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death.'™"" Therefore, we examined the effects of the shRNA- with plasmid pUC19-shRNA-HCV or pUC19-shRNA-Control, or
expressing plasmids and adenoviruses on the activation of ISG adenovirus, AxshRNA-HCV or AxshRNA-Control, and the ISRE-
expression in cells. The ISRE-reporter plasmid, pISRE-TA-Luc, mediated luciferase activities were measured. On day 2, the ISRE-
and a control plasmid, peGFPneo, were transfected into Huh7 cells luciferase activities did not significantly change in cells in which
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Figure 4 Effect of a recombinant adenovirus expressing ShRNA on HCV replicon. (al Huh7/pRep-Feo cells were infected with AxshRNA-HCV or
shRNA-Control at a multiplicity of infection (MO of 1. The cells were harvested, and internal luciferase activities were measured on day 0 though
day 9 after adenovirus infection. Each assay was done in tnplicate. and the value 15 displayed as 8 percentage of no treatment and as mean = SD
An asterisk indicates a Pvalue of less than 0.05. (b) Dimethyithiazol carboxyr yphenyl sulfophenyl wetrazolium (MTS) assay of Huh7/pRep-Feo
calls, Cells were infected with indicated recombinant adencviruses at an MOI of 1. The assay was done at day 6 of infection. Error bars indicate mean
+5D. (c) Northern blotting. The upper panel shows replicon RNA, and the lower panel shows beta-actin mRNA. (d Western blotting. Total cell lysates
were separated on NUPAGE gel, blotted and incubated with monoclonal anu-NS4A or ant-NSSA antibodies. The membrane was re-blotted with
antibeta-actin antibodies. NT, untreated Huh7/pRep-Feo cells; Control, cells infected with AxshAINA-Control; HCV, cells treated with AxshRNA-HCV

In panels (bl and (c), cells were harvested on day 6 after adenovirus infection at an MO of 1
.
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Figure5 Interferon-stimulated gene responses by transfection of
siANA vectors. (a) Huh7 cells were seeded at 5 x 10* per well in 24-well
plates on the day before transfection. As a positive control, 200 ng of
pISRE-TA-Luc, or pTA-Luc, 1 ng of pRL-CMV, were transfected into a
well using FuGENE-6 Transfection Reagent (Rochel, and the cells were
cultured with 1 WmL of interferon (IFN) in the medium (lane 1). Lanes
3-5: 200 ng of pISRE-TA-Luc or pTA-Luc, and 1 ng of pRL-CMV were
cotranstected with (lane2] 300 ng of poly (I : C). or 200 ng of plasmids
flane 3] pcONA3 1, (lane 4} pUC18-shRNA-Control or (lane 5) pUC1S-
shRANA-HCV. Lanes 6-8: 200 ng of pISRE-TA-Luc or pTA-Luc, and 1 ng of
pRL-CMV were transfected, and MOI=1 of adenoviruses, (lane 6)
AxLacZ, which expressed the beta-galactosidase (LacZ) gene under
control of the chicken bets-actin (CAG) promoter as a control, (lane 7]
AxshANA-Control or (lane 8) AxshRNA-HCV were infected. Dual
lucilerase assays were performed at 48 h after transfection. The Fluc
activity of each sample was normalized by the respective Rluc actvity,
and the respective pTA luciferase activity was subtracted from the
pISRE lucif ctivity. The exp was done in triplicate, and the
data are displayed as means + SD. (bl Huh7 cells were infected with
indicated recombinant adenoviruses, AxLacZ, AxshRNA-Control and
AxshANA-HCV, RNA was extracted from each sample at day 6. and
mANA exprassion levels of an interferon-inducible MxA protein were
quantilied by the reaktime RT-PCR analysis. Primers used were as
follows. human MxA sense, 5-CGA GGG AGA CAG GAC CAT CG-3"
human MxA antisense, 5-TCT ATC AGG AAG AAC ATT TT-3", human
beta-actin sense, 5-ACA ATG AAG ATC AAG ATC ATT GCT CCT CCT-3,
and human beta-actin antisense, 5-TTT GCG GTG GAC GAT GGA GGG
GCC GGA CTC-¥

-

negative- or positive-control shRNA plasmids was transfected.
(Fig. 5a). Similarly, the expression levels of an interferon-
inducible MxA protein did not significantly change by transfection
of shRNA-expression vectors (Fig. 5b). These results demonstrate
that the shRNA used in the present study lack induction of the ISG
responses both in the form of the expression plasmids and the
adenovirus vectors.

Effect of siRNA and shRNA adenoviruses on
HCV-JFH1 cell culture

The effects of HCV-targeted siRNA- and shRNA-expressing
adenoviruses were confirmed by using HCV-JFHI virus cell
culture system. Transfection of the siRNA #331'* into HCV-
infected Huh7.5.1 cells resulted in substantial decrease of intra-
cellular HCV RNA, while a control siRNA showed no effect
(Fig. 6a). Similarly, infection of AxshRNA-HCV into Huh7.5.1/
HCV-JFHI1 cells specifically suppressed expression of HCV
RNA (Fig. 6b).
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Figure 6 Effects of an siRNA and adenovirus expressing shRNA on
HCV-JFH1 cell culture. (8l The siRNA #331, the siRNA-Control®, (b
AxshANA-HCV or AxshRNA-Control were, respectively, transfected or
infected onto HV-JFH1-infected Huh7.5.1 cells. Seventy-two hours of
the transfection or infection, expression level of HCV-RNA was quanti-
fiad by reaktime RT-PCR The assays were rapeated twice, and consis-
tant results were obtained. IFN, recombinant interferon-alpha 2b.

Suppression of HCV-IRES-mediated translation
in vive by adenovirus expressing shRNA

The effects of the shRNA expression on the expression of the viral
structural proleins in vivo were investigated using conditional
HCV cDNA-transgenic mice, CN2-29.* Adenoviruses,
AxshRNA-HCV, AxshRNA-Control or AxCAw] were injected
into CN2-29 mice in combination with AXCANCre, an adenovirus
expressing Cre DNA recombinase. The mice were killed on
the fourth day after the injection, and the hepatic expression of
the HCV core protein was measured. The expressed amounts
of the core protein were 143.0 =562 pg/mg and 1085 =
42.4 pg/mg in AxCAwl and AxshRNA-Control-infected mice,
respectively, and the expressed amount was significantly lower in
mice injected with AxshRNA-HCV (28.7 = 7.0 pg/mg. P <0.05.
Fig. 7a). Similarly, the induced expression of HCV core protein
was not detectable by immunohistochemistry in AxshRNA-HCV
infected liver tissue (Fig. 7c). Staining of a host cellular protein,
albumin, was not obviously different between the liver infected
with AxXCAw1, AxshRNA-HCV and AxshRNA-Control (Fig. 7d).
The expression levels of two ISG, IFN-beta and Mx1, in the liver
tissue were not significantly different between individuals with

N Sakamoto er al

and without injection of the adenovirus vectors (Fig. 7b). These
results indicate specific shRNA silencing of HCV structural

protein expression in the liver.

The requirements to achieve a high efficiency using RNAI are: (i)
selection of target sequences that are the most susceptible to
RNAI; (ii) persistence of siRNA activity; and (iii) efficient in vive
delivery of siRNA to cells. We have used an shRNA sequence that
was derived from a highly efficient siRNA (siRNA331), and con-
structed a DNA-based shRNA expression cassette that showed
competitive effects with the synthetic siRNA (Fig. 2)." The
shRNA-expression cassette does not only allow extended half-life
of the RNAI, but also enables use of gene-delivery vectors, such as
virus vectors. As shown in the results, a retrovirus vector express-
ing shRNA-HCV could stably transduce cells to express HCV-
directed shRNA, and the cells acquired protection against HCV
subgenomic replication (Fig. 3). An adenovirus vector expressing
shRNA-HCV resulted in suppression of HCV subgenomic and
protein expression by around three logs to almost background
levels (Fig. 4). Consistent results were obtained by using an HCV
cell culture (Fig. 6). More importantly, we have demonstrated
in-vivo effects on viral protein expression in the liver using a
conditional transgenic mouse model (Fig. 7). These results suggest
that efficient delivery of siRNA could be effective against HCV
infection in vive.

An obstacle 1o applying siRNA technology to treat virus infec-
tions is that viruses are prone to mutate during their replication.*
HCV continuously produces mutated viral strains to escape
immune defense mechanisms. Even in a single patient, the circu-
lating HCV population comprises a large number of closely related
HCV sequence variants called quasispecies. Therefore, siRNA
targeting the protein-coding sequence of the HCV genome, which
have been reported by others,''" may vary considerably among
different HCV genotypes, and even among strains of the same
genotype.” Our shRNA sequence targeted the 5-UTR of HCV
RNA., which is the most conserved region among various HCV
isolates.” In addition, the structural constraints on the 5’-UTR, in
terms of its requirement to direct internal ribosome entry and
translation of viral proteins, might not permit the evolution of
escape mutations. Our preliminary results have shown that the
siRNA-HCV suppressed replication of an HCV genotype 2a
replicon™ to the same extent as the HCV 1b replicon.

Although the siRNA techniques rely on a high degree of speci-
ficity, several studies report siRNA-induced non-specific effect
that may result from induction of ISG responses.'™' These effects
may be mediated by activation of double-strand RNA-dependent
protein kinase, toll-like receptor 3, or possibly by a recently
identified RNA helicase, RIG-1.* It remains to be determined
whether these effects are generally induced by every siRNA con-
struct. Sledz er al, have reported that transfection of two siRNA
induced cellular interferon responses,” while Bridge er al. report
that shRNA-expressing plasmids induced an interferon response
but transfection of synthetic siRNA did not.” Speculatively, these
effects on the interferon system might be construct dependent. Our
shRNA-expression plasmids and adenoviruses did not activate
ISG responses in virro (Fig. 5a,b) or in vivo (Fig. Tb). We have
preliminarily detected phosphorylated PKR (P-PKR) by western
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blonting, and found no apparent increase of P-PKR (data not
shown). These results indicate that these target sequences and
structures are of sufficient specificity to silence the target gene
without eliciting non-specific interferon responses.

Beside the canonical action of siRNA, a sequence-specific
cleavage of target mRNA, the siRNA could act as a micro-RNA

mMRNA expression levels (relative values)

shRNA adenovirus inhibits HCV in vivo

o

AxshRNA-HCV

AxshRNA-Control AxshRNA-HCV

AxshRNA-Control

CN2-29 transgenic

The mice were k

ed

hons Of N
ota:ned at
C8 WETE

that suppresses translational initiation of mRNA.™ or it could
mediate transcriptional gene silencing.™ Regarding our in-vive
experiments, it was difficult to differentially analyze the effect of
siRNA at individual sites of action because post-translational
effect of siRNA concomitantly destabilizes target mRNA, which
leads 1o apparent decrease of mRNA transcripts.
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Efficiency and safety of gene transfer methods are the key
determinants of the clinical success of gene therapy and an unre-
solved problem. There are several reports of delivery of siRNA or
siRNA-expression vectors to cells in vivo;'***! however, gene
delivery methods that are safe enough to apply to clinical thera-
peutics are currently under development. Adenovirus vectors are
one of the most commonly used carriers for human gene
therapies.** Our present results demonstrate that the adenoviral
delivery of shRNA is effective in blocking HCV replication
in vitro and virus protein expression in vive, Adenovirus vectors
have several advantages of efficient delivery of transgene both in
vitro and in vivo and natural hepatotropism when administered in
vivo. The AxshRNA-HCV specifically blocked expression of HCV
structural proteins in a conditional transgenic mouse expressing
those proteins. The current adenovirus vectors may cause inflam-
matory reactions in the target organ,** however, and produce neu-
tralizing antibodies which make repeated administration difficult.
These problems may be overcome by the improved constructs of
virus vectors with attenuated immunogenicity or by the develop-
ment of non-viral carriers for gene delivery.*

In conclusion, our results demonstrate the effectiveness and
feasibility of the siRNA expression system. The efficiency of aden-
ovirus expressing shRNA that target HCV suggests that delivery
and expression of siRNA in hepatocytes may eliminate the virus
and that this RNA-targeting approach might provide a potentially
effective future therapeutic option for HCV infection.
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Hepatitis C virus (HCV) core protein has shown to be localized in the detergent-resistant membrane (DRM),
which is distinct from the classical raft fraction including caveolin, although the biological significance of the
DRM localization of the core protein has not been determined. The HCV core protein is cleaved off from a

at the lumen side of Ala*' by si and is then further processed by signal

peptidase (SPP) within the transmembrane region. In this study, we examined the role of SPP in the
localization of the HCV core protein in the DRM and in viral propagation. The C terminus of the HCV core
prutel.ncluvulbinPPinMﬂhmlmﬁﬂdum‘"hymmm.mmsmmhudhm
two residues (Tle'”® and Phe'””) upstream of the cleavage site of the core protein abrogated processing by SPP
and localization in the DRM fraction. of a dominant-negative SPP or treatment with an SPP
inhibitor, 1.685,458, resulted in reductions in the levels of processed core protein localized in the DRM fraction.
The production of HCV RNA in cells persistently infected with strain JFH-1 was impaired by treatment with
the SPP inhibitor. Furthermore, mutant JFH-1 viruses bearing SPP-resistant mutations in the core protein

for Microbial Diseases,' and Department of Post-Genomics and Diseases,

failed to propagate in a permissive cell line. These results suggest that intramembrane processing

of HCV core

protein by SPP is required for the localization of the HCV core protein in the DRM and for viral propagation.

The hepatitis C virus (HCV), which has infected an esti-
mated 170 million people worldwide, leads to chronic hepatitis,
which in turn causes severe liver diseases, including steatosis,
cirrhosis, and eventually hepatocellular carcinoma (47). HCV

a positive-sense single-stranded RNA with a nucle-
otide length of 9.6 kb, which encodes a single large precursor
polyprotein composed of about 3,000 amino acids. The viral
polyprotein is processed by cellular and viral proteases into
structural and nonstructural proteins (24). The development of
efficient therapies for hepatitis C had been hampered by the
lack of a reliable cell culture system, as well as by the absence
of a small-animal model. Lohmann et al. established an HCV
replicon, which consisted of an antibiotic selection marker and
a genotype 1b HCV RNA, and showed that it replicated au-
tonomously in the intracellular compartments of a human hep-
atoma cell line, Huh7 (16). The replicon system has been used
as an important tool in the investigation of HCV replication,
and it has served as a cell-based assay system for the evaluation
of antiviral compounds. Recently, cell culture systems for in
vitro replication and infectious-virus production were estab-
lished based on the full-length HCV genome of a genotype 2a
isolate, which was recovered from a fulminant hepatitis C pa-
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tient (15, 45, 50). However, the molecular mechanism of the
HCV life cycle in host cells has not been well characterized.
Several viruses have been reported to utilize a lipid raft
composed of cholesterol and sphingolipids upon entry (34).
The lipid raft is characterized by resistance to nonionic deter-
gents at 4°C and includes caveolin, glycolipids, and other sub-
stances (40). Several nonenveloped viruses enter cells through
a caveola/rafi-mediated endosome, designated the caveosome,
and then translocate to the endoplasmic reticulum (ER), en-
dosome, or nucleus (34, 35), although enveloped viruses gen-
erally enter host cells through a clathrin-dependent pathway
(18). HCV is enclosed by a host cell-derived membrane and
belongs to the family Flaviviridae. Several reports suggest that
HCYV enters host cells through general endocytosis, such as by
a clathrin-mediated pathway (5, 6, 22). However, HCV has
been suggested to replicate on a detergent-resistant membrane
(DRM), including some characteristic membrane structures
such as lipid rafts and membranous webs (8, 9, 38). In a pre-
vious report, an HCV replication complex prepared from a cell
fraction treated with a nonionic detergent was shown to be
enzymatically active (2). HCV nonstructural proteins remodel
the intracellular membrane to form a replication complex that
includes several host proteins (8, 46). The HCV core protein
has a C-terminal transmembrane region that is anchored on
intracellular compartments such as the ER and mitochondria
and on the surfaces of lipid droplets (10, 30, 42). Recent
studies have indicated that assembly of HCV particles occurs
around lipid droplets that are surrounded by the remodeled
membranes (23). Although the HCV core protein functions as
a capsid protein, it is found in the DRM fraction, which is
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distinct from the classical lipid rafts (20). However, the biolog-
ical function of the HCV core protein localized in the DRM
has not been clarified.

The HCV core protein is cleaved from a precursor polypro-
tein by a signal peptidase (SP) to liberate it from the envelope
protein E1 and is then further processed by a signal peptide
peptidase (SPP) (21). However, the biological significance of
the intramembrane processing of the HCV core protein by
SPP remains largely unknown. Furthermore, the C-terminal
end of the mature HCV core protein expressed in insect cells
has been reported to be Phe'” or Leu'™ (12, 29), while that in
mammalian cells has not been determined. Expression of SPP
enhanced the accumulation of nonenveloped nucleocapsid and
reduced that of enveloped nucleocapsid in yeast cells, suggest-
ing that maturation of core protein is carried out after the
formation of enveloped particles (17). However, the effect of
SPP cleavage on viral assembly in mammalian cells has not
been well characterized. Randall et al. have reported that in-
troduction of a small interfering RNA targeted to SPP reduced
the production of infectious HCV particles (36), suggesting
that SPP is required for the production of HCV particles. In
this study, we determined the cleavage site of the mature HCV
core protein expressed in human cells and examined the bio-
logical significance of the intramembrane processing of the
core protein by SPP for the localization of the core protein in
the DRM and the production of infectious particles.

MATERIALS AND METHODS

Cell lines and HCY infection. HCV subgenomic RNA was removed from the
replicon cell line 9-13 (16) by with alpha interfy A cell line that was
highly permissive for JFH-1 infection was cloned from the resulting crude pop-
ulations by the limited-dilution method and designated HuhTOK1 (32). The
thmmf.amu ‘dn.nbliym duce type I interf| through the
RIG-1-d i i y upon infection with RNA viruses and ex-
hﬂndlmﬂnmwlﬂddhmm&lmnﬂ:mthudm

J. ViroL.

L758V: Val'™, Val', and Leu'* were replaced with Ala (JFH-1/VVLAA);
De"™and Phe'™ were replaced with Als and Leu, respectively (JFH-1/IF/AL);
Ala'™, Ser'™, and Cys"™ were replaced with Val, Leu, and Val, respectively
(JFH- umwmwmﬂnmmnm(mm;

and A *——lglhllHCV ype 1 or 2a core p
lﬂenﬁeﬂhrﬁlﬂ:by i -kh lnthcwﬂw
idues 103 1o 115, mypulnndlb.utwm

mm:ﬂwlﬂlmll!dmh(unhlﬁ!—l) These peptides
were synthesized and conjugated with keyhole limpet hemocyanin (Scrum Inc.,
rmjmuymmu:mmm“mmmwm
A clonal antibody to HCV NSSA (SA27) was pre-
mmm&m(m:mm:w}mmmm
recombinant domain I of NS5A by a hod described previously (31), Anti-
bodies to caveolin-1, mmmmmom{m}mmm
Sigma. Antibodies to the HA tag and gh deh
m(mmmmm(wo\)wmm
Biotechnology (Santa Cruz, CA), respectively, The aspartic protease inhibitors
(Z-LL), ketone and L68S,458 were purchased from the Peptide Institute (Osaka,
Japan). These inhibitors were dissolved in dimethyl sulfoxide and stored at
=20°C until use.
MSN—PM-!MMM?jlmeﬁm

1 with pl by lipofection with Trans IT LT-1 (Mirus, Madison,
‘W1) and Lipofi 2000 (Invi ) ding to the manu-
facturers’ Cells were lysed on lce In Triton lysis buffer (20 mM Tris-

HO1 [pH 7.4], 135 mM NaCl, 1% Triton-X 100, 10% glycerol) supplemented with
@ protease inhibitor mix (Nacalai Tesque, Kyoto, Japan) at 24 or 48 h after
transfection and were then subjected 1o sodium dodecyl sulfste-polyscrylamide
gel electrophoresis (SD3-PAGE) using Tris-glycine buffier and Western blotting
using appropriate antibodies as previously described (30). The stained protein
Mummmmmmwwumww
Rockford, IL) and an LAS3000 imaging system (Fuji
Photo Film, Tokyo, Japan).

of the exp of the C of the mature HCV core
protein ln mammalian cells. Two million 2937 cells cultured in a collagen-coated
dhh(m Iﬂm)mwmmﬂm(ﬁ}w
dat20hp fection with a rubber policeman after two
mmmm—hwmmwmwa—
wnlmuhsmmmmwmmwdm

lysis buffer (45 mM Tris-HQ [pH 7.4] ng 0.5% sodium d h
umsns.mmxmmmumo.unmmwm
[Nacalal Tesque]) (24). The Iysate was stored at —80°C until use. The lysate was
thawed on ice and then centrifuged ar 20,000 x g for 10 min a1 4°C. The
was mixed with 20 ul of 50% (volivol) anti-FLAG M2 affinity gel

F | cell line. The h of this cell line will be described in
a future communication. The HuhOK1 and Huh?7.5.1 cell lines (the latier was
kindly provided by F. Chisari) and the human embryonic kidney cell line 293T
were maintained in Dulbecco’s modified Eagle's medium supplemented with
10% fetal calf serum and nonessential amino acids (Sigma, 5t Louis, MO),
Huh7OK1 or Huh7.5.1 cells were infected with HCV strain JFH-1 as described
by Wakita et al. (45). The plasmid carrying strain JFH-1 cDNA under the control
of the poll f (19) was d into Huh7OK1 or Huh7.5.1 cells, and
propagation of the JFH-1 virus was determined by the production of HCV core
protein (as described below) and by the titration of infectious particles (39). The
persistently infected Huh70K] cells were maintained under normal conditions
MSWWMWFUnﬂIManWw
plicon (16), was d in Dulbecco’s modified Eagle's medium
mmmm*w:-unmmtwaumu
Plusmids. Genes encoding the N-terminally FLAG-tagged and/or C-termi-
nally hemagglutinin (HA)-tagged core proteins derived from the HCV genotype
1b strain J1 or its mutants were introduced into plasmid vector pcDNA3.1
(Iavitrogen, Carlsbad, CA) as described previously (30). Eu:hhampum

(S&pm)MMmtdquthhmlem:mmm
triple-detergent lysis buffer and then suspended in 30 ul of the loading buffer.
‘The suspended gel beads were boiled for 5 min and then centrifuged at 20,000 x
£ for 5 min at room temperature. The resulting supernatant was subjected to
SDS-PAGE, and the gel ws stained with Sypro Ruby dye (Invitrogen). The

portion of the gel k with an lar size of 20 kDa
was cacised from the stained gel, washed twice with 200 ul of 50 mM NH,HCO,
ived in 50% jtrile (volival), and then imm d in 100 pl of 100%

ile for dehydration. The dehydrated gel was incubated in 10 mM di-
mﬁmtwmmmmhlhTumthd
Cys residues at the C termini by end i Asp-N, alkylation of the gels was

miedomh!!mubdmeumldumﬂmmnmco,uﬁ'ctxdmh
hmmrmny gel pieces were washed twice with 100 mM ammonium

d in itrile and were dried completely before digestion.
An i d volume of endop Asp-N solution (10 pg/ml Asp-N and 50
ﬂmgwmmmwﬁwwummnm
menlpemlr.lnl(rhe 4 jon) after ferred to 8
new mmmﬂﬂmwﬁdhﬂhﬂddﬂm

transferred into a pCAGGS vector (28) at the Pmel site. The
tnmdodlheHC\?m;xueh(mho:ddMHleN)rhhmrllbmt
FLAG and HA tags at the N and C termini, respectively. All of the core proteins
with these tags (FLAG-core-HA proteins) had a mutation of Ala'™ 10 Arg in
order to prevent cleavage by the SP (7). Plasmid pHH21/JFH-1, carrying a full
genomic cDNA of strain JFH-1 under the control of the poll promoter, was used
to produce the infectious JFH-1 virus (19). An adaptive mutation of Leu to Val
at amino acid position 758 in the p7 region was introduced during a long-term

NH,HCO; and then with 20 gl of 50% (volvol) acetonitrile in 5% (volvol)
wmmummmmmmwmm

letely under a The d d mb were applied 10 &
mc,.ﬁmmummt.fehm,lw) After a wash with 0.1% (volval)
trifluoroacetic acid, the peptides were eluted with | ul of 0.1% (volivol) triffuo-
roacetic acid dissolved in 75% (volvol) acetonitrile. Samples with 10 mg of
Wﬂybﬂm‘:nﬂdwddﬂim&uﬂuﬂemﬁmww

passage of the JFH-1 virus into Huh7.5.1 cells (data not shown). To imp: the
mmummtm:mmduumvnuwm
into pHH21/JFH-1 by site-di d and the resulti d was
designated pHH2LIFH-I/L758V. To.mmmmwemm
JFH-1 viruses, the following duced into pHH21/JFH-1/

time-of-flight mass spectrometry
(MALDI-TOF MS) using lMALDlMlpde—WF tandem MS (MS-MS)
QStar Pulsar | system (Applied Biosystems, Foster City, CA) in the linear
P ion mode following the method of Hitachi Sci Systems (Ibaraki,
Japan),
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Flotation assay. The flotation assay was carried out according to the method
of Lecat et al, (14), Briefly, 10 million transfected or infected cclls were washed
with ice-cold PBS and then harvested with a rubber policeman, Collected cells
were suspended in 0.6 ml of TNE buffer (25 mM Tris-HQl [pH 7.4] containing
150 mM NaCl, a protease inhibitor mix [Nacalai Tesque], and 5 mM EDTA) and
then homogenated with a Dounce homogenizer or suspended with a 24-gauge
needle. Each homogenate was incubated for 30 min on ice with or without 1%
Triton X-100. The lysates were mixed with 0.4 ml of Optiprep (Sigma) to a final
concentration of 40%. This mixture was overlaid with 1.2 ml of 30%, 1.2 ml of
25%, and 0.8 ml of 5% Optiprep and was then centrifuged at 42,000 rpm and 4°C
for 5 h in an SW50 rotor (Beckman Coulter, Fullerton, CA). Each fraction was
collected as 0.4 ml from the top of the centrifuging twbe and was then precipi-
tated with 4 volumes of cold acetone. The pellets were resolved in the loading
buffer, boiled, and then subjected to SDS-PAGE and Western blotting. The
fractions containing calreticulin, which is resident in the ER, in the absence and

P of the detergent were defined as the and detergent-soluble
fracth pectively. In the y nflhe the fractions with caveo-
lin-1 were defined as the d

WM-MPCI.TMRNAwumm&mHuhmmm
persistently infected with the JFH-1 virus or 9-13 cells by using an RNeasy
minikit (Qiagen, Tokyo, Japan). The HCV genomic RNA was reverse tran-
scribed and amplified by using a TaqMan EZ RT-PCR reagent kit (Applied
Blosystems) with sense (5'-GAG TGT CGT GCA GCC TCC A-3) and anti-
sense (§'-CAC TCG CAA GCA CCC TAT CA-3') primers corresponding to
nucleotides 98 to 116 and 294 to 313, respectively. The kinetics of cDNA am-
ﬂiﬁuinwumiwwmnmmmmqummmw
(Applied Bi ) using & reg probe g to nucleotides 238 to
manmsmmdmumnckumcacmcm
ocraocommaomma-a; jugated with 6-carbouyfh
and 6-cart ine at the 5" and 3' umlni,uupecﬂ\elyA
serial dilution of the partial HCV RNA synthesized by in vitro transcription from
plasmids encoding the 5'-terminal region of HCV ¢DNA under the control of a
T7 promoter was used as the standard for HCV genomic RNA. Intracellular
GAPDH mRNA was also amplified using the TagMan Pre-Developed Assay
Reagent human GAPDH (Applied Biosystems), The values for HCV genomic
RNA were normalized to those for GAPDH mRNA.
Quantitative detection of HCV core protein by ELISA. HCV core protein was
quantified by using an Ortho HCV antigen enzyme-linked immunosorbent assay
(ELISA) (Ortho Clinical Diagnostics, Tokyo, Japan) according to the manufac-
turer's instructions. Huh7.5.1 cells were transfected with pHH21/JFH-1/L758V
or its mutants by lipofection. Cells and culture supernatants were harvested at 2,
4, 6, or 8 days after fection. To d ine the of the i Hul
core protein, cells were lysed with Triton lysis buffer on ice and subjected to the
ELISA after 100- to 10,000-fold dilutions with PBS. Total protein levels were
demmlnedwnhaumacamhmmgcmm(ﬂm) Amounts of
and dlular core protein were normalized to total-protein

amounis.

1 e " T F

T d Huh7.5.1 cells were fixed with a cold
scetone-and (50:50, volivol). Afier being blocked with 1%
normal goat serum, cells were incubated with a mouse monoclonal antibody to
NS55A a1 4°C for 16 h, washed three times with PBS containing 0.5% Tween 20,
and then incubated with an Alexa Fluor 594-conjugated antibody to mouse
immunoglobulin G (Invitrogen), Cell nuclei were stained with Hoechst dye. The
wmuuwmmmmmﬂmuﬁmmm

SIGNIFICANCE OF PROCESSING OF HCV CORE PROTEIN BY SPP 8351

A HCV core protein

A N M,
VALV T

-

1MATT 180 1B
Core (W) GCSFBIFLLALLSCLTVPASR

ComASC/VLY (M1) | v |.v
ComIFAL (M2) AL
B 24h 48n
e ,_' M1 )
3%

Blot:FLAG 22

Blot:HA 22 4

e i

Cc 24h 48h

"" W MIM2C W MiM2C

- Unprocessed
} Processed

= Unprocessed

Bot:HA 22+

50
| ——————
35 -

FIG. 1. Effects of mutations in the HCV core protein on cleavage
by SPP. (A) cDNA constructs encoding the N-terminally FLAG- and
C inally HA-tagged wild-type HCV core protein (W), Core ASC/

Blot:GAPDH

then observed with a FluoView FV1000 laser g
(Olympus, Tokyo, Japan).

RESULTS

Mautation in the HCV core protein confers resistance to SPP
cleavage. Amino acid residues Ala'™, Ser'™, and Cys'™ of the
HCV core protein have been shown by others to be essential
for intramembrane processing by SPP (10, 21), although our
data suggested that Tle'’® and Phe'”, but not Ala'®, Ser'®,
and Cys'®, were required for the processing of the HCV core
protein by SPP (30). To clarify this discrepancy, we constructed
an N-terminally FLAG-tagged and C-terminally HA-tagged
wild-type HCV core protein and similarly tagged mutant core
proteins in which Ala'®, Ser'™, and Cys'® were replaced with
Val, Leu, and Val, respectively (referred to below as Core

VLV (M1), and Core IF/AL (M2). The Ala at amino acid residue 191
of all constructs was mutated to Arg in order to prevent the processing
of an HA tag by SP. (B) Each of the core constructs or an empty vector
(lane C) was transfected into 293T cells. Cell lysates harvested at 24 or
48 h posttransfection were subjected to Western blotting using anti-
bodies against the indicated proteins, (C) Cells transfected with each
of the core constructs or an empty vector were treated with 15 pM
MG132 for 5 h and examined as described for panel B.

ASC/VLV, or M1) (21), or Ile'™ and Phe'” were replaced
with Ala and Leu, respectively (referred to below as Core
IF/AL, or M2) (30). We then expressed these core proteins in
293T cells (Fig. 1). Ala'®" was replaced with Arg in these
FLAG-core-HA constructs to prevent cleavage by SP (7), and
only the SPP-resistant core protein was detected by an anti-HA
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antibody in this experimental setting. Core IF/AL was detected
in cells by both anti-FLAG and anti-HA antibodies at 24 h and
48 h posttransfection, whereas the wild-type core and Core
ASC/VLV were detected by an anti-FLAG antibody but not by
an anti-HA antibody (Fig. 1B). These results indicate that
Core IF/AL is resistant to SPP cleavage, in contrast to the
complete processing of the wild-type core and Core ASC/VLV.
Although Core ASC/VLV exhibited a single band that was
slightly larger than the wild-type core protein at 24 h posttrans-
fection, an extra band with the same mobility as the wild-type
core protein appeared at 48 h posttransfection (Fig. 1B), sug-
gesting that the introduction of mutations in Ala'®®, Ser'®,
and Cys'® induces multiple processing in the signal sequence
of the mutant core protein. To exclude the possibility that
unprocessed Core ASC/VLYV is degraded by a protecasome due
to misfolding, each of the core constructs or the empty vector
was transfected into 293T cells and treated with a proteasome
inhibitor for 5 h. The unprocessed band of Core IF/AL, but not
that of Core ASC/VLV, was detected by the anti-HA antibody
(Fig. 1C). These results further support the notion that Core
ASC/VLV is sensitive to SPP-dependent processing. Bands
observed between unprocessed and processed proteins in cells
expressing wild-type core or Core IF/AL in the presence of a
proteasome inhibitor were not detected by the anti-HA anti-
body, suggesting that these products are generated by C-ter-
minal truncation and are sensitive to proteasome degradation.

Identification of the C-terminal residue of the mature HCV
core protein. Previous reports have suggested that the C ter-
minus of the mature HCV core protein expressed in insect cells
by using a baculovirus expression system is Phe'” (29) or
Leu'™ (12). To clarify the C-terminal amino acid residue of
the mature HCV core protein expressed in human cells, a
purificd fragment of the HCV core protein was analyzed by
MALDI-TOF MS. The FLAG-tagged HCV core protein was
expressed under the control of a CAG promoter in 293T cells,
purified by immunoprecipitation with beads conjugated with
the anti-FLAG antibody, and then released from the beads by
the addition of free FLAG peptide. The purified FLAG-tagged
core protein was digested with Asp-N protease, and the final
sample was subjected to MALDI-TOF MS for determination
of the C-terminal residue. The N-terminal amino acid of the
peptide fragment including the C terminus of the mature HCV
core protein was expected to be Asp®® (Fig. 2A). The peptide
fragment with an m/z of 1,918.0452, which is close to the
calculated value (m/z 1,918.8) of the sequence DGVNYATG
NLPGCSFSIF (Fig. 2A), was detected, and no larger peak was
evident (Fig. 2B). MS-MS analysis showed that the fragment
has the amino acid sequence DGVNYATGNLPGCSFSIF
(Fig. 2C). These results indicate that the C terminus of the

SIGNIFICANCE OF PROCESSING OF HCV CORE PROTEIN BY SPP 8353

mature HCV core protein expressed in human cells is Phe'™”.
This is consistent with our previous observation (30) and with
the data shown in Fig. 1, which indicate that the M2 mutation
completely abrogated the processing of core protein by SPP.
Both Ile'™ and Phe'”” may play crucial roles in recognition by
SPP for intramembrane cleaving activity.

SPP processing is required for the localization of HCV core
protein in the DRM. Based on confocal microscopy observa-
tions, Matto et al. reported that the HCV core protein associ-
ates with a DRM that is distinct from the classical raft fraction,
as evidenced by the lack of colocalization of typical raft mark-
ers, including caveolin-1 and the B subunit of the cholera toxin,
which binds to glycosphingolipid GM1 in the plasma mem-
brane (20). We have previously suggested that intramembranc
processing by SPP affects the intracellular localization of the
HCYV core protein, and the replacement of Leu'**, Val'*®, and
Leu'** with Ala in the HCV core protein (Core LVL/3A [M3])
(Fig. 3A) abrogated SPP-mediated processing and ER reten-
tion (30). In this study, we examined the effect of SPP cleavage
on the DRM localization of the HCV core protein. The wild-
type or mutant HCV core protein was expressed in 293T cells,
solubilized at 4°C in the presence or absence of 1% Triton
X-100, and subjected to sucrose gradient centrifugation. Frac-
tions were collected after ultracentrifugation and analyzed by
immunoblotting. The wild-type core protein was partially de-
tected in fraction 3, which corresponded to the DRM fraction,
and was mainly detected in the detergent-soluble fraction (Fig.
3B). However, the mutant core proteins Core LVL/3A (M3)
and Core IF/AL (M2) were localized in the membrane fraction
but not in the DRM fraction (Fig. 3B). Although the M2
mutant exhibits clear resistance to SPP-dependent cleavage, as
shown in Fig. 1B, processed core proteins of M2 and M3
mutants were detected by flotation analyses (Fig. 3B), suggest-
ing that the M2 and M3 mutants are cleaved by unknown
mechanisms during the concentration step. These results sug-
gest that processing by SPP is required for the DRM localization
of the HCV core protein.

A dominant-negative SPP mutant inhibits the intramem-
brane processing and DRM localization of the HCV core pro-
tein. SPP belongs to the family of aspartic proteases, which
share two Asp residues for the active sites of protease activity.
Asp*™ and Asp®®* have been identified as active sites for the
protease activity of SPP (48). Overexpression of the SPP mu-
tant in which Asp®'® was replaced with Ala (SPPD219A) re-
sulted in a dominant-negative activity that prevented the in-
tramembrane processing of the HCV core protein (30). To
examine the relationship between intramembrane processing
by SPP and the localization of the HCV core protein in the
DRM fraction, a C-terminally HA-tagged wild-type (SPP-HA)

FIG. 2. Determination of the C termini of the mature HCV care protein. (A) Schematic representation of the junction between the core and
E:M.mmdmmmmmmnmmmmspmmnmmmmmmcmwm
Ala'? respectively. The cleavage site of the host SPP was determined to be the C-terminal residue Phe'” in this study. The expected miz of the
peptide fragment idues 160 to 177) processed by the Asp-N protease and SPP is indicated. (B) The FLAG-core protein was purified
with an anti-FLAG antibody, digested with Asp-N, and analyzed on a 2,5-dihydroxybenzoic acid matrix by MALDI-TOF MS in the lincar
positive-ion mode. The peak at m/z 1,918.0452 corresponded to the expected fragment (m/z 1,918.8) derived from the Asp-N- and SPP-digested
core protein, DGVNYATGNLPGCSFSIF. (C) The peak at m/z 1,918.0452 was subjected to MS-MS analysis with a MALDI-Qg-TOF MS-MS
QStar Pulsar i system. The resulting spectrum was applied to MASCOT to determine the amino acid sequence, The analyzed peak at miz
1,918.0452 ded 1o the DGVNYATGNLPGCSFSIF.
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FIG. 3. HCV core protein partially migrates to the DRM after SPP processing. (A) cDNAs encoding authentic wild-type (W) and Core LVL/3A
(M3) HCV core proteins. (B) Each plasmid was transfected into 293T cells, lysed with or without 1% Triton X-100, and then subjected to a

flotation aseay, Proteins in each fraction were concentrated with cold acetone and then subjected to Western blotting using antibodies against

core

protein, caveolin-1, and calreticulin. Membrane (left panels, lanes 1 to 9), DRM (right panels, lanes 1 to 7), and detergent-soluble (right panels,
lanes 8 to 11) fractions were identified based on the localization of the marker proteins.

or D219A mutant (SPPD219A-HA) SPP was cocxpressed with
FLAG-core-HA in 293T cells (Fig. 4A). Overexpression of
SPP-HA showed no effect on the localization of the HCV core
protein, and the processed HCV core protein was partially
localized in the DRM fraction (Fig. 4B, left). In contrast,
overexpression of SPPD219A-HA inhibited the processing of
the HCV core protein by endogenous SPP, and the level of
unprocessed core protein, which was detected in the detergent-
soluble fraction but not in the DRM fraction, was increased,
whereas part of the processed core protein was localized in the
DRM fraction (Fig. 4B, right). These results suggest that SPP
cleavage is a prerequisite for the localization of HCV core
protein in the DRM fraction. We have previously shown that
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the HCV core protein is degraded through proteasome path-
ways (26, 39, 43). To rule out the possibility of protcasome-
dependent degradation of the unprocessed HCV core protein
in the DRM fraction, we examined the effect of the protea-
some inhibitor MG132 on the localization of HCV core pro-
tein, The processed HCV core protein, but not the unproc-
essed core protein, was partially localized in the DRM fraction,
irrespective of treatment with MG132 (Fig. 4C). These results
indicate that the failure of the unprocessed HCV core protein
to localize in the DRM fraction was not due to selective deg-
radation of the unprocessed core protein by protcasomes.

An SPP inhibitor prevents the processing of HCV core pro-
tein and its localization in the DRM. To further assess the role
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subjected to a flotation assay. (C) Effect of a proteasome inhibitor, MG 132, on the DRM localization of the HCV core protein.
fraction were concentrated with acetone

by immunoblotting using antibodies against

B355

J6B-

ein by SPP and its localization in the DRM. (A) Sche-
SPP (SPP-HA) (top) and the dominant-negative effect of SPPD219A-HA
(bottom). (B) FLAG-core-HA was coexpressed with SPP-HA or SPPD219A-HA in 293T cells, lysed in the presence or absence B{delugeul, and

in each

the FLAG epitope tag, caveolin-1, calreticulin,
and the HA epitope tag. The membrane (lanes 1 to 9 in the absence of Triton X-100), DRM (lanes 1 to 7 in the presence of Triton X-100), and
detergent-soluble (lanes 8 to 11 in the presence of Triton X-100) fractions were identified based on the localization of the marker proteins.
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FIG. 5. Effect of an SPF inhibitor on the cleavage of HCV core protein by SPP. The HCV core protein was expressed in 293T cells, and
L685,458 was added to the culture supernatant, at the indicated concentrations, at 5 h posttransfection. Cells harvested at 29 h posttransfection
were lysed with 1% Triton X-100 and subjected to Western blotting (A) or a flotation assay (B). DMSO, dimethyl sulfoxide. In the flotation assay,
proteins in each fraction were concentrated with acetone and by immunoblotting using antibodies against core protein, caveolin-1, and
calreticulin, 'l'hemcmhuna(‘hﬁpmels,hm1m9},DRM(r(;hlpnuls.hmle),mddnm-gmt-wtubk(ﬂghtpm:k,hnumoll) fractions

were identified based on the localization of the marker proteins.

of intramembrane processing by SPP on the localization of
HCYV core protein in the DRM, we examined the effect of the
SPP inhibitors (Z-LL), ketone and L685,458 on the processing
of the HCV core protein. Although (Z-LL), ketone was insol-
uble at a concentration of 10 pM and was highly toxic to 293T,
Huh7, and Huh7-derived cell lines (data not shown), L685,458
was capable of penctrating the plasma membrane (49) and
showed no visible cytotoxicity to the cell lines examined. Treat-
ment with L685,458 inhibited the cleavage of the HCV core
protein by SPP in a dose-dependent manner (Fig. 5A). As
determined by flotation analyses of 293T cells expressing HCV
core protein, the processed core protein was no longer local-
ized in the DRM fraction following treatment with 25 or 50
wM L685,458 (Fig. 5B). These results further support the no-
tion that intramembrane processing by SPP is required for the
localization of HCV core protein in the DRM.
Processing of the HCV core protein by SPP participates in
viral propagation. To examine the effect of the processing of
the HCV core protein by SPP on the propagation of strain
JFH-1, Huh70K1 cells persistently infected with the JFH-1
virus were treated with 25 pM L685,458, and the cells were
examined for processing of the HCV core protein and repli-
cation of viral RNA, The processed core protein of strain

JFH-1 was clearly detected in the DRM fraction in untreated
control cells, whereas processing of the core protein was im-
paired by treatment with L685,458, corresponding to the de-
crease in the level of processed core protein in the DRM (Fig.
6A). In Huh70K1 cells infected with strain JFH-1, intracellu-
lar viral RNA levels were reduced 30% by treatment with
685,458 at 2 days postireatment but showed no reduction at
1 day (Fig. 6B, left), and viral RNA levels in the culture
supernatant were reduced 60% to 70% by treatment with the
compound at 1 and 2 days posttreatment (Fig. 6B, center). To
exclude the possibility of deleterious effects of 1.685,458 on
cellular proteins involved in viral replication, we determined
the effect of 1L685,458 on viral RNA replication by using HCV
subgenomic-replicon cells. The replication of the RNA lacking
the region coding for structural proteins showed a slight en-
hancement rather than suppression at 1 and 2 days after treat-
ment with L685,485 (Fig. 6B, right), suggesting that the SPP
inhibitor treatment used in this study is not toxic to the cellular
proteins involved in HCV RNA replication. The slight de-
crease in the level of intracellular HCV RNA in infected cells
after treatment with L685,458 (Fig. 6B, left), but not in repli-
con cells, may be attributable to the ER stress induced by the
accumulation of unprocessed core proteins in infected cells.
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Although no effect of the inhibitor treatment on the expression
of the intracellular core was observed, the secretion of core
protein was slightly reduced (Fig. 6C). Furthermore, the
production of infectious viral particles in the culture super-
natants was clearly impaired by treatment with the SPP
inhibitor (Fig. 6D).

The amino acid residues Val'*®, Leu', Tle'™, Phe'”,
Ala'®, Ser'™®, and Cys'™ were conserved within the core pro-
teins of the genotype 1b strain J1 and the genotype 2a strain
JFH-1, while the hydrophobic amino acid residues Leu and Val
were found at position 139 in the core proteins of strains J1
and JFH-1, respectively. In order to examine the role of SPP-
mediated cleavage of the HCV core protein on the growth of
HCV strain JFH-1, mutations of Val'*®, Val'*®, and Leu'* to
Ala (JFH-1/VVL/3A), of Tle'” and Phe'” to Ala and Leu
(JFH-1/IF/AL), or of Ala'™, Ser'®, and Cys'® to Val, Leu,
and Val, respectively (JFH-1/ASC/VLV), in the core protein,
or mutation of the Gly-Asp-Asp motif to Gly-Asn-Asp in
NS5B (JFH-1/GND) as a negative control, were introduced
into cDNAs encoding strain JFH-1. The plasmid carrying each
¢DNA under the control of the poll promoter (19) was trans-
fected into Huh7.5.1 cells, and the propagation of the JFH-1
viruses was determined. The expression of the core protein
both in the culture medium and in cells transfected with the
wild-type strain JFH-1 was increased during incubation,
whereas it was severely impaired in the culture medium and
cells transfected with JFH-1/VVL/3A, JFH-1/IF/AL, or the
replication-deficient mutant JFH-1/GND. In contrast to JFH-
1/VVL/3A and JFH-1IF/AL, JFH-1/ASC/VLV was still capa-
ble of producing the core protein at a lower level than the
wild-type strain JFH-1 (Fig. 6E). Furthermore, production of
infectious particles was completely abrogated in the culture
supernatants of cells transfected with JFH-1/VVL3A, JFH-1/
IF/AL, or the replication-deficient mutant JFH-1/GND,
whereas JFH-1/JASC/VLYV was still capable of producing infec-
tious particles at a lower level than the wild-type strain JFH-1
(Fig. 6E, right). Expression of NS5A proteins was detected by
immunofluorescent analyses in cells transfected with wild-type
JFH-1, JFH-1/VVL/3A, JFH-UIF/AL, or JFH-VASC/VLV
but not in those transfected with JFH-1/GND, suggesting that
JFH-1/VVL/3A and JFH-1/IF/AL are capable of replicating in
cells but incapable of generating infectious particles (Fig. 6F).
The propagation of JFH-1/ASC/VLV, bearing mutations in
Ala'®™, Ser'® and Cys'®, residues that are suggested to be
essential for the processing of the HCV core protein by SPP
(10, 30), further supports our notion that mutation of these
residues is unable to completely abrogate the intramembrane
cleavage of the core protein (30). Collectively, these results
suggest that the processing of the HCV core protein by SPP
plays crucial roles in viral propagation.

DISCUSSION

A previous report has suggested that the amino acid residues
Ala'™, Ser'™, and Cys'® in the signal sequence are essential
for the intramembrane proteolysis by SPP of the core protein
of the HCV genotype 1a strain Glasgow expressed in the BHK
and Huh7 cell lines by using the Semliki Forest virus
sion system (21). However, we have shown that Leu', Val'®,
and Leu in the hydrophobic region and Tle'™® and Phe'”” in

a70
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the region upstream of the cleavage site, but not Ala'*, Ser'®®,
or Cys'™, are required for the ER retention and SPP cleavage
of the core proteins derived from the genotype 1b strain J1 and
the genotype la strain H77 expressed in 293T cells by trans-
fection of expression plasmids (30). Subsequently, Hope et al.
suggested that these discrepancies were attributable to differ-
ences in the SDS-PAGE systems used to separate the pro-
cessed and unprocessed core proteins, not to any difference in
the HCV strains or expression systems, indicating that the core
protein cleaved by SPP could be separated by a Tris/Bicine-
buffered system but not by a Tris/glycine system (10). In this
study, we added an HA tag at the C terminus of each core
protein in order to easily distinguish between the cleaved and
uncleaved HCV core proteins, and we then examined the pro-
cessing of the wild-type and mutant core proteins by SDS-
PAGE using Tris/glycine buffer. The resistance of Core IF/AL
to SPP cleavage was consistent with the finding that Ile'”® and
Phe!”” are located just upstream of the SPP cleavage site
identified in this study. In contrast, Core ASC/VLV was not
detected by the anti-HA antibody, indicating that Ala'®,
Ser'™, and Cys'™ in the signal sequence of the HCV core
protein are not required for processing by SPP. A similar result
was also obtained by immunoblotting using a Tris/Bicine-buff-
ered system (data not shown). Furthermore, treatment with
the SPP inhibitor L685,458 suppressed the cleavage of the core
protein and abrogated both the localization of the mature core
protein in the DRM and the propagation of strain JFH-1,
suggesting that the intramembrane cleavage of the HCV core
protein by SPP plays crucial roles in the DRM localization of
the HCV core protein and the propagation of HCV. To further
confirm the biological significance of the cleavage of the HCV
core protein with respect to infectivity, we generated mutant
viruses carrying mutations identical to each mutation of core
protein described above. A JFH-1 mutant virus carrying the
same multation as Core ASC/VLYV, but not other mutants, was
still sufficiently viable to propagate in Huh7.5.1 cells. These
findings clearly indicate that mutation of Ala'®, Ser'®?, and
Cys'™ 1o Val, Leu, and Val, respectively, in the signal se-
quence of the HCV core protein is not able to completely
abrogate the cleavage of the core protein by SPP.
Interestingly, the Core ASC/VLV mutant exhibited an extra
band that was identical in size to the band of the wild-type core
protein, in addition to a slow-migrating band, on the SDS-
PAGE gel at 48 h posttransfection (Fig. 1B). Vauloup-Fellous
et al. also reported that the Core ASC/VLV mutant expressed
by a recombinant Semliki Forest virus in mammalian cells or
by a baculovirus in insect cells exhibited bands between the
mature (21 kDa) and the immature (23 kDa) core protein (44).
If Core ASC/VLV was cleaved at the same site as the wild-type
core protein, the processed core protein should have the same
molecular size as the processed wild-type core protein, because
the mutations in Core ASC/VLV were introduced into the
region downstream of the cleavage site. These results suggest
that Core ASC/VLYV is first processed downstream of the au-
thentic SPP cleavage site and is then further processed at the
residue close to Phe'”’. Presenilins, which are involved in
the cleavage of amyloid f protein precursor (APP), belong to
the same aspartic protease family as SPP, which contains two
Asp residues in the enzymatic active site (48). SPP might be
able to cleave a substrate at multiple sites, as observed in the
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FIG. 6. Effect of the processing of HCV core protein by SPP on the propagation of JFH-1 virus. (A) L685,458 was added, a1 a concentration
of 25 uM. to the culture supernatant of Huh7OK]1 cells persistently infected with HCV strain JFH-1. Cells harvested at 24 b after treatment were
lysed with 1% Triton X-100 and subjected to a flotation assay. DRM (lanes 1 10 7) and detergent-soluble (lanes 8 to 11) fractions were identified
based on the localization of the marker proteins (data not shown). Asterisks indicate processed core proteins. DMSO, dimethyl sulfoxide. (B to
D) Cells persistently infected with HCV strain JFH-1 were harvested at 1 or 2 days after treatment with the inhibitor. The data shown in cach pancl
are representative of three independent experiments. (B) Total RNA was prepared from the cells (left) and the culture supernatant (center). Levels
of HCV viral RNA and GAPDH mRNA were determined by real-time quantitative PCR. Values for the levels of viral DNA were normalized to
that for GAPDH mRNA as described in Materials and Methods. The subgenomic-replicon cell line 9-13 was treated with the inhibitor, and total
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processing of APP by presenilins (33, 37). The Core ASC/VLV
mutant may exhibil a preference for cleaving at the site be-
tween Asp'™ and Ala'®' rather than at that between Phe'”’
and Leu'”. However, we still do not know whether SPP can
cleave multiple sites within the C-terminal transmembrane re-
gion of the wild-type HCV core protein, because our mass
spectrometry data show that there was no peptide larger than
m/z 1,918.0452, the size corresponding to the amino acid res-
idues from position 160 to 177 (Fig. 2).

Although the wild-type HCV core protein is known to be
partially localized in the DRM fraction (20), Core LVL/3A and
Core IF/AL, which are resistant to cleavage by SPP, were
detected in the detergent-soluble fraction. Furthermore, over-
expression of a dominant-negative SPP mutant or treatment
with an SPP inhibitor increased the amount of unprocessed
core protein in the detergent-soluble fraction irrespective of
the presence of the proteasome inhibitor. These results suggest
that processing of the HCV core protein by SPP is a prereg-
uisite for stable localization of the mature core protein in the
DRM. Indeed, the biological significance of the DRM local-
ization of the mature HCV core protein is still unclear. In
addition, we still do not know how HCV core protein migrates
into the DRM fraction, and we could not exclude the possibil-
ity of involvement of other cellular and viral proteins in the
DRM localization of HCV core protein. The DRM fraction
suggested to consist of various membrane microdomains that
include lipid rafts, which are enriched in cholesterol and sphin-
golipids. The immunofiuorescent analyses by Matto et al.
showed that the DRM fraction containing the HCV core pro-
tein in replicon cells harboring a full genomic HCV RNA was
different from the classical lipid raft, as evidenced by the lack
of colocalization of the typical lipid raft markers, including
caveolin-1 and the cholera toxin B subunit (20). However,
Aizaki et al. suggested that the HCV replication complex was
localized in a lipid-raft-like DRM fraction that included sphin-
golipids (2). Previous studies have indicated that the HCV core
protein is localized in lipid droplets (1, 10, 20, 21, 23) and that
processing by SPP is essential for the localization of the HCV
core protein in lipid droplets (21). Furthermore, it was shown
that the HCV core protein of strain JFH-1 recruits the repli-
cation complex to the lipid-droplet-associated membranes, and
HCV particles were detected in close proximity to the lipid
droplets, suggesting that the lipid droplets and the lipid-drop-
let-associated membranes induced by the core protein partic-
ipate in the assembly of HCV particles (23). In addition, lipid
droplets including the core protein surrounded by nonstruc-
tural proteins were also detected in cells expressing the non-
structural proteins of strain JFH-1 (23). Based on these obser-
vations, it might be feasible to speculate that the HCV core
protein is matured through processing by the SP and SPP and
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is then translocated to the DRM and to the lipid droplets for
viral assembly. A recent report by Aizaki et al. shows that HCV
particles are enriched with cholesterol and sphingolipids (3),
suggesting that the DRM is involved in viral assembly. On the
other hand, some fraction of the core protein has been shown
to migrate into the nucleus, where it is degraded by nuclear
proteasomes (26, 41).

An alanine-scanning mutagenesis study of the HCV core
protein has suggested that numerous residues within the car-
boxy-terminal two-thirds of the core protein are dispensable
for RNA replication but essential for efficient infectious-virus
production and that alanine substitution of the residues be-
tween positions 137 and 144 or 177 and 180 abrogated the
extracellular release and intracellular stability of the mutant
core proteins of chimeric JFH-1 viruses (27). This is consistent
with the severe impairment of virus production by the JFH-1/
VVL/3A mutant, in which Val'*, Val'*® and Leu'* are all
replaced with Ala, and by the JFH-1/IF/AL mutant, in which
Tle'”® and Phe'”” are replaced with Ala and Leu, respectively,
in spite of the substantial RNA replication in the cells (Fig. 6E
and F). The impairment of viral assembly by the introduction
of SPP-resistant mutations in the core protein and the reduc-
tion of viral production by treatment with an SPP inhibitor,
without any effect on subgenomic-RNA replication, also sup-
port the notion that SPP-dependent cleavage of the HCV core
protein is required for viral assembly rather than for viral
replication. Furthermore, the lack of significant effects on viral
production and on the stability of the core protein in cells
infected with JFH-1 mutants in which residues from 181 to 190
were replaced with Ala (27) is also consistent with the incom-
plete inhibition of the replication of the JFH-1/ASC/VLV mu-
tant, in which Ala'™, Ser'™, and Cys'™ are replaced with Val,
Leu, and Val, respectively.

Increases in the levels of saturated and monounsaturated
fatty acids enhance HCV RNA replication, in contrast to its
suppression by polyunsaturated fatty acids (13), suggesting that
enzymes associated with lipid biosynthesis are also involved in
HCV replication. SREBP-1¢ regulates the transcription of
acetyl coenzyme A carboxylase, fatty acid synthase, and stearoyl
coenzyme A desaturase, leading to the production of saturated
and monounsaturated fatty acids and triglycerides (11). Expres-
sion of the HCV core protein induces the production of lipid
droplets composed mainly of triglycerides (4). Our recent study
suggests that SREBP-1c was upregulated in the livers of trans-
genic mice expressing the HCV core protein through the LXRa/
RXRa-dependent pathway, which leads to the development of
fatty liver (25). The upregulation of SREBP-1c in the transgenic
mice was required for the expression of PA28y, an HCV core-
binding host protein involved in the activation of nudlear protea-
some activity (26). The HCV core protein cleaved by SPP may

RNA was prepared from the cells (right). The amount of RNA is represented as a percentage of the amount in the untreated sample at 24 h after
treatment (taken as 100%). (C) The amounts of intracellular (left) and extracellular (right) core protein were quantified by a quantitative ELISA.

(D) Virus production in the culture supernatants was determined by a focus-forming assay. FFU, focus-forming units. (E) Plasmids coding

for the

full-length of the wild-type (WT) JFH-1 virus or a mutant (VVL/3A, IF/AL, ASC/VLV, or GND) were transfected into Huh7.5.1 cells. (Left) The
amounts of intracellular and extracellular core protein were quantified by a quantitative ELISA a1 2, 4, 6, and B days posttransfection. (Right) Virus
production in the culture supernatants of Huh7.5.1 cells at 8 days after transfection with each plasmid was determined by a focus-forming assay.
The data in each panel are representative of three independent experiments. (F) Detection of HCV RNA replication by NS5A immunofluores-
cence, At 6 days after transfection, NS5A and nuclei were stained red and blue, respectively.
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play a role in the formation of lipid droplets associated with the
core protein, leading to an enhancement of viral assembly.

In summary, we determined the C-terminal end of the ma-
ture HCV core protein expressed in human cells and demon-
strated that SPP processing is essential for the DRM localiza-
tion and stability of the mature core protein. Furthermore,
both mutation in the core protein resistant to cleavage by SPP
and treatment with an SPP inhibitor abrogated the propaga-
tion of strain JFH-1 in the permissive cell line. These results
suggest that SPP is a promising target for the development of
novel antiviral drugs for the treatment of chronic hepatitis C.

ACENOWLEDGMENTS

We thank H. Murase for secretarial work. We also thank R. Bar-
tenschlager and T. Wakita for providing cell lines and plasmids.

16.

J. ViroL

Lnlwnm.v F.Karurl mu.nm:.mm-ua.nnn-
m of itis C virus RNAs in a

hc‘pnmcell II.M Science 285:110-113,

Majeau, N., V. Gagne, M. Bolduc, and D. Leclerc. 2005. Signal peptide
the ion of h C virus non i parti-

chmdumuummth:mﬂmbmdmsmmujﬁcnvm

86:3055-3064,

Marsh, M., and A. Helenius. 2006, Virus entry: open sesame. Cell 124:729-

740,

Masaki, T., R. Sumki, M. Matsuda, T. Miyamura, T. Wakita, and T. Suzuki.

2006. Production of infectious hepatitis C virus by using RNA Tase

L-mediated transcription, abstr. 209, p. 59. In Ab: of the 13th Interna

tional Meeting on Hepatitis C Virus and Related Viruses. Nola Miles-Clark,

Caimns, Australia.

Matto, M., C. M. Rice, &Muﬂj &len.m Hepatitis C virus

core protein i distinct from

classical plasma rnemhrmrlﬂ.s] Virol. 78:12047-12053.

.Mclmhlnl.M.K.ldm‘.G.Hnﬁudﬁ-wmln-

trafficking of hey
ummlmddmﬂcmEM'BOI 21:3980-3988.

itis C virus core pro-

._Mml..c.mam_ltmm Hepatitis C virus entry

This work was supported in part by grants-in-aid from the Ministry
of Health, Labor, and Welfare; the Ministry of Education, Culture,

q a crilical post step and delivery to early endosomes

via clathrin cl)lwd vesicles. J. Virol, 80:11571-11578.

Spbl’fs. Science, and chlmobogy, the 21st Century Center of ml‘ 23 Miyanari, Y., K. Atsuzawa, N. Usuds, K. Watashi, T. Hishiki, M. Zayas, R.

lence P and the Fc ion for Biomedical R h and Bartenschiager, T. Wakita, M. Hijikata, and K. Shimotohno. 2007. The lipid

Innovation. droplet s an § ganelle for itis C virus | jon. Nat. Cell

Biol. 9:1089-1097,
24. Moriishi, K., and Y. Matsuurn. 2003. Mechanisms of hepatitis C virus in-
REEERENCES fection. Antivir. Chem. Chemother. 14:285-297.

t AMbGeughnuiis; M, O 1 R. Patient, S. Trassard, D. Brand, and P. 25 Moriishi, K., R. Mochizuki, K. Moriys, H. Miyamoto, Y. Mori, T. Abe, S.
Roingeard. 2006. Core protein cleavage by signal peptide peptidase is re- Murata, K. Tanaka, T. Miyamura, T, Surki, K. Koike, and Y. Matsuura.
quired for hepatitis C virus-like particle assembly. J. Gen. Virol. 87:855-860. mcmmdpm.rm irus is and

2. Aizaki, H,, K. J. Lee, V. M. Sung, H. Ishiko, and M. M. Lai. 2004. Charac- Proc. Natl, Acad, Sci. USA 104:1661-1666,
ot ot °{,mw“°wn‘j:mm ; y with 26, Moriishi, A g mer Nm e K. Kolke S. Muraa, T.

Chiba, K. Tanaka,
3"“‘&&“"‘“"%“_'?'“"'“““1“”'1'“%5"‘“ 2003. Proteasome activator PA28y-dep auclear ol lndd:gn-
M. Nishijima, K. Hanada, Y. M. Lai, T. B T. Wakita, dation of hepatitis C virus core protein. J. Virol, 77:10237-10249,
and T. Suzuki, 2008. A "'W&“‘J““mm”;‘;;‘ﬂn':’m' and 27 Murray, C. L, C. T. Jones, J. Tassello, and C. M. Rice. 2007. Alanine
sphingalipid In hapatitis C yinu fon, J. Virol . L . mmmgu!ﬂzheputitktvﬂwmp«xchmcakummmﬂuﬂ

4Dt G ¥ Harpyy; T, Hiend, M. Eoliara, T u, G. I for production of infectious virus, J. Virol, 81:10220-10231,
:;g-msmcm:tpctsmshm: ; . and C. B i 1997. H‘P 28. Niwa, H., K. Yamamurs, and J. Mivazaki, 1991, Efficient selection for
cellular lipid storage droplets. Proc. Natl. Acad. Sci. USA 94:1200-1205. g with  novel eukaryoic vecior. Gene 108:193-

5':,*_“&‘5;%”% CE;“‘:'”“'MWJ‘ Dubuissos. © 29, Ogino, T, H. Fukuda, S. Imajob-Ohumi, M. Kohars, and A. Nomoto. 2004,
o mediated eadeeytoni. 3. VEOL 869646072, binding p and dues of the mature hepatitis

6. Codran, A., C. Royer, D. Joeck, M. Bastien-Valle, T. F. Baumert, M. P. & ik cxped "'?5“‘.‘.*1'."‘”5‘..“"’ Rt ki it A
Kieay, C. A Percira, and J. P. Martin, 2006. Entry of hepatitis C virus e "‘."‘w Lo trspon bl e o usissteipmgii

iato primary human b yies by clathrin-dependent endo- 1. Virol, T8:6370-6380. ¥
cytosis. J. Gen. Virol. 87:2583-2593. ;'?:'P’“‘"LY . {eeze & ¥ %

7. Dubuisson, J. S, Duvet, J. C. Meunir, A. Op De Beeck. R. Cacan, C. k. ‘L..T':.;.“", sy s""é'“;m"m""m
Wychowski, and L. C 1. 2000. Gly jon of the hepatitis C virus wukd, . repliogt
mmwmsil.- dent on itie prescoce of & d - is regulated by FKBPS and Hsp90. EMBO 1. 25:5015-5025,
mhwmhﬁmmmm. * JZ.OMT.ILMV.EHL:I’.MYmu.T.MT.

8. Gao, Le, H. Alzaki, J. W. He, and M. M. Lal. 2004, Intcractions between viral Mt T. 2 ﬁscmN;:‘!- Matswera. 20 A wiogle
nonstructural proteins and host protein hVAP-33 mediate m\ifomuﬁmd 0 m‘}““‘“‘”‘m“m e T ing FKBPS |
WCWRNAmntmmmlmﬁnﬂ.l irol. 78:3480- o ﬁllpllﬂ“‘sl:!ﬂh A r. R, Baw B 1, Walter, A

9, Gosert, R., D. Egger, V. Lohmann, R. Bartenschiager, H. E. Blum, K. Bienz, mmsm.mcmmamwfumbnmumuoﬂbc
and D. Moradpour. 2003. Identification of the hepatitis C virus RNA repli iiln bomologue  SEL-12 Abaryi in
cation complex in Hub-7 cells harbori i 1. Virol. G elegans and i ABA2 generation in human cells. J. Biol.
77545875402, - B Chem. 275:40925-40932

10. Hope, R. G., M. J. McElwee, and J. McLauchlan. 2006. Efficient cleavage by M.Pdiﬁi,l.m Smtudcmwﬂpﬁnﬂmdmm
signal peptide peptidase requires residues within the signal peptide b by viruses. Biochim. Biophys. Acta 1746:295-304.
the core and El proteins of hepatitis C virus strain J1. J. Gen. Vil ﬁ.muum«—u&mmmmmp«mm
87623627, tion and dynamin recruitment in SV4l-induced interalization of caveolae.

11 m.l.n...i.l.m-un 5. Brown. 2002. SREBPs: activators of Science 296:535-530.

! | and fatty acid synthesis in the liver. 36. Randall, G., M. Panis, J. Cooper, T. Tellinghuisen, K. Sukhodolets, 5.
yring Investig. ey mmu'mﬂ?hﬂ:; facels 5. Kam, B Linbonbach; M. Chios; 9.

12, MP.ELMJ.MM!LJM 1996. Hepatitis C virus core .  Ju, rownstein, R. Sheridan, C. Sander, M. Zavolan,
protein: carb of two wlrsuwmv. T.Mmc.mm.auwuom‘m affecting hepatitis C virus
age by a signal peptide peptidasc. Virology 224:93-104, infection and replication. Proc. Natl. Acad, Sci. USA 104:12884—1 2889,

13. Kapadia, 8. B., and F. V. Chisari. 2005, Hepatitis C virus RNA replication 37. Sastre, M, H. Steiner, K. Fuchs, A. Capell, G. Multhaup, M. M. Condron,
is regulated by host geranylgeranylation and fatty acids. Proc, Natl. Acad. D. B. Teplow, and C, Haass, 2001, Presenilin-dependent y-secretase process-
Sei. USA 102:2561-2566. ing of B-amyloid precursor protein at a site ¢ ding to the 53 cleavag

14. Lecat, S, P, Verkade, C. Thiele, K. Fiedler, K. Simons, and F. Lafont. 2000. of Notch. EMBO Rep. 2:835-841.

38. Shi, S. T, K. J. Lee, H. Aizak, 5. B. Hwang, and M. M. Lai. 2003, Hepatitis

Different properties of two isoforms of annexin XIII in MDCK cells. J. Cell
Sei. 113:2507-2618,

b that

Cwmuplkummnunu !
cofracti with lin-2. J. Virol. 77:4160-4168,

15. Lindenbach, B. D., M. J. Evans, A. J. Syder, B. Wolk, T. L. Tellinghui
C. C. Lin, T. Maruyama, R. O, Hynes, D. R. Burton, J. A. McKeating, and
C. M. Rice. 2005. Complete replication of hepatitis C virus in cell culture.
Science 39623626,

39,

Shiral M., K. Murakami, T. lchi R. Suruld, T. Shimojl, K.
Fukuda, K. Abe, S, Sato, M. Fukasawa, Y. Yamakawa, M. Nishijima, K.
Moriishi, Y. Matsuura, T. Wakita, T. Suzuki, P. M. Howley, T. Miyamura,

6002 'S Adenuer uo Ayssanun exesQ e Biowse w woy pepeoumog



Vor. 82, 2008

AL

42,

4,

and 1. Shaji. 2007, ESAFP ubiquitin ligase medi biquitylation and deg-
radation of hepatitis C virus core protein. . Virol, 81: 1174-1185.

Simons, K., snd E. Ikonen. 1997, Functional rafts in cell membrancs. Nature
387569572,
mLY.mT.m&MJ.MS-MI.SINE
and T. Miy iti
virus core protein with its hydrophobic C terminus deleted. J. Gen. Virol.

76:53-61,

Suruki, R, §. § T.Ti i, A Rilkis K. Tunaka, T. Shimoike,
K. Moriist, T, Iwasakd, K. M Y. M T. Miy and T
Suzuid, 2005. Molccular d : for mitoeliotar loeal) of hen

titis C virus core protein. J. Virol. 79:1271-1281.
MLLTMJMKMYMTHMI&T.
Suzuki. 2001, Ubiguiti dation of hepatitis C virus core pro-
tein is regulated by p ing al its A terminus. Virology 280:301—
309,

Vauloup-Fellous, C., V. Pene, J. Garsud-Aunis, F. Harper, 5. Bardin, Y.
m&%ﬂ&mlﬂmﬁ.ﬁmnmd&l
Rosenberg. 2006, Signal pepti of hepatitis C
ﬁnumreprmehu" ble for virus bud vbuldmahﬂmtbtmﬂ
capsid. J. Biol mmnlﬂﬁﬂ-ﬂwz.

45,

47,

SIGNIFICANCE OF PROCESSING OF HCV CORE PROTEIN BY SPP 8361

Wakita, T, T.MT.MT.MM.MLMI.
Murthy, A. H
and T, J. Liang. 2005, mmamumcmhm
culture from a cloned viral genome. Nat. Med. 11:791-796.

‘Wang, C., M. Gale, Jr., B. C. Keller, H. Huang. M. 5. Brown, J. L. Goldstein,
and J, Ye. 2005. Identification of FBL2 as a geranylgeranylated cellular
ptmmmquwdiwbcpuﬂqummrmumdemmzs—
logy of hepatitis C: .

M A, and M. J. Alter. 2000. E
differences and temporal trends. Semin. Liver Dis. 20c1-16.

‘Weihofen, A, K. Binns, M. K. Lemberg, K. Ashman, and B. Martoglio. 2002.
Identification of signal peptide peptidase, a presenilin.type aspartic protease.
Science 296:2215-2218.

MMWW&WﬁmﬁmW inhibitors. J. Biol
Chem. 278:16528-16533.

: Mj.r.mauu..s.mt.mnnnms.i.
Wielund, S. Robust

1. Uprichard, T. Wakita, and F. V. Chisari. 2005
hepatitis C virus infection in vitro, Proc. Natl. Acad, Sci. USA 102:9294-
9299,

6002 'S Arenuep uo Aysieain exesQ e Bio wse il way pepeojumog



JOURNAL OF VIROLOGY, Aug. 2008, p. 7964-7976
0022-538X/08/308.00+0 doi:10.1128JV1L.00826-08

Vol. 82, No. 16

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Interaction of Hepatitis C Virus Nonstructural Protein 5A with Core
Protein Is Critical for the Production of Infectious Virus Particles’

Takahiro Masaki, Ryosuke Suzuki,’ Kyoko Murakami,’ Hldclu Aizaki,’ KD]I Ishii,' Asako Murayama,
Tomoko Date,' Yoshiharu Matsuura,” Tatsuo Miyamura,' Takaji Wakita,' and Tetsuro Suzuki'*

Department of Virology 11, National Institute of Infectious Diseases, Shinjuku-ku, Tokyo 162-8640, Japan,' and Dcpanmem of
Molecular

Virology, Research Institute for Microbial Diseases, Osaka University, Suita-shi, Osaka 565-0871, Japan®
Received 17 April 2008/Accepted 22 May 2008

Nonstructural protein 5A (NS5A) of the hepatitis C virus (HCV) possesses multiple and diverse functions
in RNA replication, interferon resistance, and viral pathogenesis. Recent studies suggest that NS5A is involved
in the assembly and maturation of infectious viral particles; however, precisely how NS5A participates in virus
production has not been fully elucidated. In the present study, we demonstrate that NS5A is a prerequisite for
HCYV particle production as a result of its interaction with the viral capsid protein (core protein). The efficiency
of virus production correlated well with the levels of interaction between NS5A and the core protein. Alanine
substitutions for the C-terminal serine cluster in domain ITI of NS5A (amino acids 2418, 2430, and 2433)
impaired NS5A basal phosphorylation, leading to a marked decrease in NS5A-core interaction, disturbance of
the subcellular localization of NSSA, and disruption of virion production. Replacing the same serine cluster
with glutamic acid, which mimics the presence of phosphoserines, partially preserved the NSSA-core interac-
tion and virion production, suggesting that phosphorylation of these serine residues is important for virion
production. In addition, we found that the alanine substitutions in the serine cluster suppressed the associ-
ation of the core protein with viral genome RNA, possibly resulting in the inhibition of nucleocapsid assembly.
These results suggest that NS5A plays a key role in regulating the early phase of HCV particle formation by
interacting with core protein and that its C-terminal serine cluster is a determinant of the NS5A-core

interaction.

Hepatitis C virus (HCV) infection is a major public health
problem and is prevalent in about 200 million pcople world-
wide (27, 40, 42). Current protocols for treating HCV infection
fail to produce a sustained virological response in as many as
half of treated individuals, and many cases progress to chronic
liver disease, including chronic hepatitis, cirrhosis, and hepa-
tocellular carcinoma (15, 31, 35, 43).

HCYV is a positive-strand RNA virus classified in the Hepa-
civirus genus within the Flaviviridae family (55). Its approxi-
mately 9.6-kb genome is translated into a single polypeptide of
about 3,000 amino acids (aa), in which the structural proteins
core, E1, and E2 reside in the N-terminal region. A crucial
function of core protein is assembly of the viral nucleocapsid.
The amino acid sequence of this protein is well conserved
among different HCV strains compared to other HCV pro-
teins. The nonstructural (NS) proteins NS3-NS5B are consid-
ered to assemble into a membrane-associated HCV RNA rep-
licase complex. NS3 pc the ic activities of serine
protease and RNA helicase, and NS4A serves as a cofactor for
NS3 protease. NS4B plays a role in the remodeling of host cell
membranes, probably to generate the site for the replicase
assembly. NS5B functions as the RNA-dependent RNA poly-
merase. NS5A is known to play an important but undefined
role in viral RNA replication.
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NS5A is a phosphoprotein that can be found in basally
phosphorylated (56 kDa) and hyperphosphorylated (58 kDa)
forms (49). Comparative sequence analyses and limited prote-
olysis of recombinant NS5A have demonstrated that NS5A is
composed of three domains (52). Domain 1 is relatively con-
served among HCV genotypes compared to domains 11 and
111. Analysis of the erystal structure of the conserved domain I
that immediately follows the membrane-anchoring a-helix lo-
calized at the N terminus revealed a dimeric structure (53).
The interface between protein molecules is characterized by a
large, basic groove, which has been proposed as a site of RNA
binding. In fact, its RNA binding property has been demon-
strated biochemically (17). Domains II and 111 of NS5A are far
less understood. Domain Il contains a region referred to as the
interferon sensitivity determining region, and this region and
its C-terminal 26 residues have been shown to be essential for
interaction with the interferon-induced, double-stranded
RNA-dependent protein kinase (6-10, 38, 39, 48). Domain I1I
includes a number of potential phosphoacceptor sites and is
most likely involved in basal phosphorylation. This domain
tolerates insertion of large heterologous sequences such as
green fluorescent protein (GFP) and is not required for func-
tion of NS5A in HCV RNA replication (1, 34). However, a
study with the recently established productive HCV cell cul-
ture system using genotype 2a isolate JFH-1 (28, 56, 58) dem-
onstrated that while insertion of GFP within the NS5A region
does not affect RNA replication, it does produce marked de-
creases in the production of infectious virus particles (41). This
suggests that the C-terminal region of NS5A may affect virus
particle production independent of RNA replication. Re-
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