Y. Shimizu et al. / Virology 407 (2010) 152-159 157

a - 8 siNC b 80 =
SIHTGL *
—_ . i =
X 200 p ‘D 60 |
o * NC N ‘;é —&—siNC
s 150 M1 (| 1 g " :|*
2 2 g —O0—siHTGL
= 100 p =9
¢ g2 ak
50 } E
L
" " A " 0 1 L 'l 'l i | [l [
HTGL  infectivity Core infectivity 0 10 20 30 40 50 60 70
mRNA (intracellular) (extracellular)(extracellular) Reaction time (min)
Cc d 6
siNC siHTGL 1k
ApoB 12k =@-siNC

10 =O-siHTGL
A ApoE

S gy | antitrypsin

Core (pM)

o N A~ OO @

I 2 2 i 'l

—

1.09 1.10 1.11 1.12 1.13 1.14 1.15
Buoyant density (g/ml)

Fig. 4. HCV with higher infectivity and a lower buoyant density in the medium from HTGL knockdown cells. a. HTGL mRNA, infectivity of HCV within cells, extracellular Core and
infectivity of HCV in the medium are shown. The mean percentages relative to control cells are shown with the standard deviation (mRNA, Core; n =3, infectivity; n=5). Statistically
significant differences in HTGL mRNA level and extracellular infectivity are indicated by asterisks (Student’s t-test): *p<0.001. There was no statistically significant difference in
intracellular infectivity and extracellular core (Student's t-test): NS p>0.01. b. Activities of HTGL were determined. After secretion, most of the HTGL is bound to heparan sulfate
proteoglycans (HSPG) at the cell surface (Connelly, 1999; S.-Fojo et al., 2004). Both HTGLs bound and unbound to HSPG are expected to act on lipoproteins in the medium. Thus, in
order to evaluate activities of HTGL acting on lipoproteins in the medium, heparin (10 U/ml) was added to the medium to release HTGL bound to HSPG at 24 h post-transfection of
siRNA. The medium was harvested at 48 h post-transfection, passed through 0.45 pm filter (Iwaki) to eliminate cell debris and used for the assay. Statistically significant difference in
HTGL activity at 60 min is indicated by asterisks (Student's t-test): *p<0.001. c. Detection of apolipoproteins (ApoB and ApoE) and a-1 antitrypsin as standard secreted in culture
medium from HTGL knockdown cells and control cells. d. Buoyant density of HCV produced from HTGL knockdown cells. The HCV-bearing medium from HTGL knockdown cells was
subjected to centrifugation in an iodixanol gradient. After ultracentrifugation, aliquots of 80 consecutive fractions were collected and analyzed for Core by ELISA. The data are
presented from 25 fractions around Core peak from a single representative experiment of three experiments. There was a significant difference in the buoyant density of the Core
peak between HTGL knockdown cells and the control (Student's t-test, p<0.001).

heparin leads to a release of LPL bound to HSPG (Kern et al., 1990). 100 U/ml penicillin and 100 pg/ml streptomycin. Three days before
Therefore, it is conceivable that HCV infectivity could be reduced harvest, medium was replaced with Opti-Pro (Invitrogen) supple-
through activities of LPL in the circulation at a lesser efficiency mented with 0.1% BSA. Culture medium was filtered with 0.45 pm
than observed in this work. Here, we demonstrated that the filter (Iwaki) and used as virus source (the HCV-bearing medium).
hydrolyzing activity of HTGL as well as LPL affects HCV infectivity.

Considering this lipase-induced reduction in HCV infectivity in the

circulation, it is important for virus to infect the proximal HCV infectivity

hepatocytes before entering circulation. In other words, the

activities of LPL and/or HTGL may be one host mechanism to To determine HCV infectivity in the medium, HuH7.5 cells were
resist invasion and spread of HCV. inoculated with the HCV-bearing medium (MOI of 0.5) at 37 °Cfor 2 h.
Cells were washed with PBS and incubated in DMEM supplemented
Materials and methods with 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. Cells
were fixed at 24 h post-inoculation and subjected to immunofluores-
Cell culture cence staining using serum from a HCV-positive individual to detect

HCV-infected cells. Three to five fields under microscope were
HuH7.5, Hela, 293T and HepG2 cells were maintained in DMEM randomly selected. Cells in a field were counted and the percentage
supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml of HCV-positive cells to total cells (around 500-1000) was calculated.

streptomycin. To determine HCV infectivity within cells, cells were collected by
trypsinization. After washing with PBS, cells were incubated with
Virus source water and passed through a 27-gauge needle (Terumo) at ten times.

After centrifugation, supernatant was passed through a 0.45 um filter
HuH7.5 cells were transfected with HCV 2a strain, JFH1 RNA (Iwaki) and inoculated to HuH7.5 cells. Immunofluorescence staining
genome and maintained in DMEM supplemented with 10% FBS, was performed as mentioned above.
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Lipase activity

Total lipase test (Progen) and hepatic lipase select test (Progen)
were used to examine LPL activity and HTGL activity, respectively,
according to the manufacturer's protocol.

lodixanol density gradients

The HCV-bearing medium was concentrated around 50 times
using amicon ultra-15 100k (Millipore) and treated with PBS or 5, 50,
or 500 pg/ml of LPL at 37 °C for 1 h. The samples were applied to the
top of a linear gradient formed from 17-37% iodixanol-containing PBS
and spun at 36,000 rpm for 18 h at 4 °C using a SRP 41 Hitachi
Ultracentrifuge rotor. Aliquots of 30 consecutive fractions were
collected and used for analyses of Core, infectivity, HCV RNA, and
immunoprecipitation with anti-ApoB or anti-ApoE antibodies.

For analysis of the HCV-bearing medium from HTGL knockdown
cells, the concentrated samples were applied to the top of a gradient
from 14-54% iodixanol-containing PBS and spun at 34,000 rpm for
20 h at 4 °C. A total of 80 consecutive fractions were collected and
used for analyses of Core.

Quantification of HCV RNA

RNA was extracted from fractions of the iodixanol gradient
using an RNeasy mini kit (Qiagen). Complementary DNA was
prepared by incubating RNA with SuperScript III (Invitrogen) and
737R primer, a reverse RNA primer of HCV genome (Sugiyama
et al, 2009). Quantitative PCR analysis was performed by 7500
Fast Real Time PCR System (Applied Biosystems). Tagman probe
and primers were as follows: probe 733FB (Sugiyama et al., 2009),
forward 5'-CCCTCCCGGGAGAGCCATAGTG-3’, reverse 5'-
GTCTCGCGGGGGCACGCCCAAAT-3'. The copy number of HCV was
determined by the standard-curve method with serial dilutions of
the synthesized full-length HCV RNA.

Immunoprecipitation

Fractions from iodixanol gradient were incubated with anti-ApoB
antibody (Biodesign International) or anti-ApoE antibody (Chemicon
International) for 2 h at room temperature. Protein G sepharose (GE)
was added and the immunocomplex was collected by centrifugation.
The pellets were used for RNA extraction.

Expression of LPL and HTGL

RNA was extracted from cells using RNeasy mini kit (Qiagen).
Complementary DNA was prepared by incubating RNA with Super-
Script IIl (Invitrogen) and oligo(dT) as an universal primer. Quanti-
tative PCR analysis was performed with primers specific for LPL
(Lindegaard et al., 2005), for HTGL (Sirvent et al., 2004), and for
GAPDH (Suzuki et al., 2008). The LPL and HTGL mRNA expression level
was calibrated with the level of GAPDH mRNA expression.

Neutralization of HTGL

The HCV-bearing medium was incubated with IgG rabbit (Santa
Cruz) or anti-HTGL antibody (sc-21007, Santa Cruz) at 4 °C overnight,
followed by PBS or LPL treatment at 37 °C for 1 h. HuH7.5 cells were
inoculated with the medium at 37 °C for 2h and subjected to
immunofluorescence staining as explained above.

Knockdown of HTGL

siRNA (siGENOME SMART pool M-008743-00-0005, Thermo) at a
final concentration of 40 nM was transfected with HuH7.5 cells using

siLentFect reagent (Bio-Rad). The HCV-bearing medium (MOI=0.5)
was inoculated with cells at 4 h post-transfection. Then, fresh medium
was replaced 2h later. At 24 h post-transfection, medium was
replaced with Opti-pro (Invitrogen) supplemented with 0.1% BSA.
At 48 h post-transfection, culture medium and cells were used for
analyses of RNA, infectivity, Western blotting and buoyant density.

Western blotting

Western blotting was performed using anti-ApoB antibody
(Biodesign International), anti-ApoE antibody (Innogenetics) and
anti-a-1 antitrypsin antibody (Biodesign). Detection was carried out
using ECL plus reagent (GE).

Supplementary materials related to this article can be found online
at doi:10.1016/j.virol.2010.08.011.
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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 RdRp. 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
HCV 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 HCR6 (genotype 1b) (36), NN (1b) (35), Conl (1b) (5),
JFHI (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(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)
RdARp(A238S/Q248E) were introduced using an in vitro mutagenesis kit
(Stratagene) and the oligonucleotides listed in Table S1 in the supplemental
material. HCR6 (1b) Hise-tagged RARp(L245A/1253A) was removed from
pET21b/KM (36) and cloned into the BamHI/Xhol site of pGEX-6P-3 (GE),
resulting in pPGEXHCVHCRO6RARp(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 uM CTP, 5 uM [a-32P]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 pl 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-wm 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 (la); 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 (ODyso) 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 pLMHI14 (35), resulting in
pLMH(NN)5B(D244S) [where 5SB(DD244S) 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-JFHI15B(A242C/S244D). The
A238S/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 AflII and Ascl sites (see Table S1 in the
supplemental material), resulting in pH77(I)/luc5B(A238S/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
pg) 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).
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HCV JFHI1 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 106 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). 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, Cg-ceramide, Cg-B-D-glucosyl ceramide, and Cg-B-D-lactosyl ceramide
were purchased from Avanti Polar Lipids. [«-**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
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 uM 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 (7 = 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 (1la) RdRps in hexanoyl sphingomyelin
were also biphasic and plateaued at 2 M. 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 M 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
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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
L245A, 1253A, and L245A/1253A. 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 I253A (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 la 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(5244D) 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, 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 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 JFHI1
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 la 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) RdRp(A238S/Q248E) was similar
to that of H77 (2a) RdRp wt. The sphingomyelin activation
ratio of H77 (2a) RdRp(A2385/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 (C4-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 M Cg-lactosyl(B) ceramide, 12 pM Cz-B-D-glu-
cosyl ceramide, 12 uM 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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TABLE 1. Summary of sphingomyelin activation of HCV RNA polymerase activities
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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-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 Cg-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 RdRp
activity, but more than 2 mg of phosphocholine inhibited
RdRp activity.

Effect of sphingomyelin on the template RNA binding of
HCYV 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 (1la) wt RdRp. When the
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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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function mutants H77 (1a) 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
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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and was less sensitive to myriocin than the wt. H77 (1a) 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.
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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
» e -
NS5B
A242CS244D
wt
NS5A
A242CS244D
wit
Caveolin-2

A242CS244D

DRM

FIG. 6. Membrane floating assay of JFH1 wt and NS5B(A242C/
$244D) 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-
NS5A, -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 3ISK (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,
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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 I1253A), 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 Con1 (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 RARp
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(A2385/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 (la) 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 JFHI1 (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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Japanese encephalitis virus (JEV) is a mosquito-borne RNA virus and one of the most important flaviviruses
in the medical and veterinary fields. Although cholesterol has been shown to participate in both the entry and
replication steps of JEV, the mechanisms of infection, including the cellular receptors of JEV, remain largely
unknown. To clarify the infection mechanisms of JEV, we generated pseudotype (JEVpv) and recombinant
(JEVrv) vesicular stomatitis viruses bearing the JEV envelope protein. Both JEVpv and JEVrv exhibited high
infectivity for the target cells, and JEVrv was able to propagate and form foci as did authentic JEV. Anti-JEV
envelope antibodies neutralized infection of the viruses. Treatment of cells with inhibitors for vacuolar ATPase
and clathrin-mediated endocytosis reduced the infectivity of JEVpv, suggesting that JEVpv enters cells via pH-
and clathrin-dependent endocytic pathways. Although treatment of the particles of JEVpv, JEVrv, and JEV
with cholesterol drastically reduced the infectivity as previously reported, depletion of cholesterol from the
particles by treatment with methyl B-cyclodextrin enhanced infectivity. Furthermore, treatment of cells with
sphingomyelinase (SMase), which hydrolyzes membrane-bound sphingomyelin to ceramide, drastically en-
hanced infection with JEVpv and propagation of JEVrv, and these enhancements were inhibited by treatment
with an SMase inhibitor or Cs-ceramide. These results suggest that ceramide plays crucial roles in not only
entry but also egress processes of JEV, and they should assist in the clarification of JEV propagation and the

development of novel therapeutics against diseases caused by infection with flaviviruses.

Japanese encephalitis virus (JEV) is a small, enveloped virus
belonging to the family Flaviviridae and the genus Flavivirus,
which also includes Dengue virus (DENV), West Nile virus
(WNV), Yellow fever virus, and Tick-borne encephalitis virus
(11). JEV is the most common agent of viral encephalitis,
causing approximately 50,000 cases annually, of which 15,000
will die, and up to 50% of survivors are left with severe residual
neurological complications. JEV has a single-stranded posi-
tive-sense RNA genome of approximately 11 kb, encoding a
single large polyprotein, which is cleaved by the host- and
virus-encoded proteases into three structural proteins, capsid
(C), premembrane (PrM), and envelope (E), and seven non-
structural proteins. The structural proteins are components of
viral particles, and the E protein is suggested to interact with a
cell surface receptor molecule(s). Although a number of cel-
lular components, including heat shock cognate protein 70
(33), glycosaminoglycans, such as heparin or heparan sulfate
(21, 41), and laminin (3), have been shown to participate in
JEV infection, the precise mechanisms by which these receptor
candidates participate in JEV infection remain largely unclear.

In addition to the many studies identifying and characteriz-
ing receptor molecules in numerous viruses, data suggesting
the involvement of membrane lipids, such as sphingolipids and
cholesterol, in viral infection have also been accumulating.
Lipid rafts consisting of sphingolipids and cholesterol and dis-
tributing to the outer leaflet of the cell membrane have been
shown to be involved in the infection of not only many viruses
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but also several bacteria and parasites (24), in addition to
playing roles in various functions such as lipid sorting, protein
trafficking (26, 47), cell polarity, and signal transduction (38).
With respect to cholesterol itself, various aspects of the life
cycle of flaviviruses have been shown to involve this lipid,
including the entry of DENV (34), hepatitis C virus (HCV)
(16), and WNV (27), the membrane fusion of tick-borne en-
cephalitis virus (40), and the replication of HCV (14, 17),
WNYV (23), and DENYV (35). Recently Lee et al. (20) showed
that treatment with cholesterol efficiently impairs both the
entry and replication steps of JEV and DENV-2 but enhances
infection with the Sindbis virus (22).

On the other hand, sphingolipids, including sphingomyelins
and glycosphingolipids, are ubiquitous components of eukary-
otic cell membrane structures, providing integrity to cellular
membranes. Ceramide is one of the intermediates of sphingo-
lipids and plays roles in cell differentiation, regulation of apop-
tosis and protein secretion, induction of cellular senescence,
and other processes (2). Ceramide is generated from the hy-
drolysis of sphingomyelin by sphingomyelinase (SMase) or
from catalysis by serine-palmitoyl-coenzyme A (CoA) trans-
ferase and ceramide synthase. Ceramide spontaneously self-
associates to form ceramide-enriched microdomains and then
to form larger ceramide-enriched membrane platforms which
serve as the spatial and temporal organization for cellular
signalosomes and for regulation of protein functions (2). The
ceramide-enriched platforms have also been used by many
pathogens to facilitate entry and infection (2). The acid SMase
is activated not only by multiple stimuli, including receptor
molecules, gamma irradiation, and some chemicals, but also by
infection with some bacteria or viruses (36). Rhinovirus acti-
vates the SMase for generation of ceramide and forms ceram-
ide-enriched membrane platforms that serve in the infection of
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target cells (10). Sindbis virus also activates the SMase and
induces apoptosis through a continuous release of ceramide
(15). In contrast to these viruses, ceramide inhibits infection
with HIV (7) and HCV (48). Ceramide enrichment of the
plasma membrane reduces expression of HCV receptor mol-
ecules through an ATP-independent internalization and im-
pairs entry of HCV.

Pseudotype and recombinant viruses based on the vesicular
stomatitis virus (VSV) bearing foreign viral envelope proteins
have been shown to be powerful tools for the investigation of
viral entry and the development of vaccines. These systems
have been used to study infection with viruses that do not
propagate readily (31, 43) or that are difficult to handle due to
their high-level pathogenicity for humans (42). In addition, the
systems allow us to focus on the investigation of entry mech-
anisms of particular viral envelope proteins by using control
viruses harboring an appropriate protein on identical particles.

In the present study, we generated pseudotype (JEVpv)
and recombinant (JEVrv) VSVs bearing the JEV envelope
protein in human cell lines and determined the involvement
of sphingolipids, especially ceramide, and cholesterol in in-
fection of human cell lines with JEV. Both JEVpv and
JEVrv exhibited infection of target cells via pH- and clath-
rin-dependent endocytosis. Treatment of cells with choles-
terol impaired infection with JEVpv and JEVrv, as previ-
ously found in JEV infection (20). In contrast, treatment of
cells with SMase drastically enhanced infection with both
JEVpv and JEVrv and the production of infectious JEVrv
particles. These results indicate that ceramide plays crucial
roles in the entry and egress of JEV.

MATERIALS AND METHODS

Plasmids and cells. A cDNA clone encoding the PrM and E proteins of the
AT31 strain was generated by PCR amplification, cloned into pCAGGS/
MCS-PM (43), and designated pCAGCI105E (JEV). The plasmid used for con-
struction of JEVrv was pVSVAG-GFP2.6 (provided by M. A. Whitt, University
of Tennessee), which has additional transcription units with multicloning sites
(MCS) and green fluorescent protein (GFP) located between the M and L genes.
The PrM-E gene, obtained from pCAGC105E (JEV) by digestion with BglII and
EcoRI, was cloned into the Smal site of pVSVAG-GFP2.6 after blunting, and the
construct was designated pAG-JEV (PrM-E). Huh7, BHK, Vero, and 293T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St.
Louis, MO) containing 10% fetal bovine serum (FBS).

Viruses and chemicals. Wild-type JEV was used as described previously (29).
The virus was amplified on Huh7 cells and stored at —80°C. The infectious titer
was determined by using a focus-forming assay as described below. Bafilomycin
A, from Streptomyces griseus was purchased from Fluka (Sigma). Chlorproma-
zine hydrochloride, sphingomyelinase (SMase), phospholipase C from Bacillus
cereus, methyl-B-cyclodextrin (MBCD), a water-soluble cholesterol, and amitrip-
tyline hydrochloride were obtained from Sigma. Cg-ceramide and sphingomyelin
were purchased from Biomol International (Plymouth Meeting, PA). Biotin-
ceramide was purchased from Echelon Biosciences Inc. (Salt Lake City, UT).

Reverse genetics of VSV. Recombinant VSVs were generated by a previously
described method (43) with minor modifications. Briefly, BHK cells were grown
to 90% confluence on 35-mm tissue culture plates and infected with a recombi-
nant vaccinia virus encoding T7 RNA polymerase at a multiplicity of infection
(MOI) of 5. After incubation at room temperature for 1 h, the cells were
transfected with 4 g of mixed plasmids encoding each component of VSV
proteins (pBS-N/pBS-P/pBS-L/pBS-G, 3:5:1:8) and 2 wg of pAG-Luci or pAG-
JEV (PrM-E) plasmid using the TransIT-LT1 transfection reagent (Mirus, Mad-
ison, WI). After 48 h of incubation, the supernatants were passed through a filter
with a pore size of 0.22 pm (Milex-GS; Millipore, Tokyo, Japan) to remove
vaccinia virus and inoculated into 293T cells that had been transfected with
pCAGVSVG (25) 24 h previously. Recovery of progeny virus was assessed by the
appearance of cytopathic effects at 24 to 36 h postinfection. VSV G-comple-
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mented (*G) recombinant viruses were stored at —80°C. The infectious titers of
the recovered viruses were determined by a plaque assay.

Production and characterization of JEVpv, JEVrv, and JEV. To generate
JEVpv, Huh7 cells transiently expressing the PrM and E proteins by the trans-
fection with pCAGCI105E using TransIT-LT1 (Mirus) were infected with
VSVAG/Luc-*G, in which the G gene was replaced with the luciferase gene and
was pseudotyped with the G protein, at an MOI of 0.1. The virus was adsorbed
for 2 h at 37°C and then extensively washed four times with serum-free DMEM.
After 24 h of incubation at 37°C with 10% FBS-DMEM, the culture supernatants
were centrifuged to remove cell debris and stored at —80°C. To generate JEVrv,
Huh?7 cells were infected with VSVAG/JEV-*G at an MOI of 5 for 2 h at 37°C
and then extensively washed four times with serum-free DMEM. After 24 h of
incubation at 37°C with 10% FBS-DMEM, the culture supernatants were col-
lected and stored at —80°C. Schematic representations of the genome structures
and the production of recombinant and pseudotype VSVs are shown in Fig. 1.
The purification and concentration of the pseudotype or recombinant viruses
were conducted as described previously (43). Purified viruses and infected cell
lysates were analyzed by immunoblotting to detect the incorporation of the
envelope protein with anti-JEV E mouse polyclonal antibody (E#2-1; unpub-
lished). The infectivities of JEVpv, JEVrv, and JEV were assessed by both
luciferase activity and a focus-forming assay, as described below. The relative
light unit (RLU) value of luciferase was determined by using the Bright-Glo
luciferase assay system (Promega Corporation, Madison, WI), following a pro-
tocol provided by the manufacturer. To examine the effects of oligosaccharide
modification of the JEV E protein in cells or on the particles, the cell lysates and
the purified particles were digested with endoglycosidase H (Endo H) or peptide-
N-glycosidase F (PNGase F) (Boehringer Mannheim, Mannheim, Germany),
following a protocol provided by the manufacturer, and analyzed by immuno-
blotting.

Pseudotype VSVs bearing HCVE1E2 (HCVpv), VSVG (VSVpv), and murine
leukemia virus envelope (MLVpv) proteins were produced in 293T cells trans-
fected with pCAGe60-p7 (H77), pPCAGVSVG, and pFBASALF (provided by T.
Miyazawa, Kyoto University), respectively, and used as controls. Recombinant
HCV (HCVrv) was also used as a control as described previously (43). To
neutralize infection with JEVpv, JEVrv, and JEV, viruses were preincubated
with the indicated dilution of anti-JEV E monoclonal antibody (22A1; provided
by E. Konishi, Kobe University) for 1 h at 37°C and then inoculated into Huh7
cells. After 1 h of adsorption, the cells were washed three times with DMEM
containing 10% FBS, and infectivity was determined after 24 h of incubation at
37°C.

Focus-forming assays. Cells infected with JEV, VSV, JEVrv, or HCV1v after
treatment with the indicated reagents were cultured at 37°C with 0.8% methyl-
cellulose in 10% FBS-DMEM for 24 or 48 h and fixed with 4% paraformalde-
hyde solution for 1 h. Cells were washed once with phosphate-buffered saline
(PBS), treated with 0.5% Triton X-100 for 20 min for permeabilization, incu-
bated with mouse monoclonal antibody to JEV (MsX Japanese encephalitis;
Chemicon International Inc., Temecula, CA) for JEV or that to VSV N (10G4;
provided by M. A. Whitt) for VSV, JEVrv, and HCVrv for 1 h, and stained by
using a Vectastain Elite ABC anti-mouse IgG kit with a VIP substrate (Vector
Laboratories, Burlingame, CA), following a protocol provided by the manufac-
turer.

Effects of chemicals on the infectivities of JEVpv, JEVrv, and JEV. To examine
the entry pathways of the viruses, cells treated with various concentrations of
bafilomycin A,, chlorpromazine, MBCD, SMase, phospholipase C, or amitripty-
line for 1 h at 37°C were inoculated with JEVpv, HCVpv, VSVpv, or MLVpv,
and infectivity was determined by luciferase activity as described above. To
examine the effects of cholesterol or SMase on the viral particles, purified virions
incubated with various concentrations of water-soluble cholesterol or SMase for
1 h at 37°C were inoculated into the target cells. Viruses treated with SMase were
ultracentrifuged (43) and resuspended in culture media to deplete any residual
amount of SMase, and infectivity was determined by luciferase or focus-
forming assay. To examine the effects of ceramide on the infection, 10 mM
Cg-ceramide or sphingomyelin dissolved in ethanol was diluted with medium
at various concentrations and preincubated with JEVpv, HCVpv, VSVpv, or
MLVpv for 1 h at 37°C. After treatment, the viruses were inoculated into
Huh?7 cells, washed with medium after 1 h of incubation at 37°C, and cultured
for 24 h at 37°C, and the residual infectivity was determined by measuring
luciferase activity. The effects of Cq-ceramide on the infection of JEV were
assessed by following the same protocol, and the residual infectivity was
determined by focus-forming assay.

Ceramide binding assay. To examine the interaction of JEV E protein and
ceramide, purified viruses were incubated with 500 ul of lysis buffer (20 mM
Tris-HCl, pH 7.4, containing 135 mM NaCl and 1% Triton X-100) supplemented

0102 ‘2z frenige4 uo Ausianiun ByesQ 1e Bio"wse |l woly papeojumod



2800 TANI ET AL. J. VIROL.
A
vsv I NP M][] G ] |
AG-Luc I N [P M Luciferase | i
ac-gev N TP ™ SR i
AG-HCV[ N _[P] M [HCVE1E2] |
B AG-JEV
: N [P M_V L i TV vsv
VSVAGAEV-G ,@« JEVE — oL,
g ac
293T or Huh7 cells
C AG-Luc
I NP W] Luc | L 1 JEVpv
~ = JEVE
VSVAG/Luc-*G '
_VSVG ,

JEV E
\

&

-
-

293T or Huh7 cells

FIG. 1. Schematic representation of the genome structures and production of recombinant and pseudotype VSVs. (A) The luciferase, PrtME,
and E1E2 genes were inserted into the full-length cDNA clone of VSV in place of the G gene and designated AG-Luc, AG-JEV, and AG-HCV,
respectively. (B) Recombinant VSVs, JEVrv, HCVrv, and AG, bearing the JEV E protein, HCV E1/E2 proteins, and no envelope, respectively,
were generated in 293T or Huh7 cells by infection with the respective recombinant VSV after complementation with VSV G protein (*G).
(C) Pseudotype VSVs, JEVpv, VSVpy, HCVpv, and MLVpv, were generated by infection with VSVAG/Luc-*G in 293T or Huh?7 cells transiently

expressing the respective foreign protein.

with protease inhibitor cocktail (Roche, Indianapolis, IN) and 10 wl of 1-mg/ml
biotin-ceramide in dimethyl sulfoxide (DMSO) for 1 h at 37°C, and then 20 ul of
streptavidin-Sepharose 4B (Zymed, Invitrogen, Carlsbad, CA) was added and
the solution was kept at 4°C for 4 h. After washing with the lysis buffer three
times, the pellets were analyzed by immunoblotting with anti-JEV E polyclonal
antibody (E#2-1).

RESULTS

Construction and characterization of recombinant and
pseudotype VSVs. Recombinant VSVs were propagated in
Huh7 cells by infection with VSVG-complemented (*G) re-
combinant VSVs possessing foreign genes of either JEV
PrM/E, HCV E1/E2, or luciferase in place of the VSV G gene,
as shown in Fig. 1A and B. The pseudotype VSVs, JEVpv,
VSVpv, HCVpv, and MLVpv, were generated by infection
with VSVAG/Luc-*G in 293T or Huh7 cells transiently ex-
pressing the respective foreign protein (Fig. 1C).
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To examine the properties of the JEV E proteins incorpo-
rated into JEV, JEVrv, and JEVpv particles, the E proteins
expressed in Huh7 cells and incorporated into the viral parti-
cles were digested with Endo H or PNGase F and examined by
immunoblotting (Fig. 2A). Although E proteins in the lysates
of cells infected with JEV, JEVrv, or JEVpv were sensitive to
both Endo H and PNGase F treatments, those incorporated
into the viral particles were resistant to Endo H, suggesting
that both JEVrv and JEVpv particles selectively incorporate
the matured E proteins modified to the complex- or hybrid-
type glycans as seen in the authentic JEV particles. Next, to
examine the infectivity of JEVrv and JEVpv for the target cells,
HCVpv, MLVpv, VSVpv, VSV, HCVrv, and AG were pre-
pared as controls (Fig. 2B). Both JEVpv and JEVrv were
infectious for Huh7, BHK, and Vero cells, whereas HCVpv
and HCVrv were infectious for Huh7 cells but not for BHK
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FIG. 2. Characterization of JEVrv and JEVpv. (A) JEV E proteins expressed in cells incorporated into the viral particles were treated with
endoglycosidase H (H) or peptide-N-glycosidase F (F) and examined by immunoblotting using anti-E polyclonal antibody. “-” indicates an

untreated sample. (B) Infectivities of recombinant viruses (left panel) and pseudotype viruses (right panel) were determined in Huh7, BHK, and
Vero cells by a focus-forming assay and measurement of luciferase activity (RLU), respectively. VSV without envelope (AG) was used as a negative
control. ffu, focus-forming units. (C) Neutralization of JEVrv (left panel) or JEVpv (right panel) infection by anti-E polyclonal antibody. Viruses
were incubated with the indicated dilution of antibody for 1 h at room temperature and inoculated into Huh7 cells. Residual infectivities are

expressed as percentages. VSV and VSVpv were used as controls.

representing standard deviations.

and Vero cells, as previously reported (1). Although JEVpv
and JEVrv generated in 293T cells were also infectious, these
viruses were slightly more infective when generated in Huh7
cells, even though the efficiency of transfection of the expres-
sion plasmids into 293T cells was higher than that of transfec-
tion into Huh7 cells (data not shown). To determine the spec-
ificity of infection of JEVpv, JEVrv, and JEV, a neutralization
assay was performed by using anti-E antibody (22A1). The
infectivities of JEVpv and JEVrv but not of VSVpv and VSV
for Huh7 cells were clearly inhibited by anti-E antibody in a
dose-dependent manner (Fig. 2C). These results suggest that

The results shown are from three independent assays, with error bars

the JEVrv and JEVpv generated in this study had character-
istics comparable to those of authentic JEV.

Entry pathways of JEVpv. Previous studies showed that JEV
infection was inhibited by treatment with inhibitors of vacuolar
acidification, such as ammonium chloride, concanamycin A,
and bafilomycin A, suggesting that JEV enters target cells via
pH-dependent endocytosis (30). Other flaviviruses, including
WNV, DENV, and HCV, exhibit similar entry mechanisms
(18, 45). To compare the entry pathway of JEV with those of
other viruses, Huh7 cells were pretreated with various concen-
trations of bafilomycin A; and then the cells were inoculated
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FIG. 3. Entry pathways of the pseudotype VSVs. Huh7 cells were
pretreated with various concentrations of bafilomycin A; (A), chlor-
promazine (B), or methyl-B-cyclodextrin (C) for 1 h and inoculated
with the pseudotype viruses, JEVpv, HCVpv, VSVpv, and MLVpv.
Luciferase activities were determined at 24 h postinfection. The results
shown are from three independent assays, with error bars representing
standard deviations.

with JEVpv, HCVpv, VSVpv, and MLVpv (Fig. 3A). As ex-
pected, bafilomycin A, treatment did not affect the infectivity
of MLVpv-bearing envelope proteins of MLV, which enters
cells through a pH-independent direct fusion of the viral mem-
brane and plasma membrane. In contrast, infections with
HCVpv and VSVpv, which enter cells through pH-dependent
endocytosis, were inhibited by treatment with bafilomycin A,
in a dose-dependent manner. Similarly, infection with JEVpv
was clearly inhibited by treatment with bafilomycin A, in a
dose-dependent manner, suggesting that JEVpv enters cells
through pH-dependent endocytosis, as seen in JEV infection.

To further examine the entry pathway of JEVpv, Huh7 cells
were pretreated with various concentrations of chlorproma-
zine, an inhibitor of clathrin-mediated endocytosis, or MBCD,
an inhibitor of caveolar/raft-mediated endocytosis, and in-
fected with the pseudotype viruses. The infectivity of MLVpv
was not affected by the treatment with either chlorpromazine
or MBCD, as we expected. Treatment of cells with chlorpro-
mazine slightly reduced the infectivity of JEVpv, HCVpv, and
VSVpv in a dose-dependent manner (Fig. 3B), whereas treat-
ment of cells with MBCD reduced the infectivity of HCVpv
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FIG. 4. Effects of cholesterol on infection with recombinant and
pseudotype VSVs. (A) The pseudotype viruses were incubated with
various concentrations of cholesterol for 1 h at room temperature and
inoculated into Huh?7 cells, and luciferase activities were determined at
24 h postinfection. (B) JEV, JEVrv, HCVrv, and VSV were incubated
with various concentrations of cholesterol for 1 h at room temperature
and inoculated into Huh7 cells, and residual infectivities were deter-
mined by focus-forming assay in a culture medium containing 1%
methylcellulose at 48 h postinfection for JEV, JEVrv, and HCVrv and
at 24 h postinfection for VSV. Foci of infected cells were detected by
immunohistochemical staining (lower panel). The rate of focus forma-
tion of the viruses was analyzed by counting foci. The results shown are
from three independent assays, with error bars representing standard
deviations.

and VSVpv but increased the infectivity of JEVpv (Fig. 3C).
These results suggest that JEVpv enters cells via clathrin-me-
diated endocytosis, as previously reported for infection with
JEV (30), and that caveola/raft plays a different role in the
entry of JEV than in the entry of HCV and VSV.

Effects of cholesterol on the entry and egress of JEV. Re-
cently it was shown that entry of flaviviruses, including JEV
and DENV, was drastically inhibited by treatment of the par-
ticles with cholesterol (20). To examine the effect of choles-
terol on entry of JEV, the pseudotype viruses were inoculated
into Huh?7 cells after treatment with various concentrations of
cholesterol. The infectivity of JEVpv but not that of HCVpyv,
VSVpv, or MLVpv was severely impaired by treatment with
cholesterol in a dose-dependent manner (Fig. 4A). Next, to
examine the effect of cholesterol on the propagation of JEV,
the recombinant viruses were inoculated into Huh7 cells after
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treatment with various concentrations of cholesterol. Infectiv-
ities of JEV and JEVrv but not those of VSV and HCVrv were
inhibited by the treatment with cholesterol (Fig. 4B, upper
panel). Suppression of the propagation of JEV and JEVrv was
further confirmed by a focus-forming assay (Fig. 4B, lower
panels). These results confirmed that JEV entry was sup-
pressed by cholesterol, as previously reported (20), and raise
the possibility that cholesterol participates not only in entry via
the E protein but also in the assembly of the E protein. These
data also support the notion that JEVpv and JEVrv are com-
parable to JEV in terms of the properties of the E protein
involved in the entry and egress processes.

Effects of SMase on infection with JEVpv, JEVrv, and JEV.
Because infection with enveloped viruses was initiated by the
interaction of viral and host membrane lipids, we next exam-
ined the involvement of membrane lipids in the entry of JEV.
Sphingolipid is a major component of eukaryotic lipid mem-
branes, and sphingomyelin is one of the most abundant sphin-
golipids, with a wide presence across the cell membrane.
SMase is known to cleave sphingomyelin, yielding phosphoryl-
choline and ceramide. To examine the effect of SMase on viral
infection, cells were infected with viruses after treatment with
various concentrations of SMase, and the infectivities of the
viruses were assessed by the luciferase or focus-forming assay.
Infection with JEVpv was drastically enhanced by SMase treat-
ment of Huh7 cells, whereas such treatment exhibited no effect
on infection with VSVpv and MLVpv and suppressed HCVpv
infection (Fig. 5A). The enhancement of JEVpv infection by
SMase treatment was also observed in other cell lines, includ-
ing BHK and Vero cells (data not shown). Although the effect
was not as evident as in JEVpv infection, SMase treatment
exhibited a slight but substantial enhancement of the infectivity
of JEV and JEVrv in Huh7 cells, in contrast to having no effect
on VSV infection and a suppressive effect on HCVrv infection
(Fig. 5B). The difference in the magnitude of enhancement of
infectivity by treatment with SMase between infection with
JEVpv and that with JEV or JEVrv might be attributable to
the difference in the viral systems based on pseudotype
(JEVpv) and replication-competent (JEV and JEVrv) viruses,
which allow single and multiple rounds of infection, respec-
tively. The effects of SMase may be more critical for the entry
step than for other, later steps of infection. Suppression of
HCVpv and HCVrv infection by treatment with SMase was
consistent with previously reported data on infection of HCV-
pseudotyped retroviral particles (HCVpp) and JFH1 virus
(48).

Next, we examined the effect of SMase on the viral particles.
Treatment of pseudotype particles of JEVpv, VSVpv, and
MLVpv with various concentrations of SMase had no signifi-
cant effect on their infectivity for Huh7 cells (Fig. 5C), whereas
the infectivity of HCVpv particles was impaired by the treat-
ment in a dose-dependent manner, as reported previously (1),
suggesting that SMase treatment enhances the infectivity of
JEVpv by modifying the molecules on target cells rather than
the molecules on viral particles. To further determine the
involvement of SMase in infection of JEVpv, cells were pre-
treated with various concentrations of amitriptyline, an inhib-
itor of acid SMase. The infectivity of JEVpv but not that of
other viruses was decreased by the treatment with amitriptyline
in a dose-dependent manner (Fig. 5D). A similar effect was
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FIG. 5. Effects of SMase and amitriptyline treatment of cells on
infection with pseudotype and recombinant VSVs. Huh7 cells were
pretreated with various concentrations of SMase for 1 h, and then
pseudotype viruses (A) or recombinant viruses (B) were inoculated.
The infectivities were determined by luciferase activity measurement
or focus-forming assay, and changes in infectivities are expressed as
percentages. (C) The purified pseudotype particles were treated with
various concentrations of SMase for 1 h and inoculated into Huh7 cells
after removal of SMase by ultracentrifugation. Infectivities were de-
termined at 24 h postinfection by measuring luciferase activity, and
changes in infectivities are expressed as percentages. (D) Huh7 cells
were pretreated with various concentrations of amitriptyline, an inhib-
itor for the acid SMase, for 1 h, and then pseudotype viruses were
inoculated. Infectivities were determined at 24 h postinfection by mea-
suring luciferase activity, and changes in infectivities are expressed as
percentages. The results shown are from three independent assays,
with error bars representing standard deviations.

observed with treatment with another SMase inhibitor, imipra-
mine (data not shown). Collectively, these results suggest that
entry of JEV into the target cells is enhanced by SMase treat-
ment, which modifies the cell surface sphingolipids into a more
competent state for interaction with the JEV envelope protein,
thereby enabling its entry.
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Effects of SMase on propagation of JEVrv and JEV. We next
examined the effects of SMase on the propagation of JEV.
Recombinant VSV is capable of replicating by using the VSV
genome and producing infectious particles bearing a foreign
envelope protein encoded in place of the original G protein,
and thus, it is feasible to assess the efficiency of not only entry
but also egress of the recombinant viruses possessing foreign
envelope genes of different origins, irrespective of their repli-
cation efficiency within the target cells. To examine the effects
of SMase on viral propagation, cells were treated with various
concentrations of the enzyme, inoculated with the recombinant
viruses, and then cultured for up to 48 h in the presence of
SMase. Production of JEVrv was dramatically enhanced by
cultivation in the presence of SMase, in contrast to the sup-
pression of HCVrv propagation (Fig. 6A). Although the effect
of SMase treatment on the production of JEV was not as great
as that seen in JEVrv propagation, treatment with SMase re-
sulted in a substantial enhancement of JEV but not of VSV
propagation (Fig. 6B). These results suggest that SMase treat-
ment induces robust propagation of JEVrv mainly through
enhancement of the entry step although also partly through
enhancement of the egress step.

Involvement of ceramide in infection with JEV. Because
treatment of cells with SMase induces production of ceramide,
we next examined the effect of ceramide on the infectivity of
the viruses. Treatment of the pseudotype particles with Cg-
ceramide inhibited the infectivity of JEVpv for Huh7 cells in a
dose-dependent manner, whereas no clear reduction of infec-
tivity was observed with treatment of HCVpv, VSVpv, and
MLVpv with ceramide (Fig. 7A). In contrast, treatment of the
pseudotype particles with sphingomyelin, which is a substrate
for SMase and is catalyzed into ceramide, did not affect the
infectivity of the viruses, suggesting that the enhancement of
infectivity of JEVpv by treatment with SMase was due to the
generation of ceramide. Propagation of JEV but not of VSV
was also suppressed by treatment of the viral particles with
Cg-ceramide in a dose-dependent manner (Fig. 7B). Finally, to
confirm the interaction of the JEV E protein with ceramide,
purified JEV and JEV1v particles were incubated with biotin-
ceramide and streptavidin-Sepharose 4B and examined by
pull-down assay (Fig. 7C). The E proteins of both JEV and
JEVrv were precipitated with the ceramide beads. These re-
sults indicate that the interaction of the JEV E protein with
ceramide plays a crucial role in the entry of JEV.

DISCUSSION

Ceramide has been shown to play a crucial role in various
cell signaling pathways through the clustering and activation of
the receptor molecules in lipid rafts. Although the generation
of ceramide inhibits the infectivity of HIV and HCV by the
rearrangement of the entry receptor molecules (7, 48), rhino-
virus and Sindbis virus generate ceramide by activating SMase
for their entry and cell survival, respectively (10, 15). In this
study, we demonstrated for the first time that ceramide plays
crucial roles not only in the entry pathway of JEV but also in
the egress through a direct interaction with the E envelope
proteins.

To examine the roles of the E protein in the infectivity of
JEV, we employed pseudotype and recombinant VSVs bearing
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FIG. 6. Effects of SMase on the propagation of JEViv and JEV.
Huh?7 cells were pretreated with various concentrations of SMase for
1 h and inoculated with JEVrv or HCV1v (A) or JEV or VSV (B), and
infectivities were determined by focus-forming assay in a culture me-
dium containing 1% methylcellulose at 48 h after infection with JEVrv,
HCVrv, and JEV and at 24 h after infection with VSV. Titers were
determined by counts of foci detected by immunohistochemical stain-
ing (lower panels). The results shown are from three independent
assays, with error bars representing standard deviations.

o

JEV

JEV envelope proteins as surrogate systems in addition to
authentic JEV. VSV assembles and buds from the plasma
membrane, and therefore the surrogate viruses bearing the
foreign envelope proteins being expressed on the plasma mem-
brane exhibited more-efficient incorporation of the envelope
proteins. Although the E protein of JEV, as well as that of
other flaviviruses, including HCV, is mainly retained on the
endoplasmic reticulum (ER) membrane, the E protein was
incorporated into JEVpv and JEVrv particles and exhibited
infectivity comparable to that of authentic JEV. Further stud-
ies are needed to clarify the mechanisms of incorporation of
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