supernatants from Huh-7 cells transfected with FLAG-
tagged HCV RNA were harvested. The medium was concentrated

by ultrafiltration using the pellicon-2 300 system (Millipore, Bed-
ford, MA) and was subjected to affinity chromatography using an
Anti-FLAG M2 affinity gel (Sigma). Virus particles were eluted
using the 3 xFLAG Peptide (Sigma) and were concentrated by ultra-
centrifugation for 2 h at 50,000 rpm at 4 °C.

2.8. Determination of the viral infectious titer

The infectious titer was determined by the method as previ-
ously described and was expressed as the number of focus-forming
units per milliliter (FFU/mL) [6].

2.9. Western blotting

The purified HCV sample was lysed using a buffer containing
0.1 M Tris-HCl (pH 6.8), 4% SDS, 1.2% 2-mercaptoethanol, 20% glyc-
erol, and Bromophenol blue. SDS-PAGE and immunoblotting were
performed as previously described [6]. Antibodies used for immu-
noblotting were: anti-HCV core (clone 2H9) [6], anti-E1 (B7567)
[6], and anti-E2 (clone 8D10-3, unpublished).

2.10. Electron microscopy

Concentrated, purified HCV particles were allowed to settle on
carbon-coated copper grids and were stained with 4% uranylace-
tate. The grids were examined in a transmission electron micro-
scope (H-7650, Hitachi, Tokyo, Japan) and were photographed at
an instrumental magnification of 50,000x.

2.11. Sucrose density gradient analysis

The purified HCV sample containing 266 fmol of the HCV core
was layered on a stepwise sucrose gradient (10-60%, wt/vol) and
was centrifuged for 16 h in an SW41 rotor (Beckman Coulter, Ful-
lerton, CA) at 35,000 rpm at 4 °C. After centrifugation, 12 fractions
were harvested from the bottoms of the tubes. For each fraction,
the core protein concentration was determined using an immuno-
assay. The HCV RNA titer was determined using RTD-PCR. The
infectious titer was determined using an immunofluorescence as-
say as described above.

2.12. HCV particle-immunization

The purified HCV particles described above were inactivated by
UV-irradiation, and 2 pmol of the HCV core protein of the particles
were intraperitoneally injected into 4 week old BALB/c female mice
(n =3). Immunization was repeated four times at 2-week intervals
(0, 2, 4 and 6 weeks). The Sigma Adjuvant System (Sigma), com-
posed of monophosphoryl lipid A and trehalose dicorynomycolate,
was used as an adjuvant. Saline alone was injected into control
mice. Sera were collected at 1, 3, 5 and 7 weeks after
immunization.

2.13. EIA for measurement of anti-E2 and anti-FLAG antibody
responses

Recombinant J6E2/Fc or the FLAG peptide antigen (Sigma) was
bound to microtiter plates (Nunc, Rochester, NY, USA) overnight
at 4 °C, at a concentration of 50 ng per well. Recombinant J6E2/Fc
was produced from COS-1 cells transfected with the CDM-J6E2Fc
plasmid, which encodes the J6CF-E2 region (aa 384-720) fused
with the Fc region of human IgG. The plates were blocked with
Blocking One solution (Nacalai Tesque, Kyoto, Japan) and were
washed with PBS containing 0.05% Tween 20 (washing buffer). Ser-
um samples were diluted in washing buffer and were transferred
to the blocked, antigen coated plates. After a 1.5-h incubation,
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the plates were washed and bound antibody was detected using an
HRP-conjugated anti-mouse antibody (GE healthcare, Bucking-
hamshire, England) and 3,3',5,5'-tetramethylbenzidine (TMBZ) as
a substrate (Sumitomo Bakelite, Tokyo, Japan).

3. Results
3.1. Production of recombinant HCV with an epitope-tagged envelope

To facilitate purification of recombinant HCV particles secreted
into the culture medium of transfected cells, we constructed
recombinant HCV with a FLAG-epitope-tagged envelope, which
could then be purified by affinity chromatography using an
anti-FLAG-agarose column. The FLAG-tagged HCV genome J6/JFH-
1/3FL with the J6CF structural region was constructed by introduc-
ing a triple FLAG-tag sequence into the HVR1 of E2 (Fig. 1A). This
region was selected for epitope-tag insertion because we predicted
that this region would lie on the outside of the virus particles and
would be tolerant to amino acid changes. Recombinant HCV parti-
cles were produced following transfection of Huh-7 cells with viral
RNA, and were secreted into the culture medium.

A PpJEIJFH-

RNA-transfected cells were passaged every 4 or 5 days. The le-
vel of the HCV core protein in the culture supernatant was mea-
sured over a period of 70days (Fig. 1B). In contrast to the
gradually increasing level of the core protein in J6/JFH-1 cells over
time, the level of the core protein in the supernatants of the J6/JFH-
1/3FL RNA-transfected cells decreased over the first 3 weeks post-
transfection. Subsequently, the level began to increase and this le-
vel became equal to that of the wild-type J6/JFH-1 RNA-transfected
cells 35 days post-transfection. This result suggested that after the
first 35 days of culture, some mutations were introduced into the
HCV genome that conferred efficient virus production during gen-
ome replication and/or that the transfected cells were altered in
some way that was more favorable for viral production.

3.2. An N151K mutation facilitates the production of FLAG-tagged HCV

To determine if any adaptive mutations had arisen in the viral
genome, we sequenced the full length of the HCV genome on days
8 and 35 post-J6/JFH-1/3FL RNA transfection. On day 8 post-trans-
fection, no non-synonymous mutations were detected. However,
on day 35, we found a single amino acid mutation at a potential
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Fig. 1. Time course of HCV core protein secretion in recombinant HCV RNA-transfected cells. (A) Organization of the recombinant HCV construct p)J6/JFH-1/3FL. Open reading
frames (thick boxes) are flanked by 5'- and 3'-UTRs (thin boxes). Gray, J6CF; white, JEH-1; HVR, hyper variable region; TMD, transmembrane domain. N-Glycosylation sites are
indicated by pointers and are numbered N1-N11. The region of p|6/JFH-1 that is replaced by the 3xFLAG sequence to generate pJ6/JFH-1/3FL is indicated at bottom. (B) HCV
core protein secretion into the culture medium after HCV RNA transfection of Huh-7 cells. The HCV core protein was analyzed using an ELISA. Arrows indicate the times at
which the J6/JFH-1/3FL HCV genome transfected into HCV RNA-transfected cells was sequenced.
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N-glycosylation site of the E2 protein (Fig. 2A) in which asparagine at
amino acid position 151 in the E2 protein was changed to lysine
(E2N151K). Interestingly, this mutation was identical to that de-
scribed by Delgrange et al. [12] as a mutation that was important
for efficient production of HCV JFH-1. We performed Western blot
analysis of cell lysates of transfected cells of different passages, using
the anti-FLAG antibody as a probe for E2, to confirm that the N151K
mutation abolishes one specific N-glycosylation. Indeed, the size of
the FLAG-E2 protein was smaller on days 30 and 43 compared to that
onday 4 (Fig. 2B). In contrast, the size of FLAG-E2 proteins that were
deglycosylated using PNGase F was similar for all of the tested sam-
ples (Fig. 2B). This result suggested that the E2N151K mutation abol-
ished N-glycosylation at this residue.

To investigate if the E2N151K mutation enhances production of
FLAG-tagged HCV, we introduced the E2N151K mutation into the
J6/JFH-1/3FL  genome (J6/JFH-1/3FL/E2N151K). ]6/JFH-1/3FL/
E2N151K RNA-transfected cells were then passaged every 4 or
5 days and the level of the HCV core protein in the culture super-
natant was measured over a period of 16 days (Fig. 2C). The result
clearly showed that the E2N151K mutation contributes to efficient
production of FLAG-tagged HCV particles.

H. Takahashi et al./Biochemical and Biophysical Research Communications 395 (2010) 565-571

We further analyzed the effect of the E2N151K mutation on
specific viral infectivity (Table 1). The culture supernatant on day
3 post-transfection of recombinant viral RNA was therefore con-
centrated by ultrafiltration and tested in an infectious assay. The
recombinant virus with the E2N151K mutation exhibited higher
specific infectivity than the virus without this mutation. These data
suggest that efficient production of infectious particles is impaired
by the introduction of a FLAG-tag into the E2 protein but that this
deficiency could be compensated for by the introduction of the
E2N151K mutation which modifies an N-glycosylation site.

3.3. Purification of FLAG-tagged HCV

To purify FLAG-tagged HCV particles, we used a viral construct
with a single FLAG-tag, J6/JFH-1/1FL/E2N151K (Fig. 1A), which as
efficient in virus production as ]J6/JFH-1/3FL/E2N151K (data not
shown). A total of 10 L of the culture supernatant of Huh-7 cells in-
fected with J6/JFH-1/1FL/E2N151K was collected. This culture
medium was concentrated to 300 mL by ultrafiltration and was
then subjected to affinity chromatography using an anti-FLAG-aga-
rose column. Bound virus particles were eluted using 10 mL of a
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Fig. 2. Characterization of the recombinant HCV genome with an introduced N151K mutation. (A) Schematic diagram of the sequence of the E2 in the J6/JFH-1/3FL HCV RNA-
transfected cells on day 8 and day 35 post-transfection. N151K replaces an Asn residue with a Lys residue at the N6 glycosylation site of E2. (B) Western blot analysis of the
FLAG-E2 protein in lysates of cells transfected with J6/JFH-1/3FL RNA. Arrowheads indicate intact, and deglycosylated (PNGase F (+)), FLAG-E2 protein (upper panel) and
control GAPDH protein (lower panel). (C) HCV core protein secretion into the culture medium following transfection of Huh-7 cells with HCV RNA with or without an

introduced N151K mutation.
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Table 1
Infectivity of recombinant viruses with or without N151K mutation.

Recombinant virus Infectious titer HCV core protein Specific infectivity

(x10? FFU/mL) (x10? fmol/mL) (FFU/HCV core)
J6/JFH-1/3FL <1.7 16 <1.1
J6/JFH-1/3FL/E2N151K 8.3 2.0 4.2

FLAG peptide solution. Finally, the purified HCV particles were con-
centrated by ultracentrifugation.

The HCV yield and the amount of total protein after each puri-
fication step are summarized in Table 2. This purification process
resulted in a 5000-fold concentration of the culture supernatant.
The recovery of the HCV core protein in the final purified virus
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preparation was approximately 5%, and the virus purity was in-
creased about 9000-fold compared to its purity in the initial cul-
ture medium. Specific infectivity was increased about 4-fold after
the final step.

HCV structural proteins in the purified virus sample were exam-
ined by Western blotting (Fig. 3A). Core, E1 and E2 proteins were
all detected in the purified virus preparation. Interestingly, incor-
poration of the E2 protein into the purified virus appeared to in-
crease compared to incorporation of the core and E1 proteins.
However, this higher apparent incorporation of FLAG-E2, may
reflect the presence of free, non-virus incorporated FLAG-E2 pro-
teins that co-purified with the FLAG-tagged virus. We further ana-
lyzed the virus particles in the purified preparation by electron
microscopy (Fig. 3B-D). Substantial debris was found in the culture

Table 2
HCV yield and properties of purified recombinant HCV after each purification step.
Purification step Volume  HCV core protein HCV RNA Total protein ~ Recovery® Purity® Infectivity Specific infectivity
(mL) (x10% fmol/mL) (x107 copies/mL)  (pg/mL) (%) (x10*FFU/mL)  (FFU/HCV core)
Culture supernatant 10,000 14 35 877 100 1 25 18
Concentrate (after 300 45 57 19,597 96 0.73 743 17
Ultrafiltration)
Affinity purification 10 98 324 171 7 469 4240 43
(after Elution)
Concentrate (after 0.2 1440 3220 84 5 9546 94,600 66
Ultracentrifugation)
2 Recovery of HCV core protein.
b The degree of virus purity was calculated by HCV RNA contents per pg total proteins.
A o JONFH-11FL
fé E2N151K
- °
N2 2
£ 3 =
4E2
37 -
- =
25.
25 -
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Fig. 3. Analysis of purified HCV particles. (A) Western blot analysis of viral proteins in lysates of, and in HCV particles purified from, whole-cell extracts of Huh-7 cells
transfected with J6/JFH-1/1FL N151K RNA. Lysates of non-transfected cells were also analyzed. The arrowheads indicate the positions of the HCV core, E1 and E2 proteins.
Marker proteins are shown at left. (B-D) Electron micrographs using negative staining of: (B) An HCV particle from culture media (indicated by an arrow.), (C) A purified HCV
particle and (D) Purified HCV particles aggregated by an anti-FLAG antibody. Scale bar, 50 nm.
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supernatant concentrated by ultrafiltration, which made it difficult
to identify virus particles (Fig. 3B). In contrast, spherical particle
structures of 40-60 nm could be clearly observed in the purified
samples (Fig. 3C and D). Furthermore, the purified FLAG-tagged
HCV particles were aggregated by the anti-FLAG antibody
(Fig. 3D). The size and morphology of the FLAG-tagged particles
were similar to each other but with slight deviations. The com-
bined data suggest that the FLAG-tagged HCV particles can be puri-
fied by affinity chromatography using anti-FLAG-agarose.

3.4. Physical properties of purified FLAG-tagged HCV

We next further analyzed the properties of the purified FLAG-
tagged HCV particles. The total number of proteins in the purified
viral sample, as judged by SDS-PAGE and silver staining analysis,
was much lower than that in the original culture medium
(Fig. 4A). We confirmed by mass spectrometry analysis that these
extra protein bands in the purified preparation were not viral pro-
teins but were host proteins that bound to the FLAG-agarose (data
not shown).

We further analyzed the purified FLAG-tagged HCV particles
using a sucrose density gradient (Fig 4B). Purified virus was layered
on top of a preformed continuous 10-60% sucrose gradient and
was then centrifuged. Twelve fractions were collected and the
HCV core protein, RNA and viral infectivity were determined for
each fraction. The HCV particles migrated at a density between
1.13 and 1.16 g sucrose/mL. The density at which the peak of the
HCV core protein was observed was almost identical to the density
at which the HCV RNA and infectivity were detected.

3.5. Immunogenicity of purified HCV particles

To examine the immunogenicity of the FLAG-tagged HCV parti-
cles, they were injected into BALB/c mice and the sera of these
mice were then analyzed for reactivity with recombinant J6E2/Fc
or the FLAG peptide using an ELISA. The HCV particles were inacti-
vated by UV-irradiation prior to injection using the Sigma Adjuvant
System as an adjuvant. Both anti-E2 and anti-FLAG antibodies were
induced in mice sera after four immunizations (Fig. 4C). These re-
sults suggested that the envelope proteins of the FLAG-tagged HCV
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Fig. 4. Physical properties and immunogenicity of purified HCV particles. (A) Silver staining of non-purified (original culture medium) and purified HCV samples. The non-
purified and purified samples contained 1 and 266 fmol, respectively, of the HCV core. (B) Sucrose density gradient analysis of purified HCV particles. The level of the HCV core
protein (open circles), HCV RNA (open triangles) and the HCV infectivity towards naive Huh-7 cells (shown in gray) were analyzed for each fraction as described in Section 2.
(C) Purified HCV particles (closed circles) or saline (open circles) were intraperitoneally injected into BALB/c mice (n = 3), and sera were collected at the indicated times. The
collected sera were examined for the presence of anti-E2 (a) and anti-FLAG (b) antibodies using the J6E2/Fc protein and the FLAG peptide as antigens in an EIA as described in

Section 2.
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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. In 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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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 RARp 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 RdARp. Twenty sphingomyelin molecules activated one
RdRp molecule. The biochemical effect of sphingomyelin on HCV RdRp activity was virologically confirmed by the
HCY 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
HCYV replicon system.

MATERIALS AND METHODS

HCV RNA polymerase. A C-terminal 21-amino-acid deletion was made to the
HCV RdRps of strains HCR6 (genotype 1b) (36), NN (1b) (35), Conl (1b) (5),
JFH1 (2a) (36), J6CF (2a) (25), H77 (1a) (7), and RMT (la), 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(1253A)] or the double
mutation 1.245A 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)
RdARp(A2385/Q248E) were introduced using an in vitro mutagenesis kit
(Stratagene) and the oligonucleotides listed in Table S1 in the supplemental
material. HCR6 (1b) Hiss-tagged RARp(L245A/1253A) was removed from
pET21b/KM (36) and cloned into the BamHI/Xhol site of pGEX-6P-3 (GE),
resulting in pGEXHCVHCRG6RARp(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 uM [a-PJUTP, 200 nM RNA
template (SL12-1S), 100 U/m! 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, 1000 nM HCV RdRp and 100 nM 32p.Jabeled
RNA template (SL12-1S) were incubated with or without 0.01 mg/ml egg yolk
sphingomyelin in 25 ! 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-HCI [pH 7.5], 1 mM
EDTA) buffer and filtered through nitrocellulose membranes (0.45-pm 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 (OD,s,) 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 (l1b) 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 JFHI (2a)
replicon, pSGR-JFH1/luc (25), resulting in pPSGR-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
A238S/Q248E mutation was introduced into HCV H77 (la) replicon
pHCVrep13(S22041)/Neo (7) after the neomycin gene was replaced by the firefly
luciferase gene [pH77(I)/luc] by insertion of AflII and AscI sites (see Table S1 in the
supplemental material), resulting in pH77(I)/lucSB(A2385/Q248E). Subgenomic
replicon RNA was transcribed in vifro 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-JFHI1 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 £, 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). JFHI 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, C4-ceramide, Cg-B-D-glucosyl ceramide, and Cg-B-p-lactosyl ceramide
were purchased from Avanti Polar Lipids. [a-*>PJUTP 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
HCV 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 nM 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 (+* = 0.9978). RdRp activation had almost pla-
teaued at 2 uM 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 (l1a) and H77 (1a) RdRps in hexanoyl sphingomyelin
were also biphasic and plateaued at 2 pM. 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 1245 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
L.245A,1253A, and L.245A/1253 A. Because the C-terminal His-
tagged HCR6 RdRp(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
L245A/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 I253A 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
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than the wt (P < 0.001) but lower binding than the R241Q
mutant. However, $244D 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 JFH1 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 JFHI
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 1a 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) RARp(A238S/Q248E) was similar
to that of H77 (2a) RdRp wt. The sphingomyelin activation
ratio of H77 (2a) RARp(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-
p-erythro-sphingosine (Cg-p-D-glucosyl ceramide), N-hexanol-
p-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 uM hexanoyl sphin-
gomyelin, 8 pM Cg-lactosyl(B) ceramide, 12 uM Cg-B-D-glu-
cosyl ceramide, 12 uM Cg4-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 wM hexanoyl sphingomyelin. The mean * standard deviation
of the activation ratio was calculated from three independent experiments. *, P < 0.005; ** P < 0.001.

C). Cg-lactosyl(B) ceramide and Cg-B-p-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 Cg-cer-
amide did not activate HCV HCRG6 (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 wg of phosphocholine did not affect RARp
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
S5244D 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
A2385/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
JFHI1 (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 RARp 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. 3. HCV RNA polymerase activation effect of lipids. (A) Lipid activation of HCR6 (1b) RdRp wt. HCV HCR6 (1b) RdRp wt (100 nM)
was incubated with or without (control [CTL]) 0.01 mg/ml egg yolk sphingomyelin (SM), 2 wM hexanoyl sphingomyelin (SM C6), 8 pM
Cg-lactosyl(B) ceramide (Lac Cer), 12 uM Cy-B-D-glucosyl ceramide (Glc Cer), 12 pM Cg-ceramide (C6 Cer), or 0.02 mg/ml cholesterol (chol).
(B) Activation kinetics of Cg-lactosyl() ceramide (Lac Cer) and Cg-B-D-glucosyl ceramide (Gle Cer) on HCR6 (1) RdRp. (C) Activation kinetics
of cholesterol on HCR6 (1b) and JFHI (12a) RdRps. (D) The effect of phosphocholine on HCR6 (1b) RdRp. The mean * standard deviation
of the activation ratio was calculated from three independent experiments.
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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 **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 (la) NS5B(A238S/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% = 8.5 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
JFH1 (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 (la) 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) RdRp(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 JFH1 (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
1 2 3 45 6 7 8 910

wt
NS58
NS5A
A242CS244D
wt
Caveolin-2
A242CS244D

DRM

FIG. 6. Membrane floating assay of JFH1 wt and NS5B(A242C/
S244D) replicon cells. The PNS fractions of HCV JFH1 (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-
NSSA, -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 a-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 Conl (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) RARp(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 RARp 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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