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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
precursor polyprotein at the lumen side of Ala'"' by signal peptidase and is then further processed by signal
peptide 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
protein cleaved by SPP in 293T cells was identified as Phe'”” by mass spectrometry. Mutations introduced into
two residues (Ile'™ and Phe'™) upstream of the cleavage site of the core protein abrogated processing by SPP
and localization in the DRM fraction. Expression of a dominant-negative SPP or treatment with an SPP
inhibitor, L685,458, 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-resistanl mutations in the core protein
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
possesses 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
HCYV life cycle in host cells has not been well characterized.
Several viruses have been reported to utilize a lipid rafl
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/raft-mediated endosome, designated the caveosome,
and then translocate to the endoplasmic reticulum (ER), en-
dosome, or nucleus (34, 35), although enveloped viruses gen-
crally 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
HCV 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 HCV HCV sub fc RNA was { from the
replicon cell line 9-13 (16) by with alpha interf; A cell line that was
highly p ive for JFH-1 infe was cloned from the resulting crude pop-
ulations by the limited-dilution method and designated Huh7OK1 (32). The
Huh7OK1 cell line retained the ability 1o prudm type I interferons through the
RIG-I-dh dent signaling pathway upon infection with RNA viruses and ex-
hibited a cell surface expression level of human CD81 wupnubhlnmuoiﬂz

J. ViroL

L758V: Val'™, Val'™, and Leu'** were replaced with Ala (JFH-L/VVLAA);
fie'™and Phe'” were replaced with Ala and Leu, respectively (JFH-VIF/AL);
Ala'™, Ser'™, and Cys'™ were replaced with Val, Leu, and Val, respectively
(JFH-I/ASC/VLV); and Asp*™ was replaced with Asn (JFH-L/GND).

Antibodies and reag Antk against HCV genotype 1 or 2a core proteins
were raised in rabbits by immunization with peptides corresponding 1o the region
spanning residues 103 to 115, conserved among genotypes 1a and 1b, or to the
reﬂuum:mduelolmlﬂdmk(mMuMmm
were synthesized and conjugated with keyhole limpet yanin (Serum Inc.,
Tokyo. lem} Am.iseu wuwiﬂed-mhlnlmmly column conjugated with

A I antibody to HCV NSSA (SA2T7) was pre-
wdhmmmfﬂihlm%kmlmjhmmmmm
recombinant domain I of NS5A by a method described previousty (31). Anti-
bodies 1o caveolin-1. ulmhdh.mdmmsu;mﬂlmw
Sigma. Antibodies 1o the HA tag and gl Idehyde-3-ph
m(GAPDH]mwr:huedl‘rmBﬁm(mchnmnd Ok]mdSmnCtuz
Biotechnology (Santa Cruz, CA), respectively, The aspartic protease inhibitors
(Luhmmmmumwmmmm&mum(mnm
Japan). These inhibi were fimethyl sulfoxide and stored at
=20°C umtil use.

Transfection, SDS-PAGE, and Western blotting, Huh7.5.1 and 2037 cells were
mndsﬂeduﬂﬂsﬂmﬂabylwufmhﬂﬁmﬂwn'LTltmum
W1) and Lipofectamine 2000 (Invitrog: g to the manu-
wmwmhmmwmhhTmmwm(MmMTm
HC1 [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 dodecy! sulfate-polyacrylamide
gel electrophoresis (SD5-PAGE) using Tris-glycine bufler and Western blotting
using appropriate antibodies as previously described (30). The stained protein
bands were visualized using the SuperSignal West Femto enhanced-chemilumi-

(Pierce, Rockford, TL) and an LAS3000 imaging system (Fuji
Photo Film, Tokyo, Japan).
D ination of the expr of the C of the mature HCV core

protein in mammalian cells. Two million 293T cells cultured in a collagen-coated
dish (diameter, 10 em) were transfected with pCAGGS-FLAG-core (26) by
lipofection, harvested a1 20 h postransfection with a rubber policeman after two
washes with ice-cold phosphate-buffered saline (PBS), and collected by centrif-
ugation at 1,000 = g for 5 min. The cells were lysed with 0.1 ml of triple-detergent
lysis bufler (45 mM Tris-HOl [pH 7.4] containing 05% sodium deoxycholate,
0.1% SDS, 1% Triton X-100, 135 mM NaCl, and a protease inhibitor mix
[Nacalai Tesque]) (24). The lysate was stored al ~80°C until use. The lysate was
thawed on ice and then centrifuged at 20,000 = g for 10 min at 4°C. The
was mixed with 20 pl of 50% (volvol) anti-FLAG M2 affinity gel

parental cell line, The detailed churacteristics of this cell line will be d d in
a future communication. The HuhOK1 and Huh7.5.1 cell lines (the latter was
kindly provided by F. Chisarl) and the human embryonic kidney cell line 203T
were maintained in Dulbecco’s modified Eagle's medium supplemented with
109 fetal call serum and nonessential amino acids (Sigma. 5t Louis, MO),
Huh7OK1 ar 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 p (19) was fected into HuhTOKI or Huh7.5.1 cells, and
propagation of the JFH-1 virus was d ined by the f of HCV core
protein (as described below) and by the titration of infecti {39). The

persistently infected HuhTOK1 cells were maintained under normal conditions
after 8 passages before use. The 9-13 cell line, which possesses an HCV sub-
genomic replicon (16), was cultured in Dulbecco’s modified Eagle's medium
supplemented with 10% fetal calf serum and | mg/ml G418,

Plasmids, Genes encoding the N-terminally FLAG-tagged and/or C-termi-

(Sipujladlhmmmodml'{_mmmln The gel beads were washed with the
triple-detergent lysis buffer and then suspended in 30 pl of the loading buffer.
The suspended gel beads were boiled for S min and then centrifuged at 20,000 =
g for 5 min &t room temperature. The resulling supernatant was subjected to
SDS-PAGE, and the gel was stained with Sypro Ruby dye (Invitrogen). The
portion of the gel including proteins with an exp lar size of 20 kDa
wmfmmnMﬂwmmwmmﬂcimeWw,
lved in 50% (mml}mdlheahnmemdinlmulnnm
itrile for dehyd dehydrated el was incubated in 10 mM di-
mbthwuolmdlwmum.uco]ummunTopnmum:dwot
Cys residues ot the C termini by endoproteinase Asp-N, alkylation of the gels was
carried out in 55 mM iodoacetamide and 100 mM NH,HCO, at 25°C for 45 min
mlh:d.lrl: Fhﬂlygelphcumwuhedwmlhl(!ﬂmﬂmmm
itrile and were dried completely before digestion,

nally hemagglutinin (HA)-tagged core proteins derived from the HCV genotyp
1b strain J1 or its were introduced into plasmid vector pcDNA3.]
(Invitrogen, Carisbad, CA) as described previously (30). Each insert gene was
transferred into & pCAGGS vector (28) at the Pmel site. The resulting plasmids
encoded the HCV core protein {amino acid residues 1 1o 191) with or without
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"™ 1o Arg in
arder 1o 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
1o 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
passage of the JFH-1 virus into Huh7.5.1 cells (data not shown). To improve the
replication efficiency of the JFH- lwnmlumdmm\fﬂmm:mm
into pHH21/JFH-1 by site-directed and the resulti lid was
designated pHH21/JFH- m_mv To generate phn-mds enmdin; the mutant
JFH-1 viruses, the ing were duced into pHH2LIFH-L/

Ani mlumaof P Asp-N (10 pg/ml Asp-N and 50
mMMLHCD.)maﬁudlullwd:iednlmdhmbﬂaﬂﬂ!TlesbLud
the sup (the di ) after ifugation was toa
new Hug: tubc‘nle--r-', g:hwmtuhed&mwkhm.dnfmnm

NH,HCO, and then with 20 p! of 50% (volvol) acetonitrile in 5% (volvol)
formic acid, and the washed solutions were mixed with the digested solution and
dried completely under a The digested were applied 10 2
ZipTip Cyy column (Millipore, Tokyo, Japan), After & wash with 0.1% (volivol)
trifluoroacetic acid, the peptides were eluted with 1 ul of 0.1% (volAvol) trifluo-
roacetic acid dissolved in 75% (volvol) acetomitrile. Samples with 10 mg of
umm:mmmmnsmmﬂem-mwww
matrix-assisted  laser time-of-flight mass sp
(MALDI-TOF MS) using a MALDI-quadrupole-TOF tandem MS (MS-MS)
QStar Pulsar i system (Applicd Biosystems, Foster City, CA) in the lincar
positive-fon mode following the method of Hitachi Science 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 cells were washed
with icecold PBS and then harvested with & rubber Collected celis
were suspended in 0.6 ml of TNE buffer (25 mM Tris-HCl [pH 7.4] containing
150 mM NaCl, a protease inhibitor mix [Nacalai Tesque], and S mM EDTA) and
then homogenated with & 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 tube and was then precipi-
tated with 4 volumes of cold acetone, The pellels were resolved in the loading
buffer, bailed, and then subjected 10 SDS-PAGE and Western biotting. The
fractions containing calreticulin, which is resident in the ER, in the absence and
presence of the detergent were defined as the membrane and detergent-soluble
fractions, . In the p of the detergent, the fractions with caveo-
lin-1 were defined as the detergent-resistant fractions.

Quantitative real-time PCR. Total RNA was prepared from Huh7OK] cells
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 TagMan EZ RT-PCR reagent kit (Applied
Biosystems) with sense (5'-GAG TGT CGT GCA GOC TCC A-3') and anti-
sense (5-CAC TCG CAA GCA COC TAT CA-3') primers corresponding to
nucleotides 98 o 116 and 294 to 313, respectively. The kinetics of cDNA am-
plification were monitored by an ABI Prism 7000 aequeme detection system
(Applied Biosy ) using @ rep probe pondi leotides 238 to
Zﬁ?otlheswmmdnﬂonlorlthCVmouwts—(}CC(GCMGAcr
GCI'AGCCGAG'I‘AG’I‘GTTGGS] jugated with &
and 6G-carboxy at the §° mﬂsncnuim.mpecuve!yA
serial dilution of the psmal HCV RNA | by in vitro iption from
plasmids encoding the 5" lemtnalm;bnu!HCVcDNhundnlh:munidl
T7 promoter was used as the dard for HCV genomic RNA. I Tiul.
GAFPDH 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 GAFDH mENA.

WlMuﬂmmwﬁHMHﬂmmehm
quantified by using an Ortho HCV antigen linked | 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 transfection. To determine the amounts of the intracellular
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
demrnmed with a Micro BCA protein assay reagent kit (Pierce). Amounts of

llular and extr core protein were normalized to total-protein
amounts.

assay, Transfected Huh7.5.1 cells were fixed with a cold
ac and-methanol mi (50:50, volvol), After being blocked with 1%
normal 501! serum, cells were incubated with a mouse monoclonal antibody 10
NSSA at 4°C for 16 h, washed three times with PBS containing 0.5% Tween 20,
a.nd then incubated with an Alexa Fluor 594-conjugated antibody o mouse

globulin G (Invitrogen). Cell nucled were stained with Hoechst dye. The
stained cells were washed three times with PBS containing 0.5% Tween 20 and
then observed with a FluoView FVI000 laser scanning confocal microscope
(Olympus, Tokyo, Japan).

RESULTS

Mutation 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 Ile'™ 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
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FIG. 1. Effects of mutations in :he HCV core protein on cleavage
by SPP. (A) cDNA constructs encoding the N-terminally FLAG- and
C-terminally HA-tagged wild-type HCV core protein (W), Core ASC/
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 § h and examined as described for panel B

Blot:GAPDH

ASC/VLYV, 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
203T 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 TF/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 proteasome 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
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,
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 1o glycosphingolipid GM1 in the plasma mem-
brane (20). We have previously suggested that intramembrane
processing by SPP affects the intracellular localization 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 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 core protein. (A) Schematic representation of the junction between the core and

ins. The cleavage sites for the exc Asp-N p

and the host SP were the N-terminal residue Asp'™ and the C-terminal residue

El
?“ , respectively. The cleavage site of the host SPP was determined to be the C-terminal residue Phe'”” in this study. The expected m/z of the
pepudc fragment (spanning residues 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-dihydroxybe:

nzoic acid matrix by MALDI-TOF MS in the linear

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-Qq-TOF MS-MS
QStar Pulsar i system. The resulting spectrum was applied to MASCOT to determine the amino acid sequence. The analyzed peak at m/z
1,918.0452 corresponded to the sequence 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 1o a
fiotation assay. Proteins in each fraction were concentrated with cold acetone and then subjected 1o Western blotting using antibodies against core
protein, caveolin-1, and calreticulin. Membrane (left panels, lanes 1 to 9), DRM (right panels, lanes 1 1o 7), and detergent-soluble (right panels,
lanes 8 1o 11) fractions were identified based on the localization of the marker proteins.

or D219A 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 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

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 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
1o localize in the DRM fraction was not due to selective deg-
radation of the unprocessed core protein 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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FIG. 4. The dominant-negative mutant of SPP prevents the cleavage of HCV core protein by SPP and its localization in the DRM. (A) Sche-
matic representation of the processing of FLAG-core-HA by a wild-type 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 of detergent, and
r, MG 132, on the DRM localization of the HCV core protein. Proteins in each
fraction were concentrated with and by sblotting using antibodies against the FLAG epitope tag, caveolin-1, calreticulin,
and the HA epitope tag. The membrane (lanes 1 1o 9 in the absence of Triton X-100), DRM (lanes 1 to 7 in the presence of Triton X-100), and
detergent-soluble (lanes § 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 SPP 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 postiransfection. Cells harvested at 29 h postiransfection
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 analyzed by immunoblotting using antibodies against core protein, caveolin-1, and
calreticulin. The membrane (left panels, lanes 1 to 9), DRM (right panels, lanes 1 1o 7), and detergent-soluble (right panels, lanes 8 1o 11) fractions

were identified based on the localization of the marker proteins.

of intramembrane processing by SPP on the localization of
HCV 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 eoncentration of 10 pM and was highly toxic to 293T,
Huh7, and Huh7-derived cell lines (data not shown), L685,458
was capable of penetrating 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
uM 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, Huh7OKI1 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 Huh7OK1 cells infected with strain JFH-1, intracellu-
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% to 70% by treatment with the
compound at 1 and 2 days posttreatment (Fig. 6B, center). To
exclude the possibility of deleterious effects of L685458 on
cellular proteins involved in viral replication, we determined
the effect of L685,458 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 autributable 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'* to
Ala (JFH-1/VVL/3A), of Tle'™ and Phe'” to Ala and Leu
(JFH-U/IF/AL), or of Ala'™, Ser'™, and Cys'™ 1o 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
NSSB (JFH-1/GND) as a negative control, were introduced
into cDNAs encoding strain JFH-1, The plasmid carrying each
c¢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-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
supernatants 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 analyses in cells transfected with wild-type
JFH-1, JFH-1/VVL3A, JFH-V/IF/AL, or JFH-1/ASC/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/VLYV, 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 la 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 Leu'", Val'*,
and Leu'* in the hydrophobic region and Tle'” and Phe'” in

SIGNIFICANCE OF PROCESSING OF HCV CORE PROTEIN BY SPP 8357

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). Sub ly, 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 casily 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 upstrcam 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 mutation 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'™ to 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 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 at multiple sites, as observed in the
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processing of APP by presenilins (33, 37). The Core ASC/VLV
mutant may exhibit 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
mj/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 prereq-
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 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 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

SIGNIFICANCE OF PROCESSING OF HCV CORE PROTEIN BY SPP B339

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 rel 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
Ile'™ 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-I/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-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 fatty acids and triglyeerides (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 nuclear protea-
some activity (26). The HCV core protein cleaved by SPP may
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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.
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Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) regulates viral replication through its interaction
with host and other viral proteins. We have previously shown that FK506-binding protein 8 (FKBPS) binds to
NS5A and recruits Hsp90 to form a complex that participates in the replication of HCV, In this study, we
examined the biochemical characteristics of the interaction and the intracellular localization of NS5A and
FKBPS. Surface plasmon resonance analysis revealed that the dissociation constant of the interaction between
the purified FKBP8 and NS5A expressed in bacteria was 82 nM. Mutational analyses of NSSA revealed that
a single amino acid residue of Val or Ile at position 121, which is well conserved among all genotypes of HCV,
is critical for the specific interaction with FKBPS. Substitution of the Val'*' to Ala drastically impaired the
replication of HCV replicon cells, and the drug-resistant replicon cells emerging after drug selection were
shown to have reverted to the original arrangement by replacing Ala'*! with Val. Examination of individual
fields of the replicon cells by both fluorescence microscopy and electron microscopy (the correlative fluores-
cence microscopy-electron microscopy technigue) revealed that FKBPS is partially colocalized with NS5A in
the cytoplasmic structure known as the membranous web. These results suggest that specific interaction of

NSSA with FKBPS in the cytoplasmic compartment plays a crucial role in the replication of HCV.

Hepatitis C virus (HCV) infects more than 170 million peo-
ple worldwide, a large percentage of whom suffer from persis-
tent infection and severe chronic liver diseases, culminating in
cirrhosis and hepatocellular carcinoma (51). Combination
therapy with pegylated interferon (IFN) and ribavirin achieves
a 40 to 50% sustained virological response in patients infected
with genotype 1 HCV (30). Recently, therapeutics have been
developed 1o target the protease and polymerase of HCV, as
well as the host factors required for the viral replication
(24, 42).

HCV belongs to the Flavivindae family and has a single-
stranded positive-sense RNA genome with a nucleotide length
of 9.6 kb. The viral genome, translation of which depends on its
own internal ribosomal entry site found within the 5" nontrans-
lated region, encodes a large precursor protein composed of
about 3,000 amino acids. The polyprotein is cleaved by host
and viral proteases, resulting in viral structural proteins (core,
El, and E2), a putative viropore protein (p7), and nonstruc-
tural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B)
(33). In the last decade, the mechanism by which HCV repli-
cates in the hepatoma cell line Huh-7 has been partially re-
vealed in studies using a cell culture system. The HCV replicon
system, which encompasses the autonomously replicable ge-
nome of HCV in the Huh-7 cell line or other cell lines derived
from it, has been established to accumulate information about

* Corresponding author. Mailing address: Department of Molecular
Virology, Research Institute for Microbial Diseases, Osaka University,
3-1, Yamadaoka, Suita-shi, Osaka 565-0871, Japan. Phone: 81-6-6879-
8340, Fax: 81-6-6879-8269. E-mail: matsuura@biken.osaka-v.ac.jp.

7 Published ahead of print on 23 January 2008.

the mechanism of HCV replication and to be utilized for
screening antiviral drug candidates (27). In addition, the cell
culture system for the propagation of infectious HCV particles
was developed by using a full-length genome of HCV genotype
2a, JFH1 virus, which was isolated from a fulminant hepatitis C
patient (25, 49, 57). However, a robust cell culture system for
HCYV of genotypes 1a and 1b, the most prevalent genotypes in
the world, has not yet been successfully developed, with the
exception of the cell culture systems for strains H77 and H77-§
of the la genotype (21, 56). Furthermore, it is currently im-
possible to obtain a sufficient amount of HCV particles for
biological and physiochemical studies due to the low viral load
in the sera of hepatitis C patients and the low yield of HCV
particles in the present cell culture system.

HCV NS5A is a membranc-anchored phosphoprotein that
appears to possess multiple and diverse functions in viral rep-
lication, as well as in the establishment and maintenance of
persistent infection (29, 38). Structural analyses suggest that
NS5A forms a dimer and has a zinc-binding motif required for
replication in the N-terminal domain (45, 46). NS5A has the
IFN sensitivity-determining and MyD88-binding regions in the
central domain (1, 10), and the SH3-binding region and nu-
clear localization signal in the C-terminal domain (28, 29).
Adaptive mutations of NS5A have frequently been found in
the replicon cells exhibiting efficient replication (4, 55). Several
host proteins and lipids have been reported to interact with
NS5A to upregulate the viral replication. For example, HCV
replication was inhibited by treatment with lovastatin, an in-
hibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase,
and this inhibition was restored by the addition of geranylge-
raniol, suggesting that HCV replication requires geranylgera-
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nylated proteins (22, 54). In addition, the F-box and leucine-
rich repeat protein 2 (FBL2) was identified as a binding
partner of NS5A, and geranylgeranylation of FBL2 was shown
to be required for replication of HCV RNA (50). Vesicle-
associated membrane protein (VAMP)-associated protein
(VAP) subtype A (VAP-A) and subtype B (VAP-B) were also
shown to interact with NS5A and NS5B through the coiled-coil
domain and the N-terminal major sperm protein domain, re-
spectively (11, 16, 39).

Immunophilins are known to share the peptidyl prolyl cis/
frans isomerase activity, thereby basically conserving the ability
to interact with immunosuppressive drugs such as cyclosporine
and tacrolimus (FK506). Cyclophilin B, one of the cyclospo-
rine-binding immunophilins, can bind to NS5B and upregulate
the replication of HCV (53). We have previously reported that
NSSA specifically interacts with FK506-binding protein 8
(FKBPS8) and recruits heat shock protein 90 (Hsp90) to the
viral RNA replication complex through the interaction of the
carboxylate clump structure of FKBP8 with the C-terminal
MEEVD motif of Hsp90 (37). Knockdown of FKBPS reduced
the replication efficiency of the HCV genome in the replicon
cells and the cells infected with JFHI virus (37), suggesting
that FKBPS is required for the replication of HCV via forma-
tion of the replication complex. In the present study we iden-
tified an amino acid residue in NS5A responsible for specific
interaction with FKBP8 and examined the biochemical inter-
action and intracellular localization of NS5A and FKBPS,

MATERIALS AND METHODS
Cells. Human embryo kidney 2937 cells, and human hepatoma cell line Huh-7
and its i were intained in Duit modified Eagle medium

(DMEM; Sigma, St. Louis, MO) containing 10% fetal calf serum (FCS) and
nonessential amino acid (NEAA). The Huh-7 9-13 cell line, which harbors an

FKBPS 1S INVOLVED IN THE REPLICATION OF HCV 3481

FKBPS(dTM) in this repon. The DNA fragment encoding FKBP52 was ampli-
fied from the human fetal brain library (Clontech, Palo Alto, CA) by PCR and
then was introduced into pET30a (Novagen, San Diego, CA) to be expressed in
E. coli. The resulting plasmid was designated pET3(0a-FKBP51. The sequences of
the plasmids were confirmed by using an ABI Prism 3130 genetic analyzer
(Applied Biosystems, Tokyo, Japan).

Protein purification. The procedure used for protein purification was basically
that of Huang et al. (19), with minor modifications that have been described
previously (37). Briefly, overnight culture of E. coli strains transformed with
pET-UbCHis-del32-NS5A, pET-UbNHis-FKBPS(dTM), or pET30a-FKBPS52
were added at 1/100 volume into 250 m! of 2YT medium and incubated at 37°C
with shaking at 200 rpm. IPTG(isopropyl f-t-thiogalactoside) was added at a
final concentration of 0.5 mM when the absorbance of the culture reached an
optical density at 600 nm of 06 to 08, and then the culture solution was
incubated at 20°C for 4 h with shaking at 200 rpm. After centrifugation of the culture
at 3,000 x g for 5 min, the pellets were washed once with phosphate-bufiered
saline (PBS); suspended in 5 mi of 100 mM Tris-HCI (pH.8.0)-200 mM NaCl-10
mM 2 m:capwuhmn{ {Iym buffer) onnr.mm; 0.5% Nonidet P-40, EDTA-free

(Roche, T IN), and 0.2 jug of lysozyme/
mlhtubﬁesta.id‘(‘.‘htlhmd by ed 10 f hawing once. The
was sonk ui’ChﬂmhnndtulmledwilhOMmgnf

DNase p per ml at room temperature for $ min. The suspension mcunlril’llgad at
4°C at 30,000 rpm for 1 h in a Beckman SW50.1 (Beck Caoulter, F
CA), and the resulting supernatant was mixed with 0.5 ml of nickel agarose
(Sigma) and gently rotated at 4°C for 60 min. The nickel resins were washed
twice by spinning down with lysis buffer ining 10 mM imidazole. The
recombinant protein was eluted from the nickel resin with lysis buffer containing
0.25 M imidazole and then dialyzed in 20 mM Tris-HCl (pH 8.0) containing 100
mM NaCl, The dialyzed cluates were applied to a Resource Q Sepharose column
(GE Healthcare, Tokvo, Japan), washed with a ten-column volume of 20 mM
Tris-HCl buffer (pH 8.0) containing 100 mM NaCl, and eluted under a linear
gradient of 100 to 1,000 mM NaCl in 20 mM Tris-HCl buffer (pH 8.0). The peak
fractions were pooled into a tube and concentrated by using Amicon Ultra-4
(Millipore, Bedford, MA). A half volume of the concentrated fraction was
dialyzed against 10 mM HEPES (pH 7.4) containing 150 mM NaCl and 3 mM
EDTA (HBS-E buffer) for analysis of the binding kinetics, while the remaining
half was dialyzed in PBS for the immobilization on the sensor chip and pull-down
nssay. The protein 10N was J using a C ie prolein assay
kit (Pierce, Rockford, IL),

Binding kinetics of NS5A and FKBPS, Surface plasmon resonance (SPR)
were made at 25°C by using a Bicore 2000 biosensor (GE Health-

HCV subgenomic replicon (4, 27), was cultured in DMEM suppl 1 with
10% FCS and 1 mg of G418 and NEAA/mL. The Huoh-7 9-13 cell line was treated
with TFN- 1o deplete the HCV RNA A cell line g the highest
efficiency of propagation of JFHI1 virus was selected by limited dilution and
designated Huh-7OK1. The Huh-TOKI1 cell line retained the ability 1w p
type I IFNs through the RIG-1-dependent signaling pathway upon infection with
RNA viruses and exhibited a cell surface expression level of human CD81
comparable to that of the parental cell line. Detalled characteristics of this cell
line are described elsewhere.

Antibodies, Rabbit antibody to NS5A was prepared by immunization with the
NSSA peptide as described previously (16), Mouse monoclonal antibody to
NS5A was purchased from Austral Biologicals (San Ramon, CA), Mouse mono-
clonal antibody to FKBPS (KDM11) was described previously (37),

Plasmids. ¢cDNA encoding NS5A was amplified from the HCV genotype 1b
Conl strain, kindly provided by R. Bartenschlager, by PCR using Pfu Turbo
DNA polymerase (Stratagene, La Jolla, CA). The DNA fragment was cloned
into pCAGGs-PUR/N-HA (36, 37). Human FKBP8 cDNA was amplified from
the total cDNA of Huh-7 cells by PCR, and the frlgmmi was introduced into

pcDNA3LL N-Flag, in which a Flag tag is introduced in the 5' terminus of the
cloning site of pcDNA3.1( +) (Invitrogen, (_n:hbl:I.CA] The point mutations of
NS5A were ge d by the hod of sp (17, 18) and

introduced into pCAGGs-PUR/N-HA. T‘hl; muunt N'SSA cDNAs were ampli-
fied by PCR, digested with Mlul and Xhol, and introduced into the replicon
plasmid pFKlyo/neo/NS3-375.1 (23), provided by R. Bartenschlager, or
PFELgMRL/NS3-3'/51 (37). The cDNA encoding NS3 1o NSSA was excised
from pFKIsgy/neoNS3-3/5.1 and cloned into pCAGGs-PUR (36, 37). pET-

care) in accordance with the manufacturer's instructions to determine the affinity
between NS5A and FKBPS. Briefly, The NS5A-His was immobilized as ligand on
a carboxymethyl-dextran (CMS5) sensor chip with an amine coupling kit (Bia-
core). His-FKBPS and His-FKBP52 were diluted with HBS-E buffer containing
0.0005% surfactant P20 (HBS-EP buffer) at the concentrations indicated in Fig.
1. The diluted sample was applied 1o the sensor chip at a flow rate of 20 jl.b‘mm
in HBS-EP. The raw data were analyzed with a Biaevaluati packags

(version 3.0; GE Healthcare).

py. Huh-7 9-13 replicon cells cultured on glass
slides overnight were fived with 4% paraformaldehyde in PBS at room temper-
ature for 20 min. After two washes with PBS, cells were permeabilized for 15 min
at room temy with PBS ining 0.25% sap and blocked with PBS
containing 1% bovine serum albumin (PBS-BSA) for 30 min at room tempera-
ture, The cells were then incubated with PBS-BSA containing mouse anti-FKBPS
antibody (KDM11) and/or rabbit anti-NSSA antibody at 37°C for 60 min, washed
three times with PBS-BSA, and incubated with PBS-BSA containing Alexa Fluor
488 (AF488)-conjugated anti-mouse immunoglobulin G (IgG). AF488-conju-
gated anti-rabbit 1gG, AF394-conjugated anti-rabbit IgG. and/or AF346-conju-
gated anti-mouse IgG antibody (Molecular Probes, Eugene, OR) at 37°C for 60
min. Finally, the cells were washed three times with PBS-BSA and observed on
a FluoView FV1000 laser scanning confocal microscope (Olympus, Tokyo, Ja-
pan). For mitochondria and lipid droplet staining, cells were incubated with
culture medi ining Mitotracker Deep-Red (200 nM; Molecular Probes)
and Bodipy 558/568 C12 (20 pg/ml; Molecular Probes), respectively, for 20 min
al37‘C. Aﬂerﬂmmg. cells were washed once with fresh and prewarmed culture

UbCHis-del32-NS5A encoding an NSSA lacking the g re-
gion (amino acid residues 1 1o 32) and Escherichia coli strain BIzl(DE-!)}pCGI
was kindly provided by C. E. Cameron (19). The DNA fragment encoding the
reglons spanning from amino acid residues 2 to 389 of FKBPS lacking the
transmembrane region was amplified by PCR and replaced with the NSSA
coding region of pET-UbNHis-del32-NS5A. The resulting plasmid encoding the
amino #cid residues from 2 to 389 of FKBPS was designated pET-UbNHis-

{ at 37°C for 20 min,
ﬂnuhthe FM-EM. Correlative fi mic py-clectron micros-
copy (FM-EM) allows cells to be 1 both in an overview with

FM and in a detailed subcellular structure view with EM (40). For the observa-
tion by FM-EM, the Huh-7 9-13 replicon or Huh-TOKI cells were cultured on
gridded, 35-mm glass-botom dishes (Mat Tek, Ashland, MA) in 1 mi of DMEM
containing 109% FCS at 37°C overnight. Cells on the grid were fived and stained
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FIG. 1. Purification of recombinant NS5A, FKBPS, and FKBP52
and characteristics of their interaction. (A) Purified recombinant His-
FKBPS (lane 1), NS5A-His (lane 2), and His-FKBP52 (lane 3) were
subjected to SDS-PAGE and stained with Coomassie brilliant blue
G-250, The molecular size marker is shown on the left. (B) Antibodies
to NSSA and FKBPS specifically precipitated NS5A-His and His-
FKBPS, respectively, and exhibit no cross-activity. The purified recom-
binant proteins (10 pg) were mixed, and immunoprecipitated with
rabbit polyclonal 1gG to NSSA or nonspecific rabbit IgG (C) or im-
munoprecipitated with mouse monoclonal antibody to FKBPS
(KDM11) or nonspecific mouse 1gG (D). Immunoprecipitated pro-
teins were subjected to immunoblotting with antibodies to NS5A and
FKBPS, (E) The kinetics of interaction between His-FKBPS and
NS5A-His was estimated from SPR by using a Biacore 2000, The data
are representative of three independent experiments.

with the specific antibodies as described above and then examined by using a
confocal Imrunﬂngmtvmpc.'ﬂwmwhnmmmmlmhﬂ
incubated with 2.5% gl Idehyde and 29 fi ldehyde in PBS at 4°C over-
ni;hl.a\hgrﬂmwuhlnpwﬁhl’ss the samples were postfixed with 1%

ide and 0.5% p I’enocylnklelnmlurlh.wndmdw}l
distilled water three times, dehydrated in ethanol, and d in Epon&12
(Structure Probe, West Chm:r. PA]. Ultrathin sections of the cell (70-nm thick)
were stained with saturated uranyl acetate and Reynolds lead citrate solution,
The electron micrographs were taken with a JEOL JEM-1011 trunsmission
electron micrascope (JEOL, Lid., Tokyo, Japan).

‘Trunsfection, immunoblotting, and immunoprecipitation. The transfection
and immunoprecipitation tests were carried out as described previously (37). The
immunoprecipitated samples were ‘losudim“‘ 1 sulfate (SDS)-
lumlﬂ%mlyxmmkhwl ph The proteins were 10
{Millipore) and reacted with the appropri-
lu: mlibndl:l. Th: immune complexes were visualized with Super Signal West
Femto substrate (Pierce) and were detected by using an LAS-3000 image ana-
Iyzer system (Fujifilm, Tokyo, Japan).

Transient replication assay. The HCV replicon plasmid, pFK-1, hRL/NS3-
3'/5.1 (37), was cleaved with Scal and transcribed in vitro by using a MEGAscript
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T7 kit (Ambion, Austin, TX). Then, 10 ug of the transcribed RNA was electro-
porated st 770 V and 960 uF by a Gene Pulser (Bio-Rad, Hercules, CA) into 10
million cells of Huh-7TOK1 of cell line per ml, suspended in 25 ml of culture
medium, and then seeded ar 1 mi per well on 12-well culture plates. Luciferase
mqwm:ﬂudﬂﬂhmmﬁmﬂumﬁ;-ﬂmﬂalm
assay system (P gt w1 g to the manufacturer s pi

1'henhﬂnlxﬁcmmmywpm:nwdnlumhdwlﬂmmn

d a1 48 h p tion 1o that at 4 h

Colony l-m-ﬂn-. The plasmid pFK-1y5, nea/NS3-3'/NKS.1 (23) was digested
with Scal, and 10 g of the in vitro-iranscribed RNA was clectroporated onto 4
million Huh-T cells per 0.4 ml and suspended in 10 ml of the culture medium as
described above. A 3-ml aliquot of the resulting cell suspension was mixed with
7 ml of the culture medium and inoculated into a culture dish 10 cm in diameier,
The culture medium was replaced with fresh DMEM containing 10% FCS and
1 mg of G418 (Nakarai Tesque, Tokyo, Jap lat 24 h tion. The
medium was exchanged once a week with fresh DMEM containing 10% FCS and
| mg of G418/ml, and the remaining colonies were fixed with 4% paraform-
aldehyde at 28 days posttransfection and stained with crystal violet,

Direct sequencing of the NS5A gene in a G418-resistant cell line. Total RNA
was prepared from G418 lonies by using an RNeasy minikit (Qiagen,
Valencia, CA), and first-strand cDNA was synthesized with jom [ s by
using a first-strand cDNA synthesis kit (GE Healthcare). The NSSA genes were
amplified with the primer pair 5'-GACGGCATCATGCAAACCAC-3 and 5'-
COTGGAGGTGGTATCGGAGG-1'. The PCR products were applied 1o aga-
rose gel electrophoresis and purified by using a gel extraction kit (Qiagen). The
purified PCR products were sequenced with the inside primer 5'-ATTAACGC
GTACACCACGGG-3' by using an ABI Prism 3130 genetic analyzer (Applied
Biosystems),

RESULTS

Purification of recombinant NS5A, FKBPS, and FKBP52
and characteristics of their interaction. We have previously
reported that the thioredoxin-tagged domain I of NS5A (Trx-
NSSA) binds directly to Hiss-tagged FKBPS (37), although we
could not obtain sufficient amounts of the recombinant FKBP8
for further biochemical analysis. Huang et al. reported that
C-terminally His,-tagged NSSA lacking the N-terminal 32
amino acid residues of the membrane anchoring region
(NS5A-His) could be purified by using a pET-ubiquitin expres-
sion system, in which the NS5A-His fused with ubiquitin at the
C terminus was cleaved off by a ubiquitin-specific protease,
Ubpl, in E. coli and then purified by using nickel-charged resin
(19). By using the pET-ubiquitin expression system, we could
obtain 1 mg of the purified His-FKBPS protein from 1 liter of
a culture of E. coli harboring a pET-UbCHis-FKBP8-dTM
encoding an N-terminally His,-tagged FKBPS lacking the
transmembrane region (His-FKBP8), which is five times
greater production than that achieved by the previous method
we used (37). His-FKBPS, NS5A-His, and His-FKBP52 (10
pg) were purified with nickel-charged resin (Fig. 1A) and sub-
jected 1o the pull-down assay. Immunoblotting, instead of pro-
tein staining, was used for detection of the precipitates due to
the similar molecular sizes of NS5A-His and His-FKBPS (Fig.
1A). To confirm the specificity of the antibodies to NS5A and
FKBPS, NS5A-His and His-FKBP8 were immunoprecipitated
and then subjected to immunoblotting by the antibodies. The
antibodies to NS5A and FKBPS specifically recognize NS5A
and FKBPS, respectively (Fig. 1B). The antibody to NS5A, but
not nonspecific rabbit IgG, precipitated NS5A together with
FKBPS (Fig. 1C). The reverse experiment was also successful
in demonstrating that antibody to FKBPS, but not nonspecific
mouse IgG, precipitated FKBP8 with NSSA (Fig. 1D). The
binding kinetics was analyzed on the basis of the SPR technol-
ogy to examine the specificity of interaction between FKBPS
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FIG. 2. Determination of an amino acid residue responsible for the interaction of FKBPS and NS5A domain 1. (A) Structure and functional
domains of NS5A (top). The C-terminal deletion mutants of HA-tagged NS5A domain 1 used in the present study. Gray and white bars indicate
ability and inability to bind 1o FKBPS, respectively. The site of Ala substitution of HA-tagged NS5A(1-125) and the results of binding to FKBP8

are summarized on the right. (B) The C-terminal deletion mutanis of HA- 1agged NSSA d

in I were coexp | with Flag-FKBPS in 293T cells

and immunoprecipitated with anti-HA or anti-Flag antibody. 1

lyzed by immunoblotting, (C) Five substitution mutants

M

of HA-NS5A(1- 125} replacing each of the amino acid residues rmm 121 to lﬁ wnh Ala were coexpressed with Flag-FKBPS in 293T cells,
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and NS5A. His-FKBPS or His-FKBP52 was applied to a flow
line at various concentrations on the sensor chip on which
NS5A-His was immobilized. Each background signal was de-
termined by flowing the FKBPs over a blank chip. The SPR
signal of His-FKBPS or His-FKBP52 was determined after
subtraction by the background signals. The SPR was increased
corresponding to the amount of His-FKBPS, but no response
was observed with His-FKBP52 (Fig. 1D). The values of the
dissociation constant, K, (107* s7"), and K, (10* M~' s7")
were calculated to be 1.86 and 22.8, respectively. Therefore,
the equilibrium dissociation constant (K,,) of the interaction
between His-FKBPS and NSSA-His was determined as 82 nM,
suggesting a specific binding of the proteins. These results
indicate that FKBP8 directly and specifically interacts with
NS5A.

Val'*' of NS3A is responsible for the specific interaction
with FKBPS. The domain | of NS5A (amino acid residues 1 to
213) was shown to interact with FKBPS (37). However, further
analyses on the specific interaction of NS5A with FKBPS have
nol yet been carried out. To determine the amino acid residues
in NS5A responsible for specific interaction with FKBPS, Flag-

d, and analyzed by immunoblotting. The data are representative of three independent experiments.

FKBPS was coexpressed with C-terminal deletion mutants of
the hemagglutinin (HA)-tagged NS5A domain I in 293T cells
and immunoprecipitated with appropriate antibodies (Fig.
2A). Although the C-terminal deletions up to the residue 141
in HA-NS5A exhibited no effect on the coimmunoprecipitation
with Flag-FKBPS, further deletion beyond the amino acid res-
idue 121 of HA-NS5A abrogated the coprecipitation with Flag-
FKBPS (Fig. 2B, upper panel), suggesting that residues from
121 to 140 in NS5A are responsible for the interaction with
FKBPS. Further deletion mutants of HA-NS5A revealed that
the amino acid residues from 121 to 125 are required for the
interaction with Flag-FKBPS (Fig. 2B, lower panel). To iden-
tify a specific amino acid residue critical for interaction with
FKBPS8, we gencrated substitution mutants of HA-NSSA(1-
125) in which each of the amino acid residues from 121 to 125
were replaced with Ala. The mutant in which Val'*' was re-
placed with Ala completely abrogated the interaction of HA-
NS5A(1-125) with Flag-FKBPS, but the other substitution mu-
tants did not (Fig. 2C). However, we could not obtain a clear
reduction in the interaction of FKBPS with a full-length of
NSSA mutant substituted Val'*' with Ala by immunoprecipi-
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FIG. 3. Intracellular Jocalization of wild-type and V121A mutant
NSSA with FKBPS. Huh-TOK1 cells transfected with expression plas-
mids encoding HCV nonstructural proteins carrying a wild-type (WT)
or mutant NSSA substituted Val'*' with Ala (VI21A) were fixed with
4% paraformaldehyde in PBS and permeabilized with 0.25% saponin.
Endogenous FKBPE and NSSA were stained with anti-FKBPS mono-
clonal antibody (KDM11) and rabbit anti-NS5A polyclonal antibody,
followed by staining with AF488-conjugated anti-mouse IgG and
AF594-conjugated anti-rabbit 1gG antibodies, respectively,

tation analysis (data not shown). To examine the interaction of
NS5A with FKBPS in more functional setting, we examined the
colocalization of the wild-type or mutant NSSA with an endog-
enous FKBPS in Huh-70K1 cells by transfection of the expres-
sion plasmids encoding HCV nonstructural proteins carrying a
wild-type or mutant NS5A substituted Val'*' with Ala. As
shown in Fig. 3, colocalization of an endogenous FKBPS with
NS5A was reduced by the introduction of substitution of Val'*'
to Ala. These results suggest that Val'®' of NS5A plays a
critical role in the specific inleraction with FKBPS.

Effect of the interaction of NS5A with FKBPS on the repli-
cation of HCV, The amino acid alignment of NS5A derived
from several genotypes on the basis of the European HCV
database (http://euhcvdb.ibep.frieuHCVdb/jsp/index.jsp) re-
vealed that the amino acid residue Val'*' is well conserved
among NS5A of various genotypes of HCV, with the exception
of the genotype 1a strains, which have Ile in place of Val (Fig.
4A). We have previously shown that NS5A of genotype la
(H77C strain), which has an amino acid residue Ile'*', was able
to interact with FKBPS8 (37). To determine the role of Ile'* on
the binding of NS5A 10 FKBPS, HA-NS5A(1-125) of the ge-
notype 1b Conl strain in which lle was substituted for Val'*!
was coexpressed with Flag-FKBP8 and immunoprecipitated
with specific antibodies (Fig. 4B). The HA-NS5A mutant pos-
sessing the substitution of Val'*! 1o lle interacted with Flag-
FKBPS at the same level as the wild-type NSSA. Next, to
determine the role of Val'* or 1le'®' in the replication of
HCV, we generated replicon RNAs in which Val'®! of NS5A
was replaced with either Ala or lle. In vitro-transcribed RNAs
from the pFK-I.4, hRI/NS3-3%/5.1 carrying the mutation were
introduced into the Huh-7 cell line by electroporation. The
Renilla luciferase activity was measured at 4 and 48 h post-
transfection and is represented as the ratio of luciferase activity
measured at 48 h posttransfection to that measured at 4 h. The
replacement of Val'*' with Ala severely impaired the RNA
replication, whereas substitution of Vval'®! 1o lle, as seen in
genotype la strains, had no apparent effect on the replication
(Fig. 4C). These results suggest that Val'*' and Tle'*' of NS5A
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FIG. 4. Effect of the interaction of NS5A with FKBPS on the tran-
sient replication of HCV, (A) Alignment of amino acid sequence of
NSSA (111 to 130 amino acids) among different HCV genotypes.
Qutline letters indicate the amino acid residue at position 121. (B) The
substitution mutants of HA-NS5SA(1-125) replaced Val'*! with Ala or
Ile were coexpressed with Flag-FKBPS in 293T cells and immunopre-
cipitated with anti-HA or anti-Flag antibody. Immunoprecipitates
were analyzed by immunoblotting. (C) In vitro-transcribed RNAs from
the pFK-ly hRL/NS3-3'/5.1 (wild-type, WT) and those transcribed
from the plasmids carrying the lethal mutation in NSSB (GND) or
the substitution in Val™' to Ala (V121A) or to Ile (VI21I) in NSSA
were introduced into Huh-7 cells by electroporation. The relative lu-
ciferase value was calculated by determining the increase in Renilla
luciferase activity at 48 h compared to that observed at 4 h after
transfection. The relative activity is represented as the mtio of cach
value of replication efficiency to the corresponding value for GND
mutant. The data are representative of three independent experi-
ments.

g IP:anti-Flag
HA-NSSAE g ot:anti-HA

play crucial roles in the interaction with FKBPS8 and the tran-
sient replication of HCV replicons. We have previously re-
ported that NSSA interacts with an endogenous FKBPS in
replicon cells harboring the subgenomic viral RNA (37).
Therefore, we tried 10 demonstrate the lack of interaction of
FKBPS with the mutant NSSA substituted Val'*' to Ala. How-
ever, we could not detect a sufficient amount of HCV proteins
due to a low level of replication of the subgenomic replicon
carrying the mutation in NS5A (Fig. 4C and 5A).

To further confirm the importance of Val'™*' and lle'*! in
NS5A on the replication of HCV RNA, a colony formation
assay was carried out. The replicon RNA carrying a neomycin
resistance gene transcribed from pFKlyge/neo/NS3-3'/5.1 (23)
was introduced into Huh-7 cells and cultivated under the pres-
sure of G418. The number of remaining cell colonies was
determined at 4 wecks posttransfection. There were more than
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FIG. 5. Effect of the interaction of NSSA with FKBPS on the col-
ony formation by HCV replicon. (A) The replicon RNAs of the wild
type (WT), a replication-deficient mutant (GNID), and the substitution
in Val'* 1o Ala (V121A) or to e (V1211) were transcribed from the
plasmids based on pFKlyy, neo/NS3-375.1, transfected into Huh-7
cells, and selected by G418 for 4 weeks. The remaining cells were fived
in 4% paraformaldehyde and stained with crystal violet. (B) Seven
resistant colonies that appeared after transfection with the replicon
RNA encoding substitution of Val™' to Ala (VI121A) in NS5A were
expanded, and the total RNAs were purified. The NS5A cDNAs were
amplified by PCR with (+) or without (—) reverse transcription.
(C) Sequence of NSSA genes derived from the wild type (WT), the
VI121A mutant, and seven resistant colonics (revertants).

1,000 colonies on the plate of Huh-7 cells into which the parent
replicon RNA or an RNA carrying the substitution of Val'*! of
NS5A to Ile was introduced, but only a few colonies appeared
on the plate of cells into which RNA carrying the mutation of
7al'*! to Ala was introduced (Fig. 5A). To characterize the
colonies emerging on the plate of Huh-7 cells into which the
mutant Ala'*! replicon RNA was introduced, the total RNAs
were purified from the seven resistant colonies. The NS5A
c¢DNAs were amplified after reverse transcription but not in
the absence of reverse transcription (Fig. 5B), suggesting that
the amplified cDNAs were derived from RNA but not from the
remaining transfected plasmid DNA. The NS5A genes were
subjected to direct sequencing and revealed that the trans-
fected mutant replicon RNA had GCG corresponding to the
Ala'®_ in contrast to the parental replicon, which had GTT
corresponding to the Val'*'. On the other hand, all of the
RNAs prepared from the individual resistant colonies had
GTG encoding Val (Fig. 5C), indicating that the resistant
colonies were not derived from the contamination of the wild-
type replicon RNA but emerged by the mutation after repli-
cation. These results further support the notion that Val'*' in
NS5A is an indispensable amino acid and plays an important
role in the replication of HCV though interaction with FKBPS,
Subeellular localization of FKBPS8 and NSSA. Previous re-
ports suggest that FKBPS is mainly localized on mitochondria
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FIG. 6. Intracellular localization of FKBPS and NS5A in the HCV
replicon cells. (A) Huh-7 9-13 cells harboring an HCV subgenomic
replicon were fixed with 4% paraformaldehyde in PBS and permeab-
ilized with 0.25% saponin. Endogenous FKBPS and NS5A were
stained with anti-FKBP8 monoclonal antibody (KDM11) and rabbit
anti-NSSA polyclonal antibody, followed by staining with AF488-con-
jugated anti-mouse IgG and AF594-conjugated anti-rabbit IgG anti-
bodies, respectively, Rectangles 1, 2, and 3 were magnified and are
shown on the right. (B) NS5A was stained with the rabbit polyclonal
antibody to NSSA and AF488 conjugated anti-rabbit IgG. Lipid drop-
lets were specifically stained with Bodipy 558/568 C12. (C) Endoge-
nous NSSA and FKBPS were stained with stained rabbit anti-NS5A
polyclonal antibody and anti-FKBPE monoclonal antibody (KDM11),
followed by staining with AF488-conjugated anti-rabbit IgG and
AF546-conjugated anti-mouse IgG, respectively. Mitochondria were
stained with Mitotracker Deep-Red. White rectangles indicate the
magnified images of the small white inside boxes.

(7, 44), whereas NS5A is mainly localized on the endoplasmic
reticulum (ER) and Golgi apparatus (2, 6, 16). HCV is re-
ported to replicate in a raft-like intracellular compartment or
the folded membranous compartment known as a membra-
nous web in the replicon cells (8, 13, 15). In the present work,
intracellular localization of FKBPS was examined by immuno-
fluorescence staining of the replicon cell line, Huh-7 9-13,
which harbored an HCV subgenomic replicon, with the anti-
bodies to NS5A and to FKBPS. Endogenous FKBPS was
mainly found in mitochondria and was partially colocalized
with NS5A in a few compartments sharing a dot-like structure
(Fig. 6A). Lipid droplets were required for production of in-
fectious HCV (5) and were colocalized with NS5A and core
protein (43), although NS5A formed as dot-like structures but
was not found in lipid droplets stained with Bodipy 558/568
C12 in the replicon cell line (Fig. 6B). On the other hand,
FKBPS was mainly localized on mitochondria and partially
together with NS5A on dot-like structures that were distinct
from the mitochondria (Fig. 6C).

To further analyze the subcellular compartments where
FKBPS8 and NS5A were colocalized, the same fields of Huh-7
9-13 replicon cells were observed with FM and EM by using
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FKBPS interacts with NSSA in the membranous web. (A) The Huh-7 9-13 replicon cells were stained with specific antibodies to FKBPS

and NS5A as described in Fig. 6A. Identical fields were observed under EM by using the correlative FM-EM technique. Arrows indicate the areas
NSSA and FKBPS are colocalizing. Right panels indicate the magnified images of the small black boxes. Highly electron-dense and folded
membranous structures were observed by a highly magnified EM. (B) Control cells in which the replicon cells were cured by IFN-a tremtment were
processed in the same procedures, No electron-dense structure was observed in the cytoplasm.

the correlative FM-EM technique described above. This
method allowed us to examine the colocalization of the mole-
cules by both FM and EM in the same samples, yielding two
different but complementary data sets. The replicon cells were
stained with antibodies to FKBPS and NS5A and examined
under FM (Fig. 7A, left panels), and the same fields were
observed under EM (Fig. 7A, right panels). The compartments
colocalizing FKBPS and NS5SA (arrows) exhibited a high elec-
tron density and a folded membranous structure that was sim-
ilar to a membranous web (15, 32). In contrast, the replicon
cells cured by IFN-a treatment did not have the electron-dense
structure (Fig. 7B). These results suggest that FKBPS interacts
with NS5A on the membranous web in cells replicating HCV
RNA.

DISCUSSION

HCV NS5A is a multifunctional protein involved in viral
replication and pathogenesis (29). In a previous study, we have
shown that NS5A specifically interacts with FKBPS and re-
cruits Hsp90 to the viral RNA replication complex through the
interaction of the carboxylate clump structure of FKBPS with
the C-terminal MEEVD motif of Hsp90 (37). Although we
demonstrated that a TPR domain other than the carboxylate
clump region of FKBP8 was responsible for the specific inter-
action with NS5A (37), the precise binding amino acid residue
of the interaction was not determined. In the present study,
FKBPS exhibited a specific interaction with the immobilized

NS3A in a dose-dependent manner with an equilibrium disso-
ciation constant (K,;) of 82 nM as determined by the SPR, but
no interaction with FKBP52 was detected. Furthermore, mu-
tational analysis suggested that Val or lle at the amino acid
residue 121 of NS5A was responsible for the specific interac-
tion with FKBP8. The subgenomic HCV replicon RNA har-
boring the mutation of Val'*' 10 Ala within NS5A leads to
severe impairment of RNA replication, and reversion from
Ala'®' 1o Val was detected, suggesting that interaction of
FKBPS with NS5A through the Val'*' is crucial for HCV
replication. The crystal structure of NS5A domain 1 revealed
that Val'*' is located on one of the B-sheet structures in the 1B
subdomain and the side chain of the residue is located within
the hydrophobic core (46); therefore, the Val'*' may be in-
volved in the maintenance of the B-sheet structure in the sub-
domain rather than the direct interaction with FKBPS. How
ever, it remains feasible to speculate that unidentified host
factors may be involved in the conformational change of re-
gion, including Val'* for direct interaction with FKBPS. Fur-
ther studies, including a structural analysis of FKBPS, are
needed to clarify the mechanisms by which HCV is replicated
through the interaction of NS5A, FKBPS, and Hsp90.

The current combination therapy with pegylated IFN-a and
ribavirin achieves a sustained virological response in half of the
patients infected with a high viral load of HCV of genotype 1b
(30). However, it is difficult to achieve the complete removal of
viruses by antiviral drugs targeted to the viral enzymes, includ-
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