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distinet 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 HOV 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 hiological 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 Len'™ (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 1o 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-
Jogical significance of the intramembiane 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 HCV infection. HCV subgenomic RNA wis removed trom the
replicon cell line 9-13 (16) by treatment with alpha imerferon, A cell line thuy was
highly permissive for JFH-1 infection wis cloned from the resulting crude pop-

| hy the limited-dil hod el d HuhTOK1 (32) The
HuhTOK1 cell line retained the ahility to produce type | interferons through the
RIG-1-dependent signaling p y upon i with RNA viruses and ¢x-
Bibited o cell surface expression level of humin CDS1 comparable 1o thin of the
parental cell line. The detuiled charactristics of this cell line will be deseribed in
# future communicution. The HuhOK1 and Huh7.5.1 cell lines (the laner wis
kinddly provided by F. Chisuri) and the human embryonie kidney cell line 2937
were maintained in Dulbecco's modified Eagle’s medium supplemented wilh
107 fetal call serum and nonesseatinl amino scidy (Sigma, St Lous, M())
HuhTOK! or Huh? 5.0 cells were infeeted with HOV strwin JFH-1 as deseribed
hy Winkiin ct al (450, The plasmid carrying strain JFH-1 cDDNA under the control
ut the pall ¢ ter (19) was feeted into HuhTOKL or Hub7.5.0 colls, and
propagation of the JFH-| virus was detcrmined by the production of HCV core
protein (us deseribed below) and by the litration of infectious particles (39). The
persisteatly infected HuhTOKD gells were maintnined undor normal conditions
Al 8 passages before use. The %13 cell line, which posscsses un HOV sulb-
gennmic replicon (16), was culturcd in Dulbeceo's modificd Eagle's medinm
supplementod with 1% feral call scrum and 1 mpml G415,

Plasmids, Genes encoding the Neverminnlly FLAG-sgged andian Caermme
nally homagghitinin (HA Ftagged aore proteing denved from the HOV genotype
Ih strmin J1 an ilx were Juced into plasmid vector pcDNAYD
{hvitrogen, Carishad, CA) as described previously (30). Each insert gene was
wansformed mto a pCAGGS vector (28) at the Pmcl site, The resulting plasmids
encoded the HOV core protem (aming acid iesiducs 1 1o 191) with or without
FLAG aind HA tags st the N and C wermini, respectively. All of the core proteins
with these tags (FLAG-eure-HA proteins) had o mutation of Ala"™" 10 Arg in
arder w prevent desoge by the SP (7). Plasmid pHH2IAFH-L. comnang a full
genomic ¢ONA of strain JFH-1 undor the contral of the poll promoter, was uscd
tir produee the infectious JEH-T virus (19). An sdaptive mut of Lew 1o Val
b wino sod position 758 in the p7 region was introduced during a long-icim
possige of the JFH- | virs into Fub 78 1 celis {dara not shown ], To improve the
rephication efficency of the T virus, a mutation of Lo to Val was intiodueed
imto pH2LIFN-Y by site-divected mutagencsis, sl the resulling plasmid was
desagnated pHHZVIFH-DLTSEY. To generate plusmids encoding the mutan
JEH D viruses the Tollowing substitutions were intraduced imo pHHZVIEN-
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LSSV Val'™ Val'™ and Len'" were repliced with Ala (FH-1/VVILAA),
e ™and Phe'™ were replaced with Ala amd Lew, respectively (JFH-IAF/AL);
AL 8™ anid Cys'™ were replaced with Val Lew, and Val, respectively
UFH-DASCNVLV): and Asp™ "™ was replaced with Asn (JFH-1/GND)

Antibodies and reagents. Antiscrn against HOV genotype |or 2a core proteins
were raksed in rabbits by immunization with peptides correspomding 10 the region
spanning residucs 103 1o 115, conserved among genotypes L and Ih, ot to the
region from residue 101 1o 119 of geootype Za (stain JFH-1). These peptides
wore synthesized and conjugated with keyhole limpet hemocyanm (Scrum Ine
Tokyo. Tapan ). Antisera were purificd with an affiniy column conjugated with
the antigenic peptides. A monoclonal antibody 1o HOV NSSA (SA27) wis pre-
pared from BALB/c mice (CLEA Japan, Tokyo, Japan) immunized with the
recombinam domain | of NSSA by a method desribed proviously (315, Anti-
hiwdies 1o caveoline 1, catreticuling and the FLAG g (M2) were purchased from
Sigma. Antibodies to the HA tag and glycernldehyde.3-phosphate dehydroge
nase (GAPDIH) were purchased from Babeo (Richmond. CA) and &nnlu Cruz
Bistechnology (Sama Cruz, CA), respectively. The i i i
[Z-L.L},; ketone and L83 458 were purchased from the P:pllck Tostitute IC‘MIL;.
Tapan). These inhibitors were dissolved in dimethyl sulfoxide wnd stored
=20°C until use.

Transfection, SDS-PAGE, and Western blottiog, Huh7.5.1 and 2957 celis wore
fected with plasiids by | with Trens 1T LT-1 (Mirus, Madison,
W1 and Lipol 20 (1 gen), renp: ly, fing 1o the manu-
fucturers protocols. Cells were lysed on ice m Triton lysis buffer {20 mM Trs-
HO | pH 741 135 mM NaCl 1% Triton-X 100, 10% glyeerol) supplememed with
a protease inhibitor mix (Nacalii Tosgque, Kyots, Japan) at 24 or 48 h after
transfection and ware then subjected to sodium dodeey] sulfate-polyacrylamide
el electrophoresis (SDS-PAGE ) using Tris-glycine hulfer and Western bloting
using appropriate antihodies as previously described (30). The stined protein
hands were visualired using the SuperSignal West Femto enhunced-chemilumi-
nescencd substrate (Picroe, Rockford, 11) snd an LAS3000 imaging svstem ( Fuji
Photo Film, Tokyo, Japan)

D iom of the expression of the C terminus of the mature HCV core
protein in mammalian celts. Two million 2937 cells cultured io a collagen-comed
dish (diamctcr, 10 cm) were transdected with pCAGGS-FLAG-core (26) by
lipolection, harvested at 20 b posttransfection with » rubber policeoman after two
washes with ice-cold phosphate-buffered saline (FBS), and collecied by centrif-
ugation st 100 % g for 5 min, The cells were lysed with 01 ml of wiple-detergent
Tysis buffer (45 mM Tris-HCH [pH 7.4 comaining 1.5% sodium deaxycholate,
0.0% SDS, 1% Triton X<100, 135 mM NaCl, and 8 protease inhibitor mix
| Mucalni Tesque ) (24). The fysate win stored al = 8°C until use. The Loate was
thnwed ice and then contnfuged at 200000 % g for 10 mim at 4°C The
superatant wis mived with 20 pl of 50% (valfnol) anti-FLAG M2 affiniy gel
(Sigmn ) and then rotred ar 4°C for 8 min. The gel bends were washed with the
wriple-detergent tysis huffer and then suspended in 30wl of the loading huffor
The suspentded gel hends were boiled for $ min and then contrifuged ar 20,000 =
g for 5 min at room tempersture The sesulting supematant was subjected 1o
SDS-PAGE. and the gel was stained with Sypro Ruby dye (Imvdtrogen). The
portion of the gel metuding proteing with an expecied molecular size of 20 kDo
was excised from the stained gel, washed twice with 200 @l of 50 mM NH,HCO,
dissasbved in 509 scetonmitrile (volvol), and thon immersed in 1K ul of 10095
acetonitrile for dehydration, The dehydrated pel was incubated i 10 mM di-
thiothreitol and 100 mM NH HCO, at $6°C for | b To prevent the digestion of
Cyvx residucs @t the © rermini by endoproteinase Asp-N, alkylation of the gols was
carricd out in 55 mM iodoscetamide and 100 mM NH HCO, a1 25°C for 45 min
in the dark. Finally, gel pleces were washed twice with 100 mM ammonium
carbonate dissolved in aceionitrile and were dricd completcly hefore digestion
An immersid volume of endopriteinase Asp-N solution (10 jg/ml Asp-N and 40
mM NH OO, ) was added ro the drivd gel and incubated s 37°C overnight, and
the supernatant (the digested solution) sficr contrifugation was transferred 1o a
new ceninluge tube. The precipitaled gels were washed first with 20/l of 20 mM
NHHCO, and then with 20 pl of S04% (volvol) acctonitrile in 3% (volvol)
Tormie scid. and the washed solutions were mixed with the digested salution and
dricd completely under a vaenum. The digested mintures were applied o »
ZipTip C . column (Millipore, Tokyo. Japan) Aller & wash with (15 (volvul)
influuruacetic and, the peplides were eluted with |t of U1 % (wldvol ) 1o
omeetic sad dissohed In 759 (wilhvol) acctonitrile Samples with 10 mg of
2 S-dihydroayhenzoic acid per ml of 33% scctonitrile matrix were analyzed by
it tix-sssinted Taser desorption onization=time-ol-Might muss specirometry
(MALDETOF MS) psing o MALD quadiupale-TOF tandem MS (MS-M5)
QS Pulsat | system (Applicd Biosystems, Foster City, CA) in. the Hocur
potitive-don mode following the method of Hitachi Science Systems (Tharaki.
Jupan).
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antibody in this experimental setting. Core IF/AL was detected
n cells by both anti-FLAG and anti-HA antibodies at 24 hand
48 h posttransfection, whereas the wild-type core and Core
ASC/VLV were detected by an anti-FLAG antibody but not by
an ani-HA antibody (Fig. 1B). These results indicate that
Core TF/AL is resistant 1o SPP cleavage, in contrast to the
complete processing of the wild-type core and Core ASC/VLY
Although Core ASC/VLV exhibited a single band that was
slightly larger than the wild-type core protein at 24 h postirans-
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 mulant core protein. To exclude the possibility tha
unprocessed Core ASC/VLYV is degraded by a proteasome due
to misfolding, each of the core construets 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 1o protcasome 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
purified 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,
purilied 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 werminus of the mature HCV
core protein was expected 1o be Asp'™ (Fig. 2A). The peptide
fragment with an m/z of 19180452, which is close to the
caleulated 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 - ¥353

mature HCV core protein expressed in human cells is Phe'™
This is consisteni 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 lle'™ 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 ralt 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 intramembrane
processing by SPP affects the intracellular Jocalization of the
HCV 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 a1 4°C in the presence or absence of 1% Triton
X-100, and subjected 1o 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 1IF/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. 38), suggest-
ing that the M2 and M3 mutants arc cleaved by unknown
mechanisms during the concentration step. These results sug-
gest that processing by SPP is required [or the DRM localization
ol the HCV core protein,

A dominant-negative SPP mutant inhibits the intramem-
hrane processing and DRM localization of the HCV core pro-
tein. SPP belongs 1o 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 ol the SPP mu-
tant in which Asp®" was replaced with Ala (SPPD2IYA) re-
sulted in a dominant-negative activity that prevented the in-
tramembrane processing of the HOV 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 core protein. (A) Schematic representation of the junction between the core and

1

Ala

ok | |;lrnll.‘inc I'he cleavage sites for the exogenous Asp-N profease and the host SP were the N-terminal residue Asp
respectively. The cleavage site of the host SPP was determined 1o be the €-terminal residue Phe'™ in this study. The expected miz of the

"™ and the C-terminal residue

peptide fragment (spanning residues 160 0 177) processed by the Asp-N protease and SPP is indieated. (B) The FLAG-core prolein was purified
with an anti-FLAG antibody, digested with Asp-N, and analyzed on & 25.dibydrybenzoic acid matrix hy MALDI-TOF MS in the linear
positive-ion mode, The peak a1 miz 1,918.0452 corresponded to the expected fragment (miz 1 918.8) derived fiom the Asp-N- and SPP-digested
core protein, DGVNYATGNLPGUSFSIE. (C) The peak at m/z 1.918.0432 was subjecied o MS-MS analysis with 8 MALDI-OQg-TOF MS-MS
QSuar Pulsar § system. The resulting specirum was applied 10 MASCOT 10 determine the amino scid sequence. The analyzed peak at miz
19180452 corresponded to the sequence DGVNYATGNLPGCSFSIF
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FIG. 3. HCV core protein partinlly migrates to the DRM after SPP processing. (A) ¢DNAs encoding authentic wild-type (W) and Core LVL/3A

{M3) HCV core proteins. (B) Esch plasmid was transfected into 2037 cell

Iysed with or withowt 1% Triton X-100, and then subjecied 1o a

flntation assay. Proteing in each fraction were concentrated with cold acetone and then subjected 1o Western blotting using antibodies against core

protein, cavealin-1, and calreticulin. Membrane (left puncls, lanes 1 10 9),

DRM (night panels, lanes | 10 7), and detergent-soluble (right pancls,

lanes & 1o 1) fractions were identified based on the localization of the marker profeins.

or D21IYA mutant (SPPD219A-HA) SPP was coexpressed 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 SPPD21YA-HA inhibited the processing of
the HCV core protein by endogenous SPP, and the level of
unprocessed core protein, which was detected i 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

the HCV core protein is degraded through proteasome path
ways (26, 39, 43). To rule out the possibility of proteasome-
dependent degradation of the unprocessed HCV core protein
in the DRM fraction, we examined the ellect ol the protea-
some inhibitor MG132 on the localization of HCV core pro-
tein. The processed HCV core protein, but not the unprog-
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
10 localize in the DRM fraction was not due to selective deg-
radation of the unprocessed core protem by proteasomes

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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were identified based on the localization of the marker proteins,

ol imramembrane processing by SPP on the localization of
HCV core protein in the DRM, we examined the effect of the
SPPanhibitors (Z-LL). ketone and L685,458 on the processing
of the HCV core protein. Although (Z-LL). ketone was insol-
uble at u concentration of 10 pM and was highly toxic to 293T,
Huh7, and Huh7-derived cell lines (data not shown), L685,458
wias capable of penetrating the plasma membrane (49) and
showed no visible cytotoxicity to the cell lines examined. Treat-
ment with LA85.458 inhibited the cleavage of the HCV core
protein by SPP in a dose-dependent manner (Fig. 5A). As
determined by flotation analyses of 2937 cells expressing HOV
core protein, the processed core protein was no longer local-
ized in the DRM fraction following treatment with 25 or 50
uM 685,458 (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-I
virus were treated with 25 pM L685.458, and the cells were
examined [or processing of the HCV core protein and repli-
cation of viral RNA. The processed core protein ol strain

JEH-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 1o the de-
crease in the level of processed core protein in the DRM (Fig.
6A). In Huh70K1 cells infected with strain JEH-1, intraceliu-
lar viral RNA levels were reduced 30% by treatment with
L685.458 at 2 days posttreatment but showed no reduction at
1 day (Fig. 6B, left), and viral RNA levels in the culture
supernatant were reduced 60% 1o 70% by treatment with the
compound at 1 and 2 days posttreatment (Fig. 6B, center). To
exclude the possibility of deleterions effects of LA8S.458 on
cellular proteins involved in viral replication, we determined
the effect of 1685458 on viral RNA replication by using HCV
subgenomic-replicon cells, The replication of the RNA lacking
the region coding for structural proteins showed « slight en-
hancement rather than suppression at | and 2 days after treat-
ment with L85 485 (Fig. 6B, right). suggesting that the SPP
inhibitor treatment used in this study is not toxic to the cellular
proteins involved i HCV RNA replication. The slight de-
crease in the Jevel 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'*, Ile'™ 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'* 10
Ala (JFH-1/VVL/3A), of Ile'™ and Phe'” 1o 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 prolein,
or mutation of the Gly-Asp-Asp motif 1o 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/VVL3A, JFH-1/IF/AL, or the
replication-deficient mutant JFH-1/GND. In contrast to JFH-
UNVVLAA and JFH-1/IF/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
supernalants of cells transfected with JFH-1/VVL/3A, JFH-1/
IF/AL, or the replication-deficient mutant JFH-1/GND,
whereas JFH-1/ASC/VLV 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 unalyses in cells transfected with wild-type
JFH-1, JFH-1/VVL3A, JFH-1/IF/AL, or JFH-I/ASC/VLV
but not in those transfected with JFH-1/GND, suggesting that
JFH-1/VVL/3A and JFH-1/TF/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 suggesied 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 genolype Ia strain Glasgow expressed in the BHK
and Huh7 cell lines by using the Semliki Forest virus expres-
sion system (21). However, we have shown that Lea'™, Val'*",
and Leu"* in the hydrophobic region and 1le'™ and Phe'” in
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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 1a 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 a1t 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 lle'™ 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
wis also obtained by immunoblotting using a Tris/Bicine-bull-
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 mutation as Core ASC/VLV, but not other mutants, was
still sufficiently viable 1o propagate in Huh7.5.1 cells. These
findings clearly indicate that mutation of Ala', Ser'™, and
Cys'™ to Val, Len, 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 10 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
maolecular 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 resulls suggest
that Core ASC/VLV s 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 B 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 al multiple sites, as observed in the
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processing of APP by presenilins (33, 37). The Core ASC/VLV
mutam may exhibit a preference for cleaving at the sile 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 peplide larger than
myjz 1.918.0452, the size corresponding to the amino acid res-
idues from position 160 1o 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 TF/AL. which are resistant to cleavage by SPP, were
detected in the detergent-soluble fraction. Furthermore, over-
cxpression 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 prereq-
uisite for stable localization of the mature core protein in the
DRM. Indeed. the hological 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 is
suggested to consist of various membrane microdomains that
include lipid rafts, which are enriched in cholesterol and sphin-
golipids. The immunofluorescent 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 protems 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 1o the DRM and to the lipid droplets for
viral ussembly. A recent report by Aizaki ¢t 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
o 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 mutam
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 Len'** arc all
replaced with Ala, and by the JFH-1/IF/AL mutant, in which
Te'™ 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 elffect 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. Furthermorg, the lack of significant efleats on virul
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 satrated and monounsaturated
fatty acids enhance HCV RNA replication, in contrast to its
suppression by polyunsaturated fatty acids (13), suggesting that
enzymes associated with lipid hiosynthesis are also involved in
HCV replication. SREBP-1c regulates the transcription of
acetyl coenzyme A carboxylase, fatty acid synthase, and stearoyl
coenzyme A desaturase, leading to the production of saturated
and monounsaturated fitty 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-1¢ was upregulated in the livers of trans-
genic mice expressing the HOV core protein through the LXRa/
RXRa-dependemt pathway, which leads 1o the development of
fatty liver (25). The upregulation of SREBP-Ic in the transgenic
mice was required for the expression of PA28y, an HCV core-
binding host protein involved in the activation of nuclear protea-
some activity (26), The HCV core protein cleaved by SPP may

RNA was pupnrcd from the cells (right). The amount of RNA is represented as a percentage of the emount in the antreated ﬂmple wl 24 h alrer
treatment (taken as 100%), (C) The amounts of intracellubar (left) and extraceliutar (right) core protein were g ficd by a ¢ ELISA
(1) Virus production in the culture supernatants was determined by a focus-forming assay. FFL, focus-forming units. (E) Plasmids mding for the
Tull-length of the wild-type (WT) JEH-1 virus or a mutant (VVLAA, /AL ASC/VLY, or GND) were transfected into Huh7.5.1 cells. (Left) The
amaounts of intracellular and extracellular core protein were quantified by a quantitative ELISA a1 2,4, 6, and 8 days posttransfection. (Right) Virus
production in the colture supernatants of Huh7.5.1 cells at B duys after transfection with each plasmid was determined by a focus-forming nssay
The data in cach panel are representative of three independent experiments. (F) Detection of HCV RNA replication by NSSA immunofluores-
cence. At 6 days after transfection. NSSA 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 o 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.
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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
HCV 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 11T of NS5A (amino acids 2428, 2430, and 2433)
impaired NS5A basal phosphorylation, leading to a marked decrease in NS5A-core interaction, disturbance of
the subcellular localization of NS5A, and disruption of virion production. Replacing the same serine cluster
with glutamic acid, which mimics the presence of phosphoserines, partially preserved the NS5A-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 people 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 Lo chronic
liver disease, including chronic hepatitis, cirrhosis, and hepa-
tocellular carcinoma (15, 31, 35, 43).

HCV is a positive-strand RNA virus classified in the Hepa-
civirus genus within the Flaviviridae family (55). s approxi-
mately 9.6-kb genome is translated into a single polypeptide of
about 3,000 amino aecids (aa), in which the structural proteins
core, El, 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 1o assemble into a membrane-associated HCV RNA rep-
licase complex. NS3 possesses the enzymatic 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. NSSA is known (o play an important but undefined
role in viral RNA replication.

* Corresponding suthor. Mailing address: Department of Virology
11, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-
ku, Tokyo 162-8640, Jupan. Phone: 81 3 5285 1111. Fax: 81 3 5285
1161, E-mail: tesuzuki@nih.go.jp.

* Published ahead of print on 4 June 2008,

To64

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 I is relatively con-
served among HCV genotypes compared to domains 11 and
111. Analysis of the crystal structure of the conserved domain |
that immediately follows the membrane-anchoring «-helix lo-
calized ot the N lerminus 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 11 and 11 of NS5A are far
less understood. Domain 11 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 111
includes a number of potential phosphoacceptor siles 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 msertion 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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cently, Mivanari et al. reported that the association of core
protein with the NS proteins and replication complexes around
lipid droplets (LDs) is critical for producing infectious viruses
(33).

In the present study, we demonstrated that NS5A is a pre-
requisite for HCV particle production via its interaction with
core protein, and we identified serine residues in the C-termi-
nal region of NS5A that play an important role in virion pro-
duction. Substitution of the serine residues with alanine resi-
dues inhibited not only the interaction of NSSA with core
protein but also HCV RNA-core association and led 1o a
decrease in HCV particle production with no effect on RNA
replication.

MATERIALS AND METHODS

DNA construction, Plasmids pJFH1, which contains the full-length JFII-1
cINA downstream of the T7 RNA promoter sequence, and pSGR-JFH1/Luc, in
which the ncomyeln resistance gene of pSGR-JFH1 has heen replaced by the
firefly Inciferase reporter gene, have been previously described (24, 56). To
generate the Nuorochrome gene-tagged full-length JFH-1 plasmid. pIFHL/
NSSA-GFP. the region encompassing the Rsrll sive of NS3A and the BsrGl site
of NS3B was amplificd by PCR, the amplification product was cluucd into

ROLE OF HOV NSSA.CORE INTERACTION IN VIRION PRODUCTION 7965

medium, and 10-ml aliquots were seeded into (00-mm culture dishes. At 72 h
posttramsfection, the cells were incuhated in 05 mi of lysis huffier (20 mM
Tris-HC1 [pH 74] comaining 135 mM NaC1, 1% Trivon X106, 0.5% sodum
deoxycholate, and 10% glycerol) supplemenicd with 50 mM NaF, 5§ mM
Ny VO, | pg/ml leupepting and | mM PMSE. After preelearing. the supernatant
was immunoprecipitated with § pg of potyclonal anti-NSSA antibody (34a) or
polyclonal amti-C/EBPE antibody {Santa Cruz Biotechnology, Santa (.‘mz. CA),

and 20 gl of proteln G-aga beads (Invitrogen), The wis
precipitated with the beads by centrifugation n: 800 % g for Il 5 lnd !h:n was
washed five times with lysis buffer by centrifuga The p g 1o the

beads were boiled in 20 gl of SDS sample buffer and then subjected  SDS-
1255 polyacrylamide gel clectophoresis (PAGE). The proteins were trans-

ferred oo a polyvinylidene diffuoride memt (Immolwlon: Millipore, Bed-
ford, HA] and then rﬂcl:d with a primary antibody and a dary Tt
Mhody, The i L were vi 1 with an

l-C]. Flus wmern Blotting Dclcclmn System (GE Healthonre, Buckingham.
shire, United Kingdom) and detected using an LAS-3000 imaging analyzer (Fu-
fifitm, Tokyo, Japan).

In vitro synthesis of HCV RNA and RNA transfection, Plasmid DNAs were
digested with Xhal and treated with mung hun nl.n.lc.'a: [\h:w England Biolahs,
Ipswich, MA} to remove the four inal g in the correct 3’
end of the HCV cDNA. Digested DNAs were purified und wied us plites tor
RNA synthesis. HOV RNA was synthesized in vitro using 4 MEGAscnpt T7 kit
{a‘\mlmm. Austin, TX). S;mhemcd RNA n! trented with DNase | (Ambion),

llowed by acid g idi phenol-chl ion 1o re-
pl DNA. Synth

pGEM-T Easy vector (Promega, Madison, WI), and the I | i wins
designated pGEM-JFHI/RsrTl-BsrGL. A GFP reponer gene was ;mplrﬁed. by
PCR from pGreen Lantern-1 (Invitrogen, (.rluwr LMwllh primers contining
the Xhol scquence and A, aftcr i llrllh J(hul into the
Xhol site of pOEM-JFH I/Rsrll-BsrGl. The Iti § was d d by
Rsrl) and BsrGl and ligated into pJFH1 similarly d|||:alnl by Rerll and BsrGl o
r!rod\.uc pIFHI/NSSA-GFP. For g ion of the Ml 1 pene-tagged
reporter plasmid pJFHh"NSSA -GFP was digested by Rsill and
SnaBI and ligated into pSGR-JFHI/Luc similarly digested by Rsvll and SraBl,
The mutations in the NS5A gene wﬂ: by wligs

is {57). To l ing Nete lly FLAG-tagged
HCV core protein or htm.uhlllmn {}M]»umd NSSA, D’W\ fragments cn-
coding core protoimn or NSSA (wild type or mutants) were gencrated from the
full-length YFH-1 cDNA by PCR. The core protein coding sequence. together
with i FLAG scquence linked 1o its N terminus, was cloned into the pCAGGS
vector (37), The cuding sequences of NSSA, together with an HA sequence
linked 1o their N termini, were abo choned into pCAGGS vecors. All PCR
ducts were confirmed by | nuclentide sequencing with an ABI Prism

.!I 30 Avant Genetic Analyzer {Applied Biosystoms, Tokyo, Japan).

Cells and viruses. The human hepatoma cell line, Huh-7, and JFH1A-1 cells,
which are Huh-7 cclls carrying s subgenomic replicon of IFH-1 (32), were
mmmmn:d ln Dulbea:\u nwdlﬂcd Eagle's medium (DMEM) supplemented
with fnl amino acids (Invitrogen), 10
units'ml of penicillin, 100 pgiml of strepromycin, and 10% fotal bovine serum
(FBS) at 31"‘(‘ in a 5% CO. incubator. Hulve-pT cells, which are Huh-7 eells
stably exp g the 1 ins core o p7 d d from the JFH-1 sirmn ( 18), were

move amy ) d HCV RNAs were used for
lectroparati 'l‘.,, 1 Huh-7 cells were washed with opu-MEM 1 re-
fuced (Invi ) und dod st 3 % 10° cellsml with

Cytomix buifer (54). RNA was llw«:d with 400 gl of cell suspernsion amd trans-
ferred into an clectroporation cuvette (Precision Universal Covettes; Thermo
Hybaid, Middlcsex, United Kingdom). Cells were then pulsed at 260 W and 950
wF wsing a Gene Pulscr 11 unit (Bio-Rad, Hercules, CA), Transfected colls were
immedintely transferred onto six-well culture plates or 100-mm culture dishes,

Luciferase assay, Cells were harvested at different time points posttransfection
ol subgenomic reporter replicons and lysed in passive lysis buller (Promega). The
lucifernse activity in cclls was d using a lucifs nssay system (Pro-
megn).

Quaniification of HCV core protein. HCV core protein in transfected cells o
cell cutiure supernatanis was quantificd using a highly sensitive enzyme Immu-
nonssay (Crtho Hr‘v mmy:n ELISA Kit; Ortho Clinical Diagnostics, Tokyo,
Japan). To d {lular core protein cell hysates were pre-
pared as described previously (41), To determine the efficicncy of core protein
relense, the ratio of extrseellular core protein to total core protein (the sum of
intra- and extracellular core protein amounts) was calculated

1ntea- and extracellular infectivity sssay. Culture supernatants were hirvested
72 h posttransfection, and virus tters were dewermined by a 509 e culture
infectivus dose (TCIDy,) nssay as described proviously (28, 46). Virus uiration
was performed by sceding nalve Huh-7 cells in 96-well plates at o density of | %
10* cellsiwell, Samples were serially diluted fivefold in complete growth medium
and used to infect the sceded cells (sicwells per dilution). At 72 b after infection,
the moculited cells were fixed amd immunuostained with a mouse monoclonsl
anti-core protein nnt‘hmly {2HY) (56), followed by an Alcxa Fluor 488-conju-

ingubated in DMEM contwmng 300 yg/ml ul’ zeocin (Invitrogen). HCV particl
derived fram JFH-1 were produced by fs of Huh- ?ﬂ“! wtlh

in vitro transcribed RMNA, as described | ly (56. 54). Recomb
virus strain DIs, which s the hacteriophage T7 RNA poly under
the control of the vaccinia virus carlyl ¥ P75, was g d and
propagated e prmnwy described (19).

DNA (1P, and i hi g Fur coex-

pression of FLAG-mgged core protein and HA-tagged NSSA, cells were sceded
onto 35-mm wells of 8 siv-well cell culture plate and cultured overmght, Plasmid
DNAs (2 pg) were transfected into cells using TransIT-1T1 rransfection reagent
(Mirus, Madison, WI). Cells were harvested at 48 h p fection, washed
three times with 1 ml of jce-cold phosphate-buflered saline (PBS), and sus-
pended in 0.25 mi lysis huffer (20 mM Tris-HCL [pH 7.4] containing 135 mM
NaC1, 1% Triton X-100, 0.05% sodium dodecyl sulfate [SDS], and 10% glycerol )
supplemented with 30 mM NaF, S mM Na;VO,, | g/l leupeptin, and | mM
phenylmethylsulfooyl fluoride (PMSF), Cell lysates were souicated at 4°C for §
min, incubated for 30 min at 4°C. and contrifuged at 14,000 X g for S min s 4°C.
After preclearing, the suf was precipitated with 10l of anti-
FLAG M2-agarosc beads (Sigma, St Louis, MO). For expression of the full-
length HCV polyprotein, Hub-7 cells transfecied with 10 ug of in vitra tran-
scribed RNAs by clectroporation were resuspended in 20 or 30 mi of eulture

gated anti-g globulin G (1gG) (1 gen). Wells that showed at
least ane core protein-capressing ecll was counted as positive, Cell-asociated
Infectivily was determined essentially as described previously (12, 47). Bricfly,
cells were extensively washed with PBS, scraped, and centrifuged for 3 min a
120 % . Cell peliets were resuspended in | ml of DMEM contuining 10% FBS
and subjected 1o four cycles of freezing and thawing uxing dry ice and & 37°C
water hath, Samples were then centrifuged at 2400 % g for 10 min at 4°C 10
remove cell debns, and cell-associated infectivity way determined by TCID,
L B
Expression of HCV prnlfiuu nln‘ inia viruses, 2 of cells,
and radioi is. Mctabolic label nﬂoclb;usdudu:»
[mmunnptccxpm:mn anu.!yus were pcrfurrru:d s tiuwnhcli by Huang ¢t al (17)
with some modifications. A total of 4 > 10° Huh-7 colls were secded onto cach
well of sivewell cell cultute plates and cultured overnight. A 2-pg amaount of
subgenomic replioon DNAs carying defined NSSA mutations was transfecied
im0 cells using TramIT-LT1 transfection reagont, and a1 12 h postransfection
the cells were then infected at n multiplicity of infection of 10 with recombinant
vaccinia viruscs expressing the T7 RNA polymerase. Afticr 40 h of transfec-
tion, cells were incubated in methionine- and cysteine-deficient DMEM (In-
gen) or phosphate-defi DMEM (1 ) for 2 b and Iabeled for
& h with | *S|methionine and [**Sjey (200 pCifwell; GE Healtheare) o
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1 “Plorthophosphate (250 wCliwell, GE Henltheare). The cells were then washed
twice with cold PBS and lysed with SDS lysis buffer (S0 mM Tris HC) [pH 7.6},
(5% SDS. | mM EDTA. 20 pgimi of PMSF). The cell lysates were passed
through a 27-gauge necdle several times 1o shear cellular DNA. After a 10-min
incubation 31 75°C, the lysates were clanficd by contnfugation and diluted five-
fold with HNAET buffer (50 mM HEPES [pH 7.5]. 150 mM NaCl. 0.67% bovine
scrum albumin, 1| mM EDTA, 0.33% Triton X-100). Afier preciearing by incu-
bation with 20wl of protem G-agarose beads for 1 b al 4°C, the supernatant was
incabated with 2 g of rabhit polyclonal anti-NSSA antibody overnight at 4°C. A
20-pl aliquon of protein (G agarose beads was further added and incubated for 2 h
al #°C The cell pellets were washed three tmes with 0.5 ml of HNAETS buffer
(HNAET g (155 SDS), fullowed by washing once with 0.5 mi of HINE
buffer (50 mM HEPES [pH 7.5], 150 mM NaCl and | mM EDTA) After
trentment with or without A protein phosphatase (New England Biolabs), the cell
pellets were suspended in 20 wl of SDS sample buffer and boiled for 10 min. The

proteins were resolved on 10% SDS-polynery pels and J by aute-
msﬂ-wphy.

fractionatl lysis. All stcps were earried out ot 4°C m the

o i n cktail (Complate; Ruche; Mannbekm, Gore

my]nﬁcm-lhadprwh!ﬂylwl. with some modifications. Cells were sus-
pended in four ccll volumes of bomogeniztion buffer (50 mM NaCl, 10 mM
tricthylumine [pH 7.4]. 1| mM EDTA), snap frozcn in liquid nitragen, stored at
=80°C. and thawed in a water buth at room temperature. Supermatants (04 ml)
were lyered og linear |0-ml iodixanol gradients from 2.5 to 25% and centrifuged
a1 37000 rpm for 3.5 b in an SW41 rotor {Beck Full CA), followed by

llection of (LE-ml fractions from the top. Each fraction was concentrated by
Centricon \‘M)O ( Mﬂlipo«:l. mmnd by SDS-PAGE, nnd immunoblotted with
a mbbit polyclonal anti By (Stresigen Biotechnologies, Victoria,
(‘mdn & mouse clonal anti ", diff intion-related  protein
(ADRP} antibody (Progen Biotechnik, Heidelberg, G y), or & bt poly.
cloonl anti-NS5A antibody. The core protem amount in each fraction was abio
determined by cngyme-linked immunosorbent assry (ELISA)

IP-RT-PCR. The process of cell lysis to RNA purification was carried out
casentially 2 described by Juhnson el al, (21) with some nwdifications. A total of
3 % 10" Huh-7 cells were transfected with 10 pg of in vitro pranscribed HCV
RNAs and resuspended in 20 or 30 ml of culiure medium, sfter which |0-ml
aliguots were seeded into 10-mm cubture dishes. At 72 b posttransfection, the
cells were scraped and incubated in 300 ! of hypotonic buffer (10 mM HEPES
IpH 7.6], 1.5 mM MgCly. 10 mM KCT, 0.2 mM PMSF) per dish. The cells were
passed through a 20-gauge ncedlc ml times, lysed with Nonider P40 u1 »
Tl cone ion of 15, and § d om lce for an additional 10 min, After
cemrifugarion nt 4,000 x g w1 4°C for |5 min, glycerol was added to the super-
tatanis at @ final concentration ol 5%, The cell ysates were incubated with 20
of protein G-agarose beads for 30 min st room lempersture. After the cell lysates
were removed from protein Geugarose beads, § ug of mouse moneclonal anti-
core protein antibody or normal muuse IgG (Sigmu) as a negative control was
added, and samples were bated for in addi 1 h at room tempernture,
A 20-pl aliguor of protein G-agarose beads per sumple was added to the cell
lysates mnd incubated for 1 h. After incubation, the beads were washed three
times with wash bufier (10 mM Tris=HCI [pH 7.6, 100 mM KCL, 5 mM MgCls,
and | mM dithiothreitol) and cluted m 100 g of elution bufler (50 mM Tris-HCI
IpH 80}, 1% SDS, and 10 mM EDTA) at 65C for 10 min, After treatment with
100 p; of protcimase K at \'J"C ﬁr 30 min, the RNAs in immunucomplexes were
isolated by ncid phenol-chloral ioox. Reverse
transcriptase PCR (RT-PCR) lrn nmnd out using random hexames and Su-
perscript 11 RT (lovitrogen), followed by nested PCR with LA Teg DNA poly-
merase (TaKaRn, Shiga, Japan) and primer scts amplifying the fragments of
nucleotides (nt) 129 w 2367 and ot 7267 10 9463 of the JFH-1 genome. To
amplify the fragment of nt 129 10 2367, the sense primer 8 -CTGTGAGGAAC
TACTGTCTT-3" and the antisense primer 3 -TOCACGATGTTCTGGTGAA
G-3' were used for first-round PCR; the sense pnmer §-CGGGAGAGCCAT
AGTGG-3' and the antiscnse primer §-CATTCOGTGGTAGAGTGCA3
were used for sccond-round PCR. To amplify the fragment of nt 7267 1o 9463,
the sense primer 5 -GTCCAGGUTGCCOGTTCTGGACT-Y and the antiscrnse
primer $-GCGGCTCACGGACCTTTCAC-3' were used for first-round PCR;
the serse primer $-CACCGTTUCTGGTTGTGOT-3 and the antiscise primer
5 -bTOTA(‘C‘ﬂDTOTGTGC(‘G(T(TA«‘ were yed for seoond-round PCR

tysis. Cells incubsted for 3 days after trans-
fection with JFH-1 RNAs were seeded in an cight-well chamber slide (BD
Bioscicnces. San Jose, CA) and cultured overnight. The adherent cells were
washed wice with P'BS and fixed with 47 parali Idehyde at room
ture, Afier a washing siep with I'BS, the cells were permeabilized with PBS
contuming (L.3% Trton X-100 and 2% FBS for 1 h m room rempernture and

). Virow

stained with a rabist polyclonal antl-NSSA smtibody and 8 mouse momoclonal
anti-core proicin aniibody, The Auorescent sccomlary antibodies were Alexa
Fluor 48%- or Alexs Fluor $55-conjugated anti-rabbit of anti-mouse 1gCh anti-
bodics (lovitrogen). Analyses of JFH-1 weze perfs i o a Zens confocal laser
scanning microscope LSM $10 {Carl Zeise. Oberhochen, Germany)

RESULTS

Mutations of serine residues at the NS5A C terminus impair
basal phosphorylation but have little effect on viral RNA rep-
lication. As demonstrated in a previous study, insertion of GFP
nto the NS5A C terminus does not significantly affect viral
RNA replication but reduces the generation of infectious HCV
particles (41). The C-terminal region of NS5A contains highly
conserved serine residues that are involved in basal phosphor-
ylation (1, 23, 49). To examine the involvement of the serine
clusters (cluster 3-A [CL3A] and cluster 3-B [CL3B]) in the
C-terminal region of NS5A in HCV particle production, we
created mutated HCV genomes as well as subgenomic repli-
cons carrying alanine substitutions for the conserved serine
residues at aa 2384, 2388, 2390, and 2391 (residucs are num-
bered according to the positions within the original JFH-1
polyprotein) (CL3A/SA); at an 2428, 2430, and 2433 (CL3B/
SA); or an in-frame deletion spanning aa 2384 1o 2433 (A2384-
2433) (Fig. 1). A construct with an in-frame insertion of GFP
(NS5A-GFP) was also generated as described previously for
the Conl isolate (34).

First, we analyzed the effects of the NS3A mutations on
HCV RNA replication using a transient RNA replication assay
using subgenomic luciferase reporter replicons (Fig. 2A) and
found that the serine-to-alanine substitutions (CL3A/SA and
CL3B/SA) did not affect viral RNA replication. NS5A-GFP
and A2384-2433 slightly reduced RNA replication, indicating
that the mutations of the NS5A C terminus tested in this study
do not critically affect RNA replication, which is consistent
with previous reports (1, 34, 51).

Next, the phosphorylation status of the mutated NS5A was
analyzed as described in Materials and Methods (Fig. 2B).
NS5A was isolated from radiolabeled cells by TP and analyzed
either directly by SDS-PAGE or afier treatment with A protein
phosphatase. Analysis of **P-radiolabeled proteins revealed
that the CL3A/SA, CL3B/SA, and A2384-2433 mutations re-
sulted in marked reduction of basal phosphorylation (Fig. 2B,
compare lane | with lanes 3, 5, and 7 in the top panel). All
P-labeled NSSA proteins were sensitive o trealment with
phosphatase (lanes 2, 4, 6, and 8). The possibility that loss of
signal after dephosphorylation was due to contaminating pro-
teases present in the phosphatase preparations can be ruled
out because no degradation of the “S-labeled proteins was
observed (Fig. 2B, bottom panel), These results suggest that
mutations in the C-terminal serine cluster of NS5A impair
basal phosphorylation but have no significant effect on viral
RNA replication.

Effect of mutations introduced into the NSSA C terminus on
the production of infectious HCV particles. To analyze HCV
particle production from cells transfected with the in vitro
transcribed viral genomic RNAs, we harvested supernatants
and cells at 4, 24, 48, 72, and 96 h posttransfection and mea-
sured the amounts of core prolein. As shown in Fig. 3A, com-
parable amounts of core proteins were detected in all trans-
fected cells 4 h after transfection, reflecting unchanged
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FIG. 1. Structures of HCV constructs used in this study. Schematic diagram of the NSSA structure according to Tellinghuisen et al. (52) is
shown in the top panel. The three domains are indicated by white boxes and are separated by trypsin-sensitive regions with presumably low
structural ¢ lexity (low-c ity sequence [LCS)). The numbers indicate amino acid residues within the oniginal JFH-1 polyprotein, The
names listed on the left represent fuil-length HCV constructs, subgenomic reporter replicons, or N-terminally HA-tagged NSSA constructs used
in this study. NSSA-GFP carries a GFP insertion between aa 2394 and 2395 as indicated by a shaded box. CL3A/SA and CL3B/SA carry several
serine-to-alanine substitutions in the NSSA C terminus constructed as described previously (1). HCV constructs from S2428A to S2430/2433A carry
single or double serinc-to-alanine substitutions generaled by modification of the CL3B/SA construct. The A2384-2433 muiant possesses an
in-frame deletion in the C-terminal region of NS5A. Amino acid substitutions are marked in bold and underlined. N and C represent N terminus

und € terminus, respectively,

transfection efficiencies, and the kinetics of intracellular core
protein levels was similar among transfectants. By contrast,
core protein released from cells transfected either with the
mutated genome of CL3B/SA, A2384-2433, or NSSA-GFP was
more than 10-fold lower than that for the wild-type JFH-1 or
CL3A/SA (Fig. 3B). Figure 3C shows the efficiency of core
protein release from each transfectant, which is expressed as a
percentage of the extracellular core protein level relative to the
amount of total core protein (the sum of intra- and extracel-
lular core protcin). Core protein release clliciency with the
wild type and CL3A/SA was 2 to 13% at 48 10 96 h after
1ransfection, while only 19 or less of core protein was released
in the cases of CL3B/SA, A2384-2433, and NS5A-GFP strains.

To further investigate production and release of infectious
virus particles, naive Huh-7 cells were infected with culure
supernatants of cells harvested 72 h postiransiection, and in-
fectious virus titers were determined by TCID,, assay at 72 h
after infection. Figure 31 shows that release of infectious virus
particles from cells transfected with the genome of CL3B/SA
or A2384-2433 mutants was markedly reduced (about 10,000~
fold) compared 1o that from wild-type- or CL3A/SA-trans-
fected cells (white bars), To examine whether such a decrease
in infectious HCV in the culture supernatants was attributable
10 defective virion assembly or impaired release of virions, we
determined cell-associated infectivity (Fig. 3D). Production of

intracellular infectious virions in CL3B/SA- and A23584-2433-
transfected cells was strongly impaired in comparison with that
in wild-type-transfected (- 1,000-fold) and CL3A/SA-trans-
fected (- 100-fold) cells. Thus, the results suggest a potential
role for the serine cluster al aa 2428, 2430, and 2433 of NS5A
in assembly of infectious HCV particles. Among the NSSA
muiations tested, CL3B/SA is of particular interest because
this mutation leads to a marked reduction in HCV production
with no impact on viral RNA replication,

Serine residues at aa 2428, 2430, and 2433 are important for
the interaction between NSSA and core protein. Mivanari ct al.
reported that the association of core protein with NS proteins
is critical for infectious HCV production and that mutations of
the core protein and NSSA that cause these proteins to fail to
associate with each other impair the production of infectious
virus (33). Based on these observations and the findings noted
above, we hypothesize that NSSA plays a key role in recruiting
viral RNA, which is synthesized at the viral replication com-
plex, to nucleocapsid formation via interaction between the
NSSA C-terminal region and the core protein. To prove this,
we analyzed the interaction of NS5A with the core protein by
coimmunoprecipitation experiments, HA-tagged NSSA con-
struets carrying defined mutations were generated (Fig. 1) and
coexpressed with the FLAG-tagged core protein in Huh-7
cells. As shown in Fig. 4A, coimmunoprecipitation of NS5A

B00Z '8Z Ar uo sasessiq SNoNdaju| Jo aImsu| [euoleN Je Bio wse' |l woy pepeojumoq



7968 MASAKI ET AL

O24h m4sh ET2H

1 2 3466789810

FIG. 2. Mutations at the C terminus of NSSA impsir basal phos-
phorylation and have only a minor impact on RNA replication.
A) Replication of given ts in transfected Huh-7 cells as deter-
mined by luciferase reporier assays performed at 24, 48, and 2 h
postiransfection (white, gray, and black bars, respectively). Values
given were normalized for transfection efficiency using the luciferase
activity determined 4 h after transfection, which was set 10 1, Mean
values of quadruplicate measurements and the standard deviations are
given. (B) Phosphorylation analysis of NSSA using the vaceinia virus
T7 hybrid system. NS3-to-NS5B polyprotein fragments carrying the
mutations specilied above the lanes were transfected into Huh-7 cells,
and proteins were radiolabeled with [¥Plorthophosphate or 1**S]me-
thionine and [*Slcysteine. NSSA proteins were isolated by IP and
separated by SDS-PAGE (10% polyscrylamide). Mock-transfected
cells served as a negative control (lanes 9 and 10), Half of the samples
were treated with A protein phosphatase (A-PPase) (+) whereas the
other half was mock treated (=) prior 10 SDS-PAC JE. Arrows and
asterisks indicate hyperphosphorylated and hasally phosphorylated
forms, respectively.

with the core protein was observed in cells expressing the
wild-type NS5A and the CL3A/SA-mutated NSSA, but the
amount of immunoprecipitated NS5A in the CL3A/SA-ex-
pressing cells was slightly lower than that in the wild-type-
expressing cells. In contrast, the CL3B/SA- or the A2384-2433-
mutated NSSA coimmunoprecipitated with the core protein
only slightly or not at all.

We further examined the interaction of NSSA with core
protein in cells expressing HCV genomes. Al 72 h posttrans-
fection with the wild type or CL3B/SA, cells were harvested
and immunoprecipitated with an anti-NS5A antibody or an
anti-C/EBP@ antibody as a negative control, followed by
immunoblotting. Under these experimental conditions, the
amount of extracellular core protein released from cells trans-
fected with the CL3B/SA genome was about 10-fold lower than

L. Virow

that for the wild type, sithough comparable amounts of intra-
cellular core protein were observed in bath transfectants (Fig.
4B, left panels). As shown in the right pancls of Fig. 4B, the
core prolcin was specifically coimmunoprecipitated with NSSA
in cells expressing the wild-type JFH-1 genome but not with
the mutated NSSA in cells cxpressing the CL3B/SA genome.
These results demonstrate that NSSA interacts with the core
protein in cells producing infectious particles and that serine
residues at aa 2428, 2430, and 2433 are important to the suc-
cess of this interaction.

Two serine residues among aa 2428, 2430, and 2433 are
responsible for regulating the interaction of NS3A with the
core protein as well as HCV particle production. To further
determine the critical residues in the C-terminal serine cluster
of NS5A responsible for HCV particle production, we replaced
one or two serine residues in the region with alanine (Fig. 1)
and investigated which scrine-to-alanine substitution influ-
enced HCV particle production. Core protein levels in cells
(ransfected with any construct were comparable over 4 days
after transfection, indicating similar efficiencies of transfection
and RNA replication from each construct (data not shown). As
shown in Fig. 5A, we observed a slight delay in the kinetics of
core protein release from cells transfected with the single-
substitution genomes, S2428A, S2430A, and 524334, up o 48
or 72 h postiransfection. However, core protein release from
these cells reached comparable levels to that for the wild type
at 96 h after transfection. In the cases of the double-substitu-
tion mutants (Fig. 5B), core protein release from cells trans-
fected with the double-substitution genomes was markedly re-
duced, with 10- to 30-fold decreases compared to that for wild
type observed. The kinetics of core protein release were similar
to that for CL3B/SA.

Interaction of NSSA carrying single or double serine-to-
alanine substitutions with the core protein was investigated by
coimmunoprecipitation analysis using HA-tagged NS5A con-
structs. NSSA mutants carrying a single substitution were co-
immunoprecipitated with the core protein (Fig. 5C), while
none of the double-substitution NSSA mutants or the triple-
substitution mutant, CL3B/SA, coimmunoprecipitated with the
core protein (Fig. SD). These results suggest that at least two
serine residues in the C-terminal serine cluster of NS5A (aa
2428, 2430, and 2433) are necessary for the interaction be-
tween NSSA and the core protein as well as for regulation of
HCV particle production and that there is positive correlation
between their interaction and the amount of core protein re-
leased.

Glutamic acid partially substitutes for serine phosphoryla-
tion in the interaction of NS5A with the core protein and virus
production. A consequence of phosphorylation is the addition of
negative charge to a protein. In some cases, phosphoserine can be
mimicked by glutamic or aspartic acid (14). To determine
whether the introduction of negative charges into aa 2428, 2430,
and 2433 instead of phosphoserines positively regulates the inter-
action of NSSA with the core protein and virus production, we
replaced the serine residues with glutamic acid residues and con-
structed the CL3B/SE and $2428/2430E mutants (Fig. 6A). Cells
(ransfected with the double-glutamic acid substitution, 2428/
2430F, exhibited similar kinetics to the wild-type-transfected cells
and released ~22-fold more core protein than S242872430A-
transfected cells by 96 h posttransfection {Fig. 6B). In contrast,
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FIG. 3. Effect of mutations introduced into the NS5A C terminus on the production of infectious HCV particles. (A) Intracellular levels of core
protein measured at various lime points after transfection, A total of 3 ¥ 10° Huh-7 cells were transfected with 10 g of in vitro-transcribed HCV
RNAs specified in the inset and resuspended in 10 ml ol culture medium, after which 2l aliquots were seeded into cach well of a six-well culiure

plate. The cells were harvested at different time points between 4 h and

96 h posttransfection, and then 500 w of cell lysate per well was prepared.

Aller centrifugation, supernatants were processed lor a core prolein-specitic ELISA. (B) Release of core protein from cells transfected with 1he
HCV genomes specified in the inset. Cell culture supernatants harvested from cells given in panel A were analyzed by a core protein ELISA.
(C) EMiciency of core protein release from cells transfected with the HCV genomes specilied in the inset, The percent core protein release (vertical
axis) indicates the percentage of relcased core protein in relation to total core protein (the sum of intra. and extracellular core protein) caleulated
for each nme point. (D) Infectivity of virus particles contained in supernatants and cells after transfection with mutants specified below the graph.
Culture supernatants and cells were harvested 72 h posttransfection, and extracellular (white bars) and intracellular infectivity (gray bars) levels

were determined by TCID,, assay. The gray line and arrowhead repre

standard deviations for at least triplicates are shown in all panels

the transfectant with the triple glutamic acid substitution, CL3B/
SE, showed similar trends to that of CL3B/SA. In the coimmu-
noprecipitation experiments with FLAG-tagged core protein and
HA-tagged NSSA constructs (Fig. 6C), S24282430F, but not
5242812430A, restored the ability of NSSA 10 interact with the
core protein up to a similar level to that of wild type. As expected,
neither CL3B/SE nor CL3B/SA coimmunoprecipitated with the
core protein. Taken together, these results indicate that negative
Charges at aa 2428 and 2430 preserve the ability of NSSA 1o
interact with the core protein and positively regulate virus pro-
duction. However, the data of the CL3B/SE mutant indicate that
it is likely that negative charges alone are not sufficient to enhance
cither the interaction of NSSA with the core protein or virus
production,

sent the detection limit of the limiting dilution assay, Mean values and

Subcellular localization of NS5A and core protein in Huh-7
cells expressing HCV genomes. The coimmunoprecipitation
experiments described above indicate that the wild-type NS5A
but not the CL3B/SA mutant interacts with the core protein,
To evaluate the NS5A-core protein interaction in intact cells,
we examined the subcellular localization of NSSA with the core
protein by immunofluorescence analysis. NSSA colocalized with
the core protein in cells transfected with the JFH-1 wild type (Fig,
TA). whereas their colocalization was rarely observed in cells
translected with the CL3B/SA RNA (Fig. 7B).

To further analyze the subcellular compartments for the
localization of NS3A and core protein in cytoplasmic mem-
brane structures, including the endoplasmic reticulum (ER)
and LDs, we performed subcellular fractionation studies as
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FIG. 4. an 2428, 2430, and 2433 are essential for the interaction between NSSA and the core pmlcrn (A) Effect of mutations at the NS5A C
terminus on the interaction of NSSA with the core protein. N-terminally FLAG-tagged core protein and N-terminally HA-tagged NS5A carrying
defined mulations were .rmrncmd in Huh-7 cells and immunoprecipitated with anti-FLAG antibody. The resulting precipi were
by immunoblotting using anti-HA or FLAG antibody. One-tenth of the cell lysates used in IP is shown as the 0% inpul. (B) Interaction between
NSSA and the core protein in HCV.replicating cells. Huh-7 cells were lysed 72 h after transfection of the in vitro transcript of the HCV genome
(wild type or CL3B/SA) and were Immumpn:uprl.nll:d with anti-NS5A antibody or anti-C/EBPB antibody as & negative control. The resulting
precip were med by i blotting using anti.core protein, NSSA. or CVJEBPR antibody. One-tenth of cell lysates used in 1P was
immunoblolted with anti-core protein am:budy (10% input). Cell culture supernatants harvested from transfected cells were analyzed by a core

protein ELISA in paralicl, 1B, immunoblotting,

described in Materials and Methods. The iodixanol gradient
was collected from the top to the bottom into 12 fractions
(fractions 1 to 12). As shown in Fig. 7C, an ER marker, cal-
nexin, was found in fractions 7 to 12 and was localized primar-
ily in fractions 11 and 12. In contrast, ADRP, a cellular marker
for LDs, was mainly observed in fractions 4 1o 7. These two
markers were equally distributed among cells analyzed (data
not shown). The distribution of the wild-type NSSA was found
in fractions 4 to 7, which was parallel to the fractionation
profile of ADRP. The CL3B/SA-mutated NS5A was more
broadly distributed and was also observed in heavier fractions
than the wild-type NS5A, which was analogous to distribution
of NS5A expressed in JFH1/4-1 cells bearing subgenomic rep-
licons. The core protein in cells expressing the JFH-1 wild type,
the CL3B/SA mutant, and in Huh/c-p7 cells that express JFH-1
structural proteins was distributed in a similar fashion, indicat-
ing that the distribution of core protein is not affected by NSSA
mutation. The fractionation profile of the core protein, with a
peak in fraction 4 or 5, was similar 1o that of the wild-type

NSSA or ADRP but not 1o that of the CL3B/SA-mutated
NS5A or calnexin, suggesting that core protein interacts with
the wild-type NS5A in LD fractions, which is consistent with
previous reports (33, 44, 45).

NSSA-core protein interaction Is important for association
of the core protein with the viral genomic RNA. To further
address our hypothesis regarding involvement of NS5A in re-
cruiting viral RNA to nucleocapsid formation, we analyzed the
association of the core protein with HCV RNA in wild-type- or
CL3B/SA-expressing cells by IP-RT-PCR (Fig. 8). Both cell
lysates were immunoprecipitated with an anti-core protein an-
tibady or a negative control, mouse 1gG. Total RNA prepared
from each immunoprecipitate was subjected to RT-PCR in
order 10 detect HCV RNA. The amounts of immunoprecipi-
tated core protein (Fig. 8, lower panel) as well as the expres-
sion of HCV RNA (Fig. 8, upper panels, Input) were compa-
rable in both cells. In cells expressing the wild-type JFH-1
genome, the viral RNAs covering the 3' terminal 2.2-kb as well
as the 3" terminal 2.2-kb regions were detected in immunopre-
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FIG. 5. Determination of critical amino acids responsible for virus production and the interaction of NSSA with the core protein. (A and B)
Effect of single or double serine-to-alanine substitutions on virus production. After transfection of in vitro transcripts of the HCV genomes
specificd in the inset into Huh-7 cells, the cells and culture supernutants were harvested at the time points given, and the amounts of the core
protein were determined by core protein-specific ELISA. Percent core protein release (vertical axis) indicates the perceniage of released core
protein in relation 1o total core protein (the sum of intra- and extracellular core protein) calculated for each time point. Mean values and standard
deviations [or at least triplicate experiments are shown, (C and D) Effect of single or double serine-to-alanine substitutions on the interaction
between NS5A and the core protein. N-lerminally FLAG-1agged core protein and N-terminally HA-tagged NS5A carrying delined mutations were
coexpressed in Huh-7 cells and immunoprecipitated with anti-FLAG antibody. The resulling precipitates were examined by immunoblotting using

anti-HA or FLAG antibody. One-tenth of the cell lysates used in IP is shown as the 10% input. 1B, immunaoblotting.

cipitates obtained with the anti-core protein antibody but not
with the mouse IgG. In contrast, in cells expressing the
CL3B/SA genome, HCV RNA was not detected in the immu-
noprecipitates with either antibody. These results demonstrate
that HCV RNA associates with the core protein in cells where
NSSA interacts with core protein (JFH-1 wild type) but not in
cells where their interaction is impaired (CL3B/SA).

DISCUSSION

In the present study, we demonstrated the involvement ol
NS5A in the production of HCV particles via the interaction of
NS5A with the core protein and identified its C-terminal serine
cluster 3-B (aa 2428, 2430, and 2433), which is implicated in
basal phosphorylation, as a key element for the interaction of
NSSA with the core protein and for infectious virus produc-
tion. Serine-to-alanine substitutions at the cluster, which have
no impact on viral RNA replication, inhibit the interaction
between NSSA and the core protein, thereby indicating that
there is a connection between NS5A-core protein association
and virus production, Finally, CL3B mutation leads to impair-

ment of the association of the core protein with HCV RNA
and, therefore, possibly RNA encapsidation.

Several reports have indicated that viral NS proteins are
involved in the virion assembly of Flaviviridae viruses (25, 29,
30, 33). For instance, mutations in yellow fever virus NS2A
block production of infectious virus, and this perturbation can
be released by a suppressor mutation in NS3 (25), while the
hydrophobic residues of Kunjin virus NS2A required for virus
assembly have been mapped (26). Miyanari et al. have shown
that HCV core protein recruits NS proteins (o the LD-associ-
ated membranes and that the NS proteins around the LDs
participate in the assembly of infectious viral particles (33).
Furthermore, during preparation of the current article, two
studies regarding participation of NS5A in the assembly of
HCV particles were published. Appel et al. have demonstrated
the essentinl role of domain 111 of NSSA in the formation of
infectious particles, and deletions in this domain that disrupt
colocalization of NS5A and the core protein abrogate virion
production (2). Tellinghuisen et al. identified a serine residue
in domain IT1 as a key determinant for viral particle production
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