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FIG. 6. Effect of glutamic acid substitutions for phosphoserines at aa 2428, 2430, and 2433 on virus production and the interaction of NS5A
with the core protein. (A) Alanine or gl ic acid substi for sering residues nt aa 2428, 2430, and 2433. The numbers indicate amino acid
positions within the polyprotein of the JFH-1 isolate. The names shown on the left represent full-length HCV or N-terminally HA-tagged NSSA
constructs used in this experiment. Amino scid substitutions are marked in bold and underlined. C represents the C terminus, (B) Effect of alanine
or glutamic acid substitutions on virus prod Afier transfection of in vitro transcripts of the HCV genomes specified in the inset into Huh-7
cells, the cells and the culture supernatants were harvested at the time points given, and the amounts of core protein were determined by core
protein-specific ELISA. Percent core protein release (vertical axis) indicates the percentage of released core protein in relation to total core protein
(the sum of intra- and extracellular core protein) calculated for each time point. Mean values and standard deviations for at least triplicate
experiments are shown. (C) Effect of alanine or glutamic acid substitutions on the internction between NS5A and the core protein, N-terminally
FLAG-lagged core protein and N-terminally HA-tagged NS5A carrying defined mutations were coexpressed in Huh-7 cells and immunoprecipi-
tated with anti-FLAG antibody. The resulting precipitates were examined by immunoblotting (1B) using anti-HA or FLAG antibody, One-tenth
of the cell lysates used in IP is as shown as the 10% inpuL
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FI1G. 7. Subcellular localization of NS5A and the core protein in HCV-replicating cells. Huh-7 cells were transfected with the in vitro transeript
of the HCV genome, wild type (A) or CL3IB/SA (B). Seventy-tiwo hours after transfection, the cells were fived with 4% paraformaldehyde,
permeabilized with 0.3% Triton X-100, and double stained with antibodies against the core protein (green) and NSSA (red), followed by staining
with an Alexa Fluor 488- or Alexa Fluor 555-conjugated antibody. High-magpnification panels are enlarged images of white squares in the merge
panels. (C) HCV (wild type or CL3B/SA)-replicating cells, JEH1/4-1 cells harboring a subgenomic replicon of JFH-1, or Huh/c-p7 cells stably
expressing JFH-1 structural proteins were lysed by freeze-thawing, and the cell lysates were fractionated on S to 25% iodixanol gradients. The
distributions of NSSA, calnexin (ER marker), and ADRP (LD marker) were determined by immunoblotling, and those of the core protein were
examined by core protein-specific ELISA,

(50). However, the mechanism by which NS proteins partici- packaged. Interaction between NSSA and the core protein has
pate in virus assembly or the role of the interaction beiween been previously reported, and the NS5A region containing an
structural and NS proteins in virus life cycles has not been fully interferon sensitivity determining region and the PKR-binding
elucidated. Here, we have clearly demonstrated that HCV sequence (aa 2212 to 2330) has been mapped to that required
NS5A interacts with the core protein in coimmunoprecipita- for binding with core protein by veast two-hybrid and in vitro
tion experiments nol only with coexpression of each epitope pull-down assays (13). However, involvement of domain 111 in
tagged protein but also with cells expressing the viral genome; the NS5A-core protein interaction was not analyzed in detail,
and by using immunolluorescence and subcellular [raction- and a role for the NS5A-core protein interaction in the HCV
ation analysis, we have confirmed that mutations in CL3B life cycle was not examined in that study.

abolish colocalization of NS5A and the core protein, pre- A growing body of evidence points to phosphorylation of
sumably around LDs. In addition, the intracellular infectiv- NSS5A as being important in controlling HCV RNA replica-

ity assay and IP-RT-PCR strongly suggest that impairment of tion. Although the degree and the requirement for its hyper-
the NS5A-core protein interaction results in disruption of virus phosphorylation diverge between different HCV isolates, mu-
production at an early stage of virion assembly, On the basis of tations that are associated with increased replicative fitness of
the present results and findings in accompanying articles, one HCV replicons frequently lead to a reduced level of NS5A
may infer the following events: newly synthesized HCV RNAs hyperphosphorylation (1, 5, 36). Inhibitors of serine/threonine
bound to NS5A are released from the replication complex- protein kinases that block NSSA hyperphosphorylation facili-
containing membrane compartment and can be captured by tate replication of a non-culture-adapted replicon (3, 36). One
the core protein via interaction with domain TIT of NSSA at the model that has been proposed suggests that NS5A hyperphos-
surface of LDs or LD-associated membranes. Consequently, phorylation negatively regulates HCV RNA replication by
the viral RNAS are encapsidated, and virion assembly proceeds  disrupting the interaction between NSSA and the vesicle-asso-
in the local environment. Recruitment of newly synthesized ciated membrane protein-associated protein subtype A, a cel-
viral RNAs 1o the core protein could be important for efficient lular factor considered necessary for efficient RNA replication
nucleocapsid formation in cells, where concentrations of the (5). However, the regulatory role of the basal phosphorylation
viral genome and the structural proteins are typically low, and of NS5A in the viral life cycle is poorly understood. It has been
may contribute to the selection of the viral genome 1o be reported that the C-terminal region of NSSA (aa 2350 to 2419)
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FIG. 8. IP-RT-PCR of HCV-replicating cells performed to examine the association between the core protein and the HCV genome RNA
Huh-7 cells were transfected with the in vitro transeript of the HCV genome (wild type or CL3B/SA) and lysed in 500 ul of hypotonic buffer at
72 h posttransfection. After 1P with an anti-core protein antibody or mouse 1gG, immunoprecipitates were eluted in 100 wl of elution buffer. RNAs
m immunocomplexes were isolated by acid guanidinium thiocyanate-phenol-chloroform extraction. PCR was carried out as described in Matenals
and Methods with primer sets amplifying the fragments of nt 129 to 2367 and nt 7267 to 9463 of the JFH-1 genome. One-tenth (10 ul) of each
cluted immunoprecipitate was used for assays of the core protein amounts o ensure IP efficiency (lower panel), RNA extracted from a small

aliguot of cach cell lysate used in IP-RT-PCR 15 shown as the input

is involved in basal phosphorylation (23). There are highly
conserved serine residues in this region, and alanine substitu-
tions or in-frame deletion of the serine residues has been
shown to impair basal phosphorylation but not to affect RNA
replication in the genotype 1b isolate (1). Consistently, a met-
abolic **P labeling experiment in the present study demon-
strated that NSSA mutants of the JFH-1 isolate in the region
impair the basal phosphorylation. Nevertheless, Tellinghuisen
et al. noted that the serine at aa 2433 of JFH-1 is involved in
generating hyperphosphorylated NSSA, as shown by Western
blotting (50). The basis for this difference is uncertain. To date,
there is no clear evidence to determine which serine residues
located in domain 11 are phosphoacceptor sites or whether
these residues influence NS5A phosphorylation in an indirect
fashion. Future study to map phosphoacceptor sites in the
NSSA domain 111 by biochemical approaches is needed,

We found that two of the three serine residues at CL3B are
responsible for regulating the interaction of NSSA with the
core protein as well as for infectious virus production. To
further evaluate the effect of constitutive serine phosphoryla-
tion 4t the cluster, we replaced the serine residues with glu-

tamic acid, which mimics the presence of phosphoserines, The
$2428/2430E mutant led 1o restoration of the interaction of
NS5A with the core protein and virus production up to levels
similar to the wild type. Somewhat unexpectedly, the triple
glutamic acid substitution (CL3B/SE) exhibited only a slight
restoration effect or none at all. It is considered that the degree
of negative charge on the glutamic acid residue is not com-
pletely equivalent to that of phosphoserine. It is likely that the
range of acidity a1 the local environment of the NS5A domain
1 that will allow interaction with the core protein is rather
narrow, Induction of a conformational change in NS5A by the
incorporation of phosphate may also be important for its in-
teraction with the core protein. Tellinghuisen et al. reported
that a single serine-to-alanine substitution at aa 2433 blocks
the production of infectious virus and that casein kinase 11
likely phosphorylates the residue (50). Although this seems
inconsistent with our results, these investigators also showed
that deletions producing a lack of all three serine residues in
the cluster inhibited virus production more severely than a
single mutation. We observed that a single substitution of
S2428A, S2430A, or S2433A resulted in a moderate decrease
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in the virus released from the transfected cells; however, more
cvident perturbation was obtained from double or triple sub-
stitutions (Fig. 5A and B). Tellinghuisen et al, determined the
HCV production at 48 h after RNA transfection and found a
marked inhibition by the single substitution 52433A. In our
study, as indicated in Fig. 5A, the reduction caused by the
$2433A mutant was approximately %0% at 48 h after transfec-
tion; however, the virus production from the mutant reached a
similar level 1o that of the wild type at 96 h posttransfection.

Several previous studies have found that apolipoproteins B
{apoB) and E (apoE), microsomal triglyceride transfer protein,
and HCV p7 protein are key factors for production of the
infectious HCV particles (4, 11, 16, 22, 47). Assembly and
maturation of the viral particles appear 1o depend on the
formation of very-low-density lipoprotein, a large particle con-
taining apoB, apoE, and large amounts of neutral lipids in
hepatic cells. p7 protein is primarily involved in a late step of
virus particle production, and the findings support the idea that
p7 acts as viroporin, which has the capacity to compromise cell
membrane integrity and thus favors the release of viral prog-
eny, How the carly step in virion production regulated by the
NS5A-core protein interaction links with the later step(s) in-
volved in the very-low-density lipoprotein assembly or p7 func-
tion remains an interesting question to be addressed.

In summary, we demonstrated that the C-terminal serine
cluster of NS5A (aa 2428, 2430, and 2433), which is involved in
generating the basal phosphorylated form, is a determinant of
NSSA interaction with the core protein and the subcellular
localization of NS5A. Mutation of this cluster blocks the
NS5A-core protein interaction, resulting m perturbation of
association between the core protein and HCV RNA. It is thus
tempting 1o consider that NS5A plays a key role in transporting
the viral genome RNA synthesized by the replication complex
10 the surface of LDs or LD-associated membranes, where the
core protein localizes, leading to facilitation of nucleocapsid
formation, Structural analysis of the NS5A domain 1ll-core
protein complex should provide greater insight into the mode
of interaction between these viral proteins. Identification of
residues at the interface that are involved in important inter-
actions will be of significant value in designing novel structure-
based inhibitors to block the early step of HCV particle for-
mation.
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In this study, we establish that cholesterol and sphingolipid associated with hepatitis C virus (HCV)
particles are important for virion maturation and infectivity. In a recently developed culture system enabling
study of the complete life cycle of HCV, mature virions were enriched with cholesterol as assessed by the molar
ratio of cholesterol to phospholipid in virion and cell membranes. Depletion of cholesterol from the virus or
hydrolysis of virion-associated sphingomyelin almost completely abolished HCV infectivity. Supplementation
of cholesterol-depleted virus with exogenous cholesterol enhanced infectivity to a level equivalent to that of the
untreated control. Cholesterol-depleted or sphingomyelin-hydrolyzed virus had markedly defective internal-
ization, but no influence on cell attachment was observed. Significant portions of HCV structural proteins
partitioned into cellular detergent-resistant, lipid-raft-like membranes. Combined with the observation that
inhibitors of the sphingolipid biosynthetic pathway block virion production, but not RNA accumulation, in a
JFH-1 isolate, our findings suggest that alteration of the lipid composition of HCV particles might be a useful

Department of Virology II' and Department of Biochemisiry and Cell Biology,* National Instinise of Infectious Diseases,
ent of Molecular Virology, Research Institute for Microbial Diseases, Osaka University,

approach in the design of anti-HCV therapy.

Hepatitis C virus (HCV) is recognized as a major cause of
chronic liver disease. including chronic hepatitis, hepatic ste-
atosis, cirrhosis, and hepatocellular carcinoma. It presently
affects approximately 200 million people worldwide (26). HCV
is an enveloped positive-strand RNA virus belonging to the
Hepacivinus genus of the family Flaviviridae. Its genome of
—09.6 kb encodes a polyprotein precursor of —3,000 residues,
and the structural proteins (core, El, and E2) reside in its
N-terminal region.

Little is known about the assembly of HCV and its virion
structure, because efficient production of authentic HCV par-
ticles has only recently been achieved. Nucleocapsid assembly
generally involves oligomerization of the capsid protein and
encapsidation of genomic RNA. This process is thought o
oceur upon interaction of the core protein with viral RNA, and
this core-RNA interaction may induce a change from RNA
replication to packaging. As with related viruses, the mature
HCYV virion likely consists of a nucleocapsid and an outer
envelope composed of a lipid membrane and envelope pro-
teins, Expression of the structural proteins in mammalian cells
has been observed to generale virus-like particles with ultra-
structural properties similar to those of HCV virions (5, 29).
Packaging of these HCV-like particles into intracellular vesi-
cles as a result of budding from the endoplasmic reticulum
(ER) has also been observed (8, 34). However, HCV structural
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ku, Tokyo 162-8640, Japan. Phone: 81 3 5285 1111, Fax: 81 3 5285
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proteins are observed both in the ER and in the Golgi appa-
ratus (45). Morcover, complex N-linked glycans have been
detected on the surfaces of HCV particles isolated from pa-
tient sera, suggesting that the glycans transit through the Golgi
apparatus (44). Interactions between the core and EVVE2 pro-
teins are thought to determine viral morphology and are me-
diated through a cytoplasmic loop present in the polytopic
form of El1 (35). Recently, we and others have identified a
unique HCV genotype 2a isolate, JFH-1, that is able to repli-
cate and produce high levels of infectious virus in culture
(HCVec) (54, 56), enabling us to investigate new aspects of the
HCV life cycle.

In this study, we examine the importance of cholesterol and
sphingolipid in association with the HCV membrane in virion
maturation and virus infectivity. Mature HCV particles are
rich in cholesterol. Cholesterol depletion or hydrolysis of
sphingolipid from HCV particles results in a loss of infectivity.
We further demonstrate a requirement for virion-associated
cholesterol and sphingolipid for viral entry.

MATERIALS AND METHODS

Cell culture. The human hepatoma cell line Huh-7, which is permissive 1o
HCV infection, was obtained from Francis V. Chisari (The Scripps Research
Institute). Human embryonic kidney 293T cells were cultured in Dulbecco's
modificd Eagle medium (DMEM}-10% fetal bovine serum. Hub-7 cell lines
which carry subgenomic replicon RNA of either the JFH-1 (20) or the N (11, 17)
strain, were cultured as previously described (21, 46).

IlumlsThcwmmyuthuwdmthunudymummmodml
antibodies against vesi itis viras glycoprotein (VSV-G) (Sigma, St.
Louis, MO). HCV E1 (54) and E2 (Biodesign International, Saco, ME), caveo-
lin-2 (New England Biolabs. Boverly, MA), and CD81 (BD Pharmingen, Fran-
klin Lakes, NI}, as well as rabbit polyclonal antibodies against calnexin (Stress-
gen, Ann Arbor, MI) and HCV core (48). 1SP-1/myriocin, cholesterol, and
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heparinase | were purchased from Sigma, and recombinant Bacillus cereus sphin-
gomyelinase ($Mase) was obtained from Higeta Shoyu (Tokyo, Japan). (1R 3R)-
N—(i!-l‘lydrwv-l hydroxymethyl-3-phenylpropyl) dodecanumide  (HPA-12), which
was synthesized as deseribed elsewhere (24), was a gift from Shu Kobayashi (Uni-
versity of Tokyo).

Plasmids, pUAE] and pCAE2 contain HCV cDNAs spanning the E1 region
(amine acids 192 to 383) with & FLAG tag at the N terminus and the E2 region
{amino ncids 384 to BUY) with o Myc tag st the N terminus of strain NIHII (1),
respectively, under the control of the CAG promoter (38). pCAVIOV and
pCAVTIIV consist of the m‘)dumnm of El and EZ, r:spccllwly. mth lht
N-terminal signal scquences domains, and eytoph
derived from VSV-G, as described clsewhere (50) (see Fig. 4D).

Virus production. Plasmid pJFH1, comaining full-length cDNA of the JFH-1
isolare, was used to generate HCVec as described elsewhere (23, 33, 34, 54).
I/ IFH was obtained from JFH by repl nt of the 5 Iated region
1o the p7 region (EcoRI-Bell) of J6. In vitro-transcribed RNA from lincarized
pJFH1 or pJ6/JFHI was delivered to Huh-7 cells by electroporation. Culture
supcmnatants were collected at 72 b postiransfection, clarified by low-speed

passed gh a 0 45-mm-pore-size filler, and concentrated us-
ing an Amlmn Ultra-15 unit (Millipore, Bedford, MA) or by ultracentrifugation
(23). Infectious titers, HCV RNA copies, and core protein ioms of the

J. ViroL.

TABLE 1. Cholesterol and phospholipid contents of
HCVec and cells

Content (nmol/mg of proteiny*

Cell type or virus Chol/PL ratio
Chol PL
Cells
Unintected 105.9 * 10.4 253.2 = 10.6 0.42
JFH-1 infected 116.5 = 10.0 2920 184 0.40
Virus
JFH-1 43.6 = 24 33818 1.29
J6/JFH-1* 287+48 27+29 1.26
" Data wre averages of three independ + dard devia.
tions. Chol, i; PL, § holipid

©JGIFH] virus was rlmduwtl from fhe PIOMNIX-JFHI construet and has
structural proteins from the JOCF strain,

|ln,2u-'}1|chn'lulcml in DMEM for 24 h. Culture supernatants of the cells were

viral stocks were 5 x 10* focus-forming units per ml, 1 X 107 copies/ml, and ~1
® 10* fmollliter, respectively. HCVee was isolated by a combination of ultrafil-
tration, ion-exchange ch graphy, heparin affinity ch graphy, and su-
crose density ul if (33 K. Morik and T. Wakita, unpublished
datn). Pscud d VSV B] and E2p of the HCV genotype la
isolate H77¢ (H(..'prwu_ iously described (51), Briefly, 203T
cells transiently g El and E2 (strain H77) were infected with
VWdeI(‘:—GFPs‘G. {n vmlnh the G em'elope gene was replaced with green fluo-
rescent protein (GFP) and pn:.ndmypcd with YSV-G.

Determination of chol | and § of HCVee and in-
fecied cells. Cellular and viral lipids m: mrn:lnﬁ from isolated HCVee and
from n.tlmfmed and infected Huh-7 cells. Choﬁm:ml content was determined

using the ch | oxidase method as previously described (14). Total phos-
phullpu.i contem was determined using the rm:thnd of Rouser ot al. (42).
Ct 1 depletion and reg To remove chok | from the HCV

envelope, stock samples of HCVee were treated with methyl-p-cyclodextrin (B-
CD} in DMEM (Sigma) supplemented with 10% fetal bovine serum (Sigma) and
nonessential amino acids (Invitrogen, Carlshad, CA) for 1 h at 37°C, followed by
centrifugation at 100,000 x g for 3 h to form a pellet, which was resuspended in
0.5 ml of the medium. In order 1o replenish chol I, the medium of HCVee
treated with § mg/ml B-CD was replaced with DMEM containing various con-

of exog chok 1 (Sigma) and incubated for 1 h, followed by
centrifugation to form & pellet. In order 10 perform HCVee infection assays,
Hub-7 cells were infected with HCVee, with or without the treatment described
abowve, for 1 h at 37°C and then washed as described sbove, Viral core protein
levels in the cells and in the supernatant were quantified 72 h later using an HCV
core enzyme-linked immunosorbent assay (Ortho-Clinical Diagnostics, Tokyo,
Japan),

§Mase treatment. HCVee was treated with SMase at various concentrations in
DMEM for 1 h at 37°C and was then centrifuged at 100,000 X g for 3 h to form
a pellet, which was resuspended in 0.5 ml of medium for the infection assays.

HCVee binding and | lization assays. To itor binding, cells grown in
n G-well plate were preincubated for 1 h at 4°C, after which B-CD- or SMase-
lrum! HCVee was bmmﬁ o the oells for 1 h at 4°C. As a measurc of virus

lization, following the virus binding dure, the cells were warmed to
ATC and mainiained !ur 2 h, after which Ihn-y were treated with 0.25% trypsin for
10 min at 37°C. Huh7-25, a CD81-negative Huh-7 subclone (3), was used 10
ensure removal of surface-bound virus by trypsin treatment, For both the hinding
and internalization assays, the resulting cells, as described above, were washed
with ice-cold phosp buffered saline, foll I by lysis with TRIzol reagent
(Invitrogen). Cell-associated virus was quantified by measuring the amount of
HCV RNA in the ccll lysate by the real-time reverse transcription-PCR method
(2 34). Cells were treated with hepari as previously described (33).

HCV replication assay in HCVec-infected or replicon cells. HOV sub
replicon cells or cells infected with HCVec were treated with various concentra-
tions of inhibitors for 72 h. Total RNA was isolated from replicon cells using
TRIzol reagent (Invitrogen), followed by quantification of HCV RNA by real-
time reverse transcription-PCR as previously described (2, 34). Levels of core
protein in the culture sup of HCVer-infected cells were tested s de-
scribed above,

Detection of cholesterol content of HCVee. For [*Hicholesterol labeling of
viruses, HCVec-infected or uninfected cells were incubated with 50 mCi of

bated in the § or ab of B-CD at 5 mg/ml for 1 b s 37C,
foltowed I ifug; on a 60% sucrose cushion. The virus-containing
fractions and corresponding fr from an uninfected culture were lysed in
the buffer containing 1% Triton X-100 (TX-100), and radioactivity was quanti-
fied by scintillation counting. Radioactivitics (in counts per minuie) of HCVee
samples were determined by subtracting the radioactivity of uninfected cells from
that of HCVec-infected cells.
Metabolie labeli lysis of sphingelipid content. After 2 h of incubation
with ["*Clserine (0.5 mCi/ml) in Opti-MEM (Invitrogen), the cells were lysed
with 0.1% sodium dodecyl sulfate, and total lipid was extracted with chloroform-
methanol (1:2, volvol). The r.mnu were spotted onto silica gel 60 plaes
[Mcn:is. Dmrrmlalit. G y) and ch graphed with methyl acetate-1-
hanol-0.25% KC1 (25:25:25:10:4, volivol), Radioac-
dve spots were quantitatively detected by BAS 2000 (Fuji Film, Japan).
Membrane Hotation sssay. The membrane flotation assay was performed as
previously described (46).

RESULTS

Critical role of virion-associated cholesterol. A role of virion-
associated cholesterol in infectivity has been demonstrated
for several enveloped viruses (4). However, little is known
about the role of lipids associated with the virions of flavi-
viruses, including HCV, and their contribution to the viral
life cycle, To determine the lipid composition of mature
HCV virions, we extracted total lipid from HCVee (JFH-1
and chimeric J6/JFH-1) prepared from the culture superna-
tants of cells infected with HCV, as well as the total cellular
membrane [ractions of uninfected and infected Huh-7 cells.
The cholesterol and phospholipid contents were quantified,
because these are the two major lipid constituents of bio-
logical membrancs. The cholesterol-to-phospholipid molar
ratio. which is known as a parameter of membrane viscosity
(47), was significantly higher in virus samples (1.29 and 1.26
for JFH-1 and J6/JFH-1, respectively) than in cell mem-
brane samples (0.40 and 0.42 for JFH-1-infected and unin-
fected cells, respectively) (Table 1). The ratios in viral sam-
ples were similar to or greater than those in mammalian plasma
membranes, where most cellular cholesterol is found. Minimal
contamination of the viral samples with extracellular mi-
crovesicles likely occurred, since only a small amount of lipid was
detected in a sample prepared from the culture medium of un-
infected cells (data not shown). Thus, it is likely that HCV virions
are enriched with cholesterol during assembly and maturation.

To investigate a potential role for the particular lipid
composition of HCV particles, HCVec was treated with
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FIG. 1. Role of HCV-associated cholesterol in infection. (A) Effect of cholesterol depletion on HCV infectivity, HCVee particles (~2 fmol of the core
protein) were treated with B-CD at (1.1, 1, and 5 mg/ml for 1 h at 37°C. After removal of B-CD, Huh-7 cells were infected with the treated virus particles,
after which the core protein content of infected cells at 72 h p.i. was determined as an indicator of infectivity, as previously established (24). (B) Effect
of cholesterol replenishment on infectivity, After treatment with 5 mg/ml B-CD, virus was treated either with medium alone or with medium containing
wwscmcholcstcrtﬂ!orlhatj?‘c(C)Efeaof hol | depletion and replenish on density gradient profiles of the viral particles, The HCVee
treated with 5 mg/ml B-CD was replenished with chol I (1 mM) and then separated by 10-10-60% sucrose gradient ultracentrifugation,
The core protein in each fraction was measured. Tbedemalvuf each fruction was determined by refractive index measurement. (D) Effects of cholesterol
depletion and replemshment on viral infectivity. Each fruction (see panel C) was infected, and then the core proteins in the cells were measured at 72h
p.i. (E) Effect of cholesterol depletion on the infectivity of HCVpv (genotype 1a) (shaded bars) or the control, VSVdelG-GFP/G (solid bars). The viruses
were preincubated with B-CD for 1 h at 37°C before infection. (F) (Left) The culture medium from HCVec-producing cells was fractionated as described
above. For each fraction, the amounts of core and intracellular core (infectivity) are plotted. Peaks of the core (arrow) and infectivity (arrowhead) are
indicated. (Center) An aliquot of fraction 8 (peak trfth:oou) was rmucd with 1 mM cholesterol for 1 h at 37°C. The resultant aliquot and an untreated
aliquot of the fraction were subjected 10 sucrose gr ian. The core in each fraction was plotied. (Right) The infectivities of fractions
(Fr.) 6 and B (see the left panel) with or without cholesterol treatment were determined as shown sbove. Data are means from four independent
experiments. Error bars, standard deviations.

increasing concentrations (0.1 to 5 mg/ml) of B-CD, whichis  evaluated by quantifying the viral core protein in cells at
known to extract cholesterol from membranes (40). The 72 h postinfection (p.i.). Using an immunoassay that pro-
viral samples were then used to inoculate Huh-7 cells after  vides results indicative of HCV infectivity (25), we also
removial of B-CD by ultracentrifugation. Infeclivity was  confirmed a good correlation between the core level and

BODZ "ZZ ABW UO S8SE8SIQ SNOJI98JU] JO BINIYSU [EUOREN 18 B0 WSE'IA WOy PAPEOUMOQ



STR AIZAKI ET AL

TABLE 2. Depletion of virion-associated cholesterol by B-CD

Radioacuwvity (cpm) of
1 -

Treatment o Avg (%")
Expt | Expt 2
None 5327 5573 5,450 (100)
B-CD (5 mg/ml) 3643 1,646 2,644 (48.5)

“ Determined by subtracting the radioactivity of uninfected cells from that of
HCVeo-infected cells in two cxperiments,
" Percentage of the radioactivity of the untreated sample.

infectious titers (data not shown). As shown in Fig. 1A, core
protein levels following B-CD treatment at 0.1, 1, or 5 mg/ml
were reduced by 60, 83, or 98%, respectively, from the levels
with the untreated virus. The cholesterol level of HCVee
treated with 5 mg/ml B-CD was found to be ~50% of that of
untreated virions (Table 2).

To demonstrate that the reduced infection efficiency of B-
CD-treated virus was caused by the reduced cholesterol con-
tent of the viral envelope, we attempted to reverse the inhib-
itory ecffect by adding cxogenous cholesterol. Following
treatment of HCVee with 5 mg/ml B-CD, the drug was washed
out, and increasing concentrations of cholesterol were added
in an attempt to reconstitute the normal virion cholesterol
content, The addition of 1 mM cholesterol completely reversed
the virus infectivity (Fig. 1B). After cholesterol was replen-
ished, the viral RNA was restored to a level similar to that in
the untreated control.

To investigate the effect of cholesterol on the density of
infectious HCV virions, B-CD-pretreated or untreated viral
samples, as well as cholesterol-replenished treated viral sam-
ples, were subjected to sucrose density gradient centrifugation
(Fig. 1C). The density of HCVee core protein at its peak
concentration in untreated virus samples was ~1.17 g/ml
When virion-associated cholesterol was removed by B-CD, the
density of HCVee core protein at its peak concentration was
shifted to 1.20 g/ml. Addition of exogenous cholesterol to this
cholesterol-depleted sample restored a lower-density fraction
(1.15 g/ml). Figure 1D illustrates the infectivity of each gradi-
ent fraction. Untreated virus had maximum infectivity at —1.13
g/ml (fraction 6), while, as expected, fractions from B-CD-
treated viral samples exhibited minimal to no infectivity. Re-
plenishment of depleted virus with cholesterol returned infec-
tivity to untreated-control levels, and cholesterol-replenished
virus had a buoyant density of —1.07 g/ml (fraction 4), suggest-
ing that HCV-associated cholesterol is crucial for viral infec-
tivity and that the effect of a cholesterol-depleting drug is
reversible. We further observed that B-CD treatment of a
pseudotyped VSV containing the El and E2 proteins of the
HCV genotype 1a isolate H77¢ (HCVpv) resulted in a pro-
gressive loss of infectivity, while B-CD had significantly less
impact on the infectivity of the control virus VSVdelG-GFP/G
(Fig. 1E).

The results described above raise the possibility that the
infectivity of HCV virions with relatively low levels of incor-
porated cholesterol might be enhanced by supplementation
with exogenous cholesterol. Density gradient fractions of cul-
ture supernatants collected from HCV-infected cells were an-
alyzed with regard to the presence of core protein and infec-

1. Viror.

tivity (Fig. 1F, left). As indicated above, maximum infectivity
was obtained with fraction 6 (1.13 g/ml). In contrast, a major
fraction of core protein banded at a higher density (1.17 g/ml)
in fraction 8, We hypothesized that fraction 8 contains lipids at
lower levels than those in fraction 6. However, quantification
of lipids, including cholesterol, in the fractions obtained failed,
presumably due 10 a low sensitivity of detection. Thus, to
extend our findings on the involvement of cholesterol, we
added exogenous cholesterol to fraction 8, followed by ultra-
filtration to remove unincorporated cholesterol. A subsequent
density gradient profile demonstrated a shift in the core pro-
tein peak to 1.13 g/ml (Fig. IF, center). A concomitant increase
in the infectivity of the fraction, approaching that of untreated
fraction 6, was observed (Fig. 1F, right). In contrast, supple-
mentation of fraction 6 with exogenous cholesterol did not
alter its infectivity (Fig. 1F, right) or change its density gradient
(data not shown). These results suggest that exogenous cho-
lesterol supplementation can reverse deficits in the infectivity
of HCV virions due to low cholesterol content.

Sphingolipid dependence of HCV infectivity, In addition 1o
cholesterol, sphingolipid is a major component of eukaryotic
lipid membranes. We therefore investigated the functional sig-
nificance of sphingomyelin (SM), the most abundant sphingo-
lipid, with regard to HCV infectivity. HCVcc was treated for
1 h with increasing concentrations (0.1 to 10 U/ml) of bacterial
SMase, which is known to hydrolyze membrane-bound SM to
ceramide. Following ultracentrifugation to remove the SMase,
Huh-7 cells were inoculated with the HCVee. The amount of
HCV core protein within the cells was quantified at 72 h p.i.
Figure 2A shows 50 and 90% reductions in HCV infectivity
after incubation of the virion with 0.1 and 1 U/ml SMase,
respectively. We further observed that SMase treatment of
HCVpv resulted in a progressive loss of infectivity, while
SMase had no effect on the infectivity of the control virus (Fig.
2B). This demonstrates that sphingolipid, like cholesterol,
plays an essential role in HCV infectivity.

Requirement for virion-associated cholesterol and sphingo-
lipid during HCV cell entry. These findings support the idea
that virion-associated cholesterol and sphingolipid may influ-
ence viral entry into host cells by altering the interaction be-
tween viral particles and a host cell factor(s). Viral entry is a
multistep process including binding of the virion to the cell
surface and internalization into the cytoplasm by endocytosis.
To examine whether virion-associated cholesterol and SM
might play a role in cell binding or postbinding events during
viral entry, we used a binding assay in which Huh-7 cells pre-
incubated for 1 h at 4°C were infected with B-CD- or SMase-
treated HCVec. Total RNA was extracted after a 1-h addition
of the virions at 4°C, [ollowed by quantification of HCV RNA.
As shown in Fig. 3A, treatment of the virions with either B-CD
or SMase had little influence on their ability to bind to cells.

It has been shown that CD8I plays an important role in
HCYV internalization but is not correlated with viral artachment
(7, 33). An anti-CD81 antibody was used as a negative control
for reduced viral attachment, Tt is likely that heparan sulfate
proteoglycan on the target cell surface is needed for the initial
attachment of HCV (33). Thus, heparinase [ was used as a
positive control for reduced HCV attachment to the cells. To
examine the roles of cholesterol and sphingolipid on the
HCVee membrane in viral internalization, a virus-cell mixture
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FIG. 2 Effect of SM hydrolysis on viral infectivity, (A) Effect on the infectivity of HCVee. HCVee was treated with 0.1, 1, or 10 U/ml SMase
for 1 hat 37°C. after which SMase was removed by ultracentifugation. Huh-7 cells were infected with the treated virus, and the core protein content
of infected cells was determined at 72 h p.i. (B) Effect on the infectivity of HCVpv (genotype 1a) (shaded bars) or the control, VSVdelG-GFP/G
(VSV cont) (solid bars). The viruses were preincubated with SMase for | h at 37°C before infection. Data are means from four independent

experiments. Error bars, standard deviations

prepared at 4°C as deseribed above was incubated for 2 h at
37°C, followed by trypsinization to remove virions that were
surface bound but not internalized (Fig. 3B). We verified that
944 of surface-bound-viruses were removed by trypsinization
using CD81-negative Huh-7 subclones. A marked reduction in
viral RNA levels within cells was detected after pretreatment
of the virus with either B-CD or SMase. These results strongly
suggest that virion-associated cholesterol and sphingolipid
function as key determinants of internalization but not of cell
attachment.

Association of HCV structural proteins with lipid rafts,
Cholesterol and sphingolipid are major components of lipid
rafts, which can be isolated as detergent-resistant mem-
branes (DRMs) by treatment with cold TX-100, followed by
equilibrium flotation centrifugation. Matto et al. (30) re-

0
(1

5 110 3
e §

B-CD

ported that HCV core protein is associated with DRMs in
cells carrying the full-length HCV replicon. To investigate
whether HCV structural proteins are associated with DRMs
in HCVee-producing cells, lysates from cells infected with
HCVec were subjected to membrane flotation analysis. In
the absence of detergent treatment, the majority of the core
(Fig. 4A) and E1 (Fig. 4B) proteins were detected in the
membrane fractions. After treatment with cold TX-100, sig-
nificant amounts of both viral proteins were recovered from
the DRM fraction. However, after treatment with TX-100 at
37°C, the majority of the E1 and core proteins had shifted 10
the detergent-soluble fractions. We also found that HCV
genotype 1b El and E2 can be associated with the lipid raft
in 293T cells transfected with an E1 or E2 expression plas-
mid (Fig. 4C) and that the cytoplasmic tails of envelope

< 1 5 1 10

BCD _SMase
Trypsin + + + + + -
coatl+ coa1-

F1G. 3. Effects of B-CDD or SMase on virus attachment and internalization. (A) Virus attachment to Huh-7 cells was determined at 4°C after treatment
of HCVee with B-CD (1 or 5 mg/ml) or SMase (1 or 10 U/ml). An antibody (Ab) against CD81 was used, in order to ensure that the antibody did not
inhibit HCVex binding (7, 33). Heparinase was used (o reduce HCV attachment to the cell. Viral RNA copies were lized 1o total cellular RNA,
and the nonmalized RNA copies in the mock-treated sample (—) were arbitrarily set at 100%. (B) Virus internalization was measured in Huh7-25, a
CDB1-pegative subclone (CDE17) (3), and Huh7-25-CD81, which stably expresses CD81 (CD81" ), after treatment of the virions with B-CD or $Mase.
Adter internalization for 2 h a1 37°C, cells were exposed io trypsin (trypsin +) or phosphate-buflered saline (trypsin =), Huh7-25 was used to ensure that
surface-bound virus would be removed by trypsin treatment. The amounts of HCV RNA in Huh7-25 and Huh7-25-CD81 cells infected with untreated
HCVec were assigned the arbitrary value of 100%, ively. Results are rey ive of four independent experiments.
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FIG. 4. Compartmentation of HCV structural proteins within DRM fractions. Lysates of HCVee-infected cells were either treated with 1%
TX-100, cither on ice or at 37°C, or left untreated, followed by sucrose gradient centrifugation, (A and B) For cach fraction, the amount of core
protein was determined by an enzyme-linked immunosorbent assay (A), and E1, calnexin, and caveolin-2 were analyzed by Western blotiing (B).
The amount of core protein in each lysate (TX-100, 37°C; TX-100, 4°C; Untreated) was assigned the arbitrary value of 100%. M, membrane; NM,
nonmembrane; DS, detergent soluble. (C) Lysates of 293T cells expressing HCV El or E2 protein were either treated with 1% TX-100, cither on
ice or at 37°C, or left untreated, followed by discontinuous sucrose gradient centrifugation. Each fraction was concentrated in a Centricon YM-30
filter unit and subjected to 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by immunoblotting with antibodies against
calnexin, caveolin-2, Myc (E1), or FLAG (E2). (D) (Top) Structures of HCV envelope genes used. Amino acid positions of HCV are indicated.
Signal sequence, tr brane (TM), and cytoplasmic tail (CT) domains of VSV G protein are shown. (Bottom) Cell lysates expressing chimeric
HCV EIl or E2 protein were treated with 1% TX-100 on ice or left d. followed by di i sucrose gradient centrifugation, It has
been reported that VSV-G is not associated with lipid (39). Calnexin, caveolin-2, and chimeric glycoproteins (chimeric E1 and chimeric E2) were
analyzed by immunoblotting. Fractions are numbered from 1 to 9 in order from top to bottom (light to heavy).
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FIG. 5. Effects of B-CD or SMase trestment of oclls on HCV
infectivity, Huh-7 cells were either left untreated or treated with B-CD
at 0.1, 1, or 5 mg/ml (A) or with $Mase a1 0.1, 1, or 10 U/ml (B) prior
to HCVe infection. Intracellular core levels were quantitated 72 h p.i
Data are means from four independent experiments. Error bars, stan-
dard deviations.

proteins are important for their interaction (Fig. 4D). These
data suggest that subpopulations of HCV structural proteins
arc associated with lipid rafts in cells generating the HCV
particles.

Moderate inhibition of HCV infection by B-CD or SMase
treatment of host cells. It has recently been reported that
cholesterol depletion or SM hydrolysis from the host cell mem-
brane decreases HCV infection, in part by decreasing the level
of CD81 on the cell surface (19, 53). The involvement of the
lipid environment of the host cell plasma membrane in HCV
infection was investigated in our HCVcc infection system.
Prior 1o infection, Huh-7 cells were treated with B-CD or
SMase and then washed with the medium five times. Choles-
terol depletion from Huh-7 cells by B-CD at 1 or 5 mg/ml
inhibited HCV core levels by 20 and 75%, respectively, com-
pared to levels in untreated cells (Fig. SA). We also found that
hydrolysis of SM by SMase at 1 or 10 U/ml on the cells,
respeclively, led to moderate reduction of the viral infection,
by 20 or 55% of the infection level of the untreated control
(Fig. 5B). There was no influence on cell viability under the
conditions of these treatments (data not shown). These find-
ings, compared with the results in Fig. 1A and 2A, suggest that
the raft-like environment on the plasma membrane likely
serves as a portal for HCV entry, but HCV virion-associated
cholesterol and sphingolipid more readily play more critical
roles in viral infection.

Inhibitors of the sphingolipid biosynthetic pathway sup-
press the production of HCVee, but not RNA replication, for a
JFH-1-derived replicon. In the course of studying the involve-
ment of lipid metabolism in the HCV life cycle, we observed
that inhibitors of the sphingolipid biosynthetic pathway, includ-
ing ISP-1 and HPA-12, which specifically inhibit serine palmi-
toyltransferase (31) and ceramide trafficking from the ER to
the Golgi apparatus (55), influcnced subgenomic replicons de-
rived from the HCV-N isolate (genotype 1b), but not those
derived from JFH-1. A dose-dependent decrease in HCV
RNA copy numbers among HCV-N replicon cells was ob-
served upon exposure to ISP-1 or HPA-12, as previously re-
ported (43, 52). In contrast, these compounds had little or no
effect on viral RNA accumulation in JFH-1 replicon cells (Fig.
6A). Furthermore, these compounds did not affect luciferase

ROLE OF VIRION-ASSOCIATED LIPIDS IN HCV INFECTION 5721

activity in the lysates of Huh-7 cells transfected with an in
vitro-transcribed JFH-1 replicon RNA containing a luciferase
reporter gene (22) (data not shown). Figure 6B shows the
effects of ISP-1 and HPA-12 on de novo sphingolipid biosyn-
thesis by replicon cells. No differences in the inhibitory effects
of each compound were observed in replicon cells derived
from HCV-N versus JFH-1. When de novo synthesis of sphin-
golipids was examined by metabolic labeling with [*‘Clserine,
ISP-1 almost completely imhibited the production of both cer-
amide and SM, while HPA-12 greatly inhibited the synthesis of
SM but not ceramide. Levels of phosphatidylethanolamine and
phosphatidylserine, into which serine is incorporated by a
pathway distinct from (hat of sphingolipid biosynthesis, were
not influenced by these drugs. These results suggest that sup-
pression of HCV RNA replication by inhibitors of sphingolipid
biosynthesis might be dependent on the viral genotype or iso-
late.

This observation prompted us 1o investigate whether inhib-
itors of the sphingolipid biosynthetic pathway might have the
ability to prevent HCV virion production. Interestingly, when
Huh-7 cells producing JFH-1 HCVec were treated with 1SP-1
or HPA-12 under conditions similar to those the replicon cells,
viral core levels in the culture supernatants were greatly re-
duced in a dose-dependent manner. For example, exposure to
10 pM ISP-1 or 1 pM HPA-12 reduced viral core protein levels
more than 85% from those for control cells (Fig. 6C). The 50%
inhibitory concentrations of both drugs were less than 0.1 pM,
50-fold less than those obtained for the RNA replication of the
HCV-N-replicon. Together, these results suggest that the
sphingolipid biosynthetic pathway plays an important role in
the production of HCV particles, but not in genome replica-
tion, in JFH-1-based HCVce,

DISCUSSION

In this study, we demonstrated the role of HCV virion-
associated cholesterol and sphingolipid in viral infectivity. Al-
though dependence on virion-associated cholesterol for virus
entry has been shown for a number of viruses (4, 6, 28, 49), this
is the first study to demonstrate the importance of envelope
cholesterol in a virus belonging to the family Flaviviridae, Fur-
thermore, to our knowledge, the functional role of virion mem-
brane-associated SM has not been examined in viruses. Our
previous studies using Chinese hamster ovary cell mutants
deficient in SM synthesis have demonstrated that reduction of
cellular SM levels enhances cellular cholesterol efflux in the
presence of B-CD (9, 12). Thus, it may be possible that SM
plays a role in the retention of cholesterol on HCV particles
due 1o imteraction between cholesterol and SM. The finding
that B-CD or SMase treatment of HCVec markedly inhibited
virus internalization but not cell attachment (Fig. 3) suggests
that HCV membrane-associated cholesterol and sphingolipid
are crucial for the interaction of viral glycoproteins with the
virus-receptor/coreceptor required for cell entry. Cholesterol
depletion or sphingolipid hydrolysis might induce a conforma-
tional change in the viral envelope, resulting in instability of
the virion structure. Since the cholesterol/phospholipid ratios
of membranes affect bilayer fluidity, the maturation of viral
envelopes with high cholesterol/phospholipid ratios via associ-
ation with rafts may be important for the stability of HCV
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particles. Replenishing the viral membrane with cholesterol
following treatment with 5 mg/ml B-CD successfully restored
viral infectivily Lo the same level as that of untreated virus (Fig.
1), suggesting that reversible B-CD-induced changes in HCV
structure might critically influence viral infectivity. However,
we were unable to restore viral infectivity by replenishing cho-
lesterol after pretreatment of the virion with concentrations of
B-CD exceeding 10 mg/ml (data not shown). Under these
conditions, it is likely that large holes in the viral membrane
destroy the virus, a result that cannot be reversed by supplying
exogenous cholesterol.

How are cholesterol and sphingolipid involved in the HCV
virion during the process of virus maturation? Like most pos-
itive-stranded RNA viruses, HCV is thought to assemble at the
ER membrane. However, Miyanari et al. (32) reported that
lipid droplets are important for HCVee formation. These au-
thors have shown that the characteristics of lipid-droplet-asso-
ciated membranes in Huh-7 cells differ from those of ER
membranes. In the case of flaviviruses, for which the mecha-
nism of viral assembly and budding remains unclear (15), a few

studies have demonstrated budding at the plasma membrane
(13, 36, 37, 41), and it has been proposed that the site of
budding may be virus and cell type dependent (27). We dem-
onstrate here that subpopulations of HCV structural proteins
partition into cellular detergent-resistant, lipid-raft-like mem-
brane fractions in HCVee-producing cells (Fig. 4) and that
inhibitors of the sphingolipid biosynthetic pathway block HCV
virion production (Fig. 6). Furthermore, a large proportion of
HCV E2 protein incorporated into HCVcece is endoglycosidase
H resistant (data not shown). Thus, membrane compartments
containing cholesterol- and sphingolipid-rich microdomains
may be involved in HCV virion maturation. Another explana-
tion for the recruitment of these lipids to the HCV membrane
may be an association between the virus and very-low-density
lipoprotein (VLDL) or low-density lipoprotein. Recently,
Huang et al. (16) demonstrated a close link between HCV
production and VLDL assembly, suggesting that an HCV-
VLDL complex is generated and secreted from cells,

Recent reports have demonstrated that CDS1-mediated
HCYV infection is partly dependent on cell membrane choles-
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terol (19) and SM (53). We further characterized the role of
lipid on the plasma membrane in viral infectivity and found
that cholesterol depletion by B-CD, as well as hydrolysis of SM
by SMase, moderately inhibits HCV infectivity (Fig. 5). These
resulls suggest that cholesterol and sphingolipid in the plasma
membrane environment may assist HCV entry, while HCV
virion-associated cholesterol and sphingolipid appear to play
critical roles in viral infection.

We previously demonstrated that HCV RNA and nonstrue-
tural proteins are present in DRM structures, likely in the
context of a lipid-raft structure, and that viral RNA is likely
synthesized at a raft membrane structure in cells containing the
genotype 1b HCV replicon (2, 10, 46). Here we observed that
ISP-1 and HPA-12 suppress HCVee production, but not viral
RNA replication, by the JFH-1 replicon (Fig. 6). Impairment
of particle assembly and maturation, rather than suppression
of genome replication, by these drugs may account for the
inhibition of HCV production in the JFH-1 system. Viral RNA
replication of the HCV-N replicon, however, was efficiently
inhibited by these compounds, as found in previous reports
(43). The virus strain specificity of the anti-HCV activity of
cyclosporine has recently been demonstrated: JFH-1 replica-
tion is less sensitive to cyclosporine than replication of geno-
type 1b strains. Furthermore, the requirement for interaction
with a cellular replication cofactor, cyclophilin B, differs among
HCV strains (18). It appears that ISP-1 and HPA-12 are fur-
ther examples of diverse effects on HCV strain replication.

In summary, our data here demonstrate important roles of
cholesterol and sphingolipid in HCV infection and virion mat-
uration. Specifically, mature HCV particles are rich in choles-
terol. Depletion from HCV or hydrolysis of virion-associated
SM results in a loss of infectivity. Moreover, the addition of
exogenous cholesterol restores infectivity, In addition, choles-
terol and sphingolipid on the HCV membranc play key roles in
virus internalization, and portions of structural proteins are
localized at lipid-raft-like membrane structures within cells.
Finally, inhibitors of the sphingolipid biosynthetic pathway ef-
ficiently block virion production. These observations suggest
that agents capable of modifying virion-associated lipid con-
tent might function as antivirals by preventing and/or blocking
HCV infection and production.
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Hepatitis C virus (HCV) nonstructural protein SA (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
NSSA 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 FKBPS and NSSA expressed in bacteria was 82 nM. Mutational analyses of NS5A 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'*' 1o 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 fuores-
cence microscopy-electron microscopy technique) revealed that FKBPS is partially colocalized with NS5A in
the cytoplasmic structure known as the membranous web. These resulis 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
cirthosis and hepatocellular carcinoma (51). Combination
therapy with pegylated interferon (1FN) and ribavirin achieves
a 40 to 50% sustained virological response in patients infected
with genotype | HCV (30). Recently, therapeutics have been
developed to target the protease and polymerase of HCV, as
well as the host factors required for the viral replication
(24, 42),

HCV belongs to the Flaviviridae 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 NS5SB)
(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 10 accumulate information about
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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 Lb, 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-S
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.

HUV NS5A is a membrane-anchored phosphoprotein that
appears to possess multiple and diverse functions in viral rep-
lication, as well as in the establishment and maintenance of
persisient infection (29, 38), Structural analyses suggest that
NS3A 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 MyDS88-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, 53). Several
host proteins and lipids have been reported to interact with
NSSA 1o 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 1o 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/
tranys 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
(FKBPS) and recruits heat shock protein 90 (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). 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 FKBPS and examined the biochemical inter-
action and intracellular localization of NSSA and FKBPS,

MATERIALS AND METHODS

Cells. Human embryo kidney 2937 cells, and human hepatoma cell line Huli-7
and its derivatives were mmmtamed in Dulbecco modified Eagle medium
(DMEM: Sigmu, St. Louis, MO) containing 10% fetal eall serum (FCS) and
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FKBPS(dTM) In this report, The DNA fragment encoding FKBPS2 was ampli-
fiedd from the buman (etal brain library (Clontech, Palo Alio, CA) by PCR amd
then was introduced into pET30a (Novagen, San L’}lcgu. CA) 10 be expressed in
E. coli. The resulting plasmid was designated pET30a-FKBPSL 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
thal of Huang ot al, (1%), with minur modifications that have been described
previousty (37). Brieflly, overmight cullure of E. eoli strains transformed with
pET-UbCHis-del32-NSSA, pET-UbNHis-FKBPS8(dTM). or pET30s-FKBPS2
were added ar 17100 volume into 250 ml of 2ZXYT medium and incubated ax 37°C
with shaking st 200 rpm. IPTG(isopropyl -o-thiogalactoside) was added a1
final concentration of 0.5 mM when the absorbance of the cullure reached an
optical density wi 600 nm of (6 1w 0.8, and then the culture solution was
incubated at 20°C for 4 h with shaking a1 200 rpm. After centrifugation of the culture
at 3,000 % g for 5 min, the pellets were washed once with phosphate-huffered
saline (PHS); suspended tn S ml of 100 mM Tris-HCl (pH.8.0)-200 mM NaCl-10
mM 2 -mercaptoethanol (lysis butfer) containing U.5% Nonider P-al, EDTA-free

inhihitor (Roche, Indianapolis, IN), and 0.2 pg of lysozyme/
ml; mcubltcd at 4°C for 1 by and subjected Lo freczing-thawing once. The
resulting mixture was sonicated ot 4°C for 5 min and was treated with 0.02 myg of
DNase per mi ot room temperature for 5 min. The suspension was centrifuged at
4°C at 30,000 rpm for 1 b in n Beckman SWS0, 1 (Beekman Coulter, Fullerion,
CA), and the resulting supernatamt was mixed with 005 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 co ing 10 mM imidazole. The
recombinant protein was eluted from the mickel resin with lysis buffer containing
.25 M imidazole and then dinlyzed in 20 mM Tris-HCI (pH 8.0) containing 100
mM NaCl. The dialyzed eluates were applied to a Resouree Q Sepharose column
(GE Healtheare, Tokyo, Japan), washed with a ten-column volume of 20 mM
Tris-HCI buffer (pH 8.0) containing 100 mM NaCl, and cluted under a lincar
gradient of 100 to 1,000 mM NaCl in 20 mM Tris-HCl buffer (pH 8.0). The peak
fractions were pooled into & tube and concentrated by using Amicon Ultra-4
(Millipore. Bedford, MA). A hall volume of the concentrated fraction was
diatyzed against 10 mM HEPES (pH 7.4) containmg 150 mM NaCl and 3 mM
EDTA (HBS-E buffer) for analysis of the hinding kinctics, while the remaining
half was diatyzed in PBS for the immobilization on the sensor chip and pull-down
assaty. The protein conce wits, d using a Ce ic protein assay
kit (Pierce, Rockford, 1L).

Binding kinctics of NSSA and FEBPS. Surface plasmon resonance (SPR)

noncssential amino acid (NEAA). The Hub-7 9-13 cell line, which harbors an

HOV subgenomic replicon (4, 27), was cultured in DMEM suppl d with
WK% FOS and | mg of G418 and NEAA/mL The Huh-7 9-13 cell line was treated
with 1FN-a 1o deplete the HCV RNA replicon, A cell line exhibiting the highest
elficiency of propagation of JFHL virus was selected by limited dilution and
designated Huh-7OK1L The Huh-TOKI ccﬁ line retained the nhl.]ll) 10 produce
type | IFNs b h the RIG-I-depend ling pathway upon jon with
RNA viruses :md exhibited o cell surface expression level of buman CDE|
comparable 1o that of the parental cell line. Detailed characicristics of this cell
line are described clsewhere

Antibodies, Rabhit antibody to NSSA was prepared by immunization with the
NSSA peptide as described previously (16) Mouse monockinl antibody
NSSA was purchised from Austral Biologicals (San Ramon, CA). Mouse mon-
clonal antibody to FKBPS (KDM 1) was described previously (37).

Plasmids. cDNA cncading NSSA was amplified from the HCV genotype 1h
Conl strain, kindly provided by R. Banenschlager. by PCR using Pl Turbo
DNA polymerase (Stratagene, La Jolla, CA). The DNA fragment was cloned
into pCAGGs-PURMN-HA (36, 37). Human FKBFS cDNA was amplificd from
ihe towl cDNA of Huh-7 cells by PCR, and the fragment was introduced into
peDNAZ N-Flug, in which a Flag tag is itroduced in the 57 terminus of the
cloning site of pcDNAZ 1| + ) (Invitrogen, Carlshad, CA). The point mutitions of
NS5A were generated by the method of splicing by overlap extension (17, 18) and
introduced into pCAGGs-PURMN-HA. The mutant NS5A cDNAs were ampli-
fied by PCR, digested with Miul and Xhol, and introduced o the replicon
plasmid pFKlmeaNS33750 (23), provided by R Banenschlagor. or
PFKlMRLNS3-3751 (37) The ¢DNA encoding NS3 1o NSSA was excised
from pFKlgy/nea/NS3-3/5.1 and cloned ino pCAGGs-PUR (36, 37). pET-

were made at 25°C by using a Bicore 2000 biosensor (GE Health-
care) in accordance with the manufacturer's instructions to determine the affunty
between NSSA and FKBPS. Brielly, The NSSA-His was immobilized as ligand on
# earboxymethyl-dextran (CM3) sensor chip with an amine coupling kit {Bia-
core). His-FKBPS and His-FKBP52 were diluted with HBS-E buffer containing
000059% surfactamt P20 (HBS-EP buffer) at the concentrations indicated in Fig
1. The diluted sample was spplicd 1o the sensor chip an o fow rate of 20 plimin
in HBS-EP. The mw dita were analyzed with o Bineval software |
{version 3.0; GE Healthcare).

Immunofluurescence microscopy, Huh-7 913 roplicon cells cultured on glass
shides uvernight were fived with 4% paraformaldehyde in PBS al room temper-
ature for 20 min. After two wishes with PHS, cells were permeabilized for 15 min
at room temperature with PBS containing 0.25% saponin and hlocked with PES
containing 19 bovine zcrum albumin (PBS-BSA) for 30 min m room tempera-
wire. The cells were then incubated with PBS-BSA containing mouse anti- FKBPE
amibody (KDM11) and/or rabbit inti-NS3A antibody at 37°C for 60 min, washed
three times with PBS-BSA, and incubated with PBS-BSA contnining Alexa Fluny
488 (AF488)-conjugated anti-mouse immunoglobulin G (1gG), AF488-conju-
gated anti-mbbit 186G, AFS9-conjugated anti-rabbit 1gG, and/or AFS46.conju-
gated anti-mouse 1gG antibody (Molecular Probes, Eugene, OR) at 37°C for 60
min, Finally, the cells were wishod lhrcu: tum:s wnh PBS-BSA and obscrved on
n FluoView FV1000 laser i (O Tokyo. Ja-
pan). For mitochondria and llp«I droplet stmning, ::\:]h were incubated with
culture medium contuining Mitotracker Deep-Red (200 nM; Molecular Probes)
and Bodipy S58/568 C12 (20 ug/ml; Molecular Probes), respectively, for 20 min
al 37°C. After staining. cells were washed onee with fresh and prewarmed culture

fm and incubated at 37°C for 20 min,

)

UhCHis-del32-NSSA encoding an NS3A lacking the b horing re-
gion (amino acid residues | o 32) and Escherichin coli sirain BL2I{DE3)pCG1
wits kindly provided by €. E. Cameron (19). The DNA fragment encoding the
regions spanning from nmino peid residues 2 to 389 of FKBPY Incking the
b FEGION Was lificd by POR and replaced with the NSSA

iran

Correlative FM-EM. Correlative Muorescence microscopy-electron micros-
copy (FM-EM) alliws individual cells 1o be examined both in an overview with
FM and in & detailed subeellular structure view with EM (40}, For the obsera-
tion by FM-EM, the Huh-7 9-13 replicon o7 Huh-TOK1 cells were cultured on

coding region of pET-UhNHis-del32-NS5A, The resulting plasmid fing the
amino acid residues from 2 1w 389 of FKBPS was designated p!:—f-U'Il'\illm-

gridded, 35-mm glass-hottom dishes (Mat Tek, Ashland, MA) in 1 ml of DMEM
containing 10% FCS at 37°C overnight. Cells on the grid were fixed and stained
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FIG. L. Purification of recombinant NS5A, FKBPS, and FKBPS2
and characieristics of their interaction. (A) Purified recombinant His-
FKBPS (lane 1), NSSA-His (lane 2), and His-FKBPS2 (lane 3) were
subjected to SDS-PAGE and stained with Coomassie brilliant blue
G-250, The molecular size marker is shown on the lefl, (B) Antibodies
to NSSA and FKBPS specifically precipitated NSSA-His and His-
FKBPS, respectively, and exhibit no cross-activity. The purified recom-
binani proteins (10 pg) were mixed, and immunoprecipitated with
rubbit polyclonal IgG o NSSA or nonspecific rabbit 1gG (C) or im-
munoprecipitated with mouse monoclonal antibody to FKBPS
(KDMI1) or nonspecific mouse IgG (D). Immunoprecipitated pro-
teins were subjected to immunoblotting with antibodies 1o NSSA and
FKBPS. (E) The kinetics of interaction between His-FKBPB and
NSSA-His was estimated from SPR h‘y uslng a Blscorc 2000. The data
are ref ive of three indep P

wilh the speafic antibodies as descnibed above and then examined by using &
confocal lascr scmni.nu microscope. The same specimens were then further
incubated with 2.5% gl Idehyde and 2% formaldehyde in PBS at 4°C over-
rn|J|1 After three wuhlnp with PBS, the samples were postfised with 1%
idc and 0.5% g i ferrocyanide in PBS for | h, washod with
distilied water three times, dehyd i in cthanol, amd cmbedded in Epond |2
(Structure Probe, West Chcucr. PA]. Ultrathin sectians of the cell {Tnm thick)
were stained with saturated uranyl acetate and Reynalds lead citrste solution.
The elecirom micrographs were mken with & JEOL JEM-1011 transmission
electron micTIsOpe UH]L Lid. Tokyo, Japan).
Transf lotting, and P The rransfection
and immunoprecipitation 1ests were carmicd out as :lﬂcnhcd previously (37). The
immunoprecipitated samples were subjected 10 sodium dodecyl sulfate (SDS)-
12.5 or 10% polyacrylamide gel electrophoresis. The protelns were transferred to
potyvinylidene difluoride b (Millipore) and reacted with the appropn-
ate antibodics. The I were visunlized with Super Signal West
Femito substrate { Pierce) and *:rl: detected by using o LAS-3000 image ann-
lyzer sysiem (Fugifilm. Tokyo. Japan)
Transient replication assay. The HCV replicon plasmid. pFK-1., hRI/NS3-
XU (37), was clenved with Seal and 1ranscribed in vitro by usig a MEGAscript

J. Virot

T7 kit (Ambion, Austin, TX). Then, 10 g of the transcribed RNA was clectro-
porated at 270 V and 960 wF by a Gene Pulser (Bio-Rad, Hercules, CA) imto 1)
million cells of Huh-TOK] of cell line per ml, suspended in 25 ml of colture
medium, and then sceded at | ml per well on 12-well culture plates. Lociferse
activity was measured at -l and 44 b posttransfection using o Remills lnnl'rmne

assay system {Promega, Madi Wij g 1o the [acturer "8 p
The refative luciferase activity was presented as lh: rutio of the Iucl.{l:mc activity
{ ur 48 h p fection 10 that st 4 h

Calony lnr—n.tlm. The plasmid pFK-1 5, neoNS3-3/NKS. | (23) was digesied
with Seal, and 10 ug of the in vitro- ihed RNA was clec 4 onto 4
million Huh-7 cells per 0.4 ml and suspended in 10 ml of the culture medium as
described above. A 3omi aliquot of the resulting cell suspension was mised with
7 ml of the culture medium and inoculated into a culture dish 10 em in dinmeter,
The culture medium was replaced with fresh DMEM containing 10% FCS and
1 rg of G418 (Nwkarai Tesque, Tokyo, Japanyimi at 24 h p fection, The
medium was exchanged once a week with fresh DMEM containing 10% FCS and
I mg of G418mi, and the remuining colonies were fixed with 4% paraform-

Idehyde at 28 days § fection and stained with crystal violet.

Direct sequencing of the NS5A gene in 8 G418-resistant cell line. Toial RNA
was preparcd from G4 18-resistant colomics by using an RNeasy minikit (OQagon,
Valencia, CA), and first-strand cDNA was synih { with rand, by
asing a first-strand cDNA synthesis kit (GE Healthcare ). The NSSA genes were
amplified with the prmer pair 5-GACGGCATCATGCAAACCAC-3" and 5'-
COTGGAGGTGGTATCGOAGGY The PCR products were applicd to ags-
rose gel electrophoresis and purified by wsing a gel extraction kit (Qiagen). The
purified PUR products were sequenced with (he inside primer 5'-ATTAACGC
GTACACCACGGG-Y by using an ABI Prism 3130 genctic snalyzer (Applicd
Biosystems).

RESULTS

Purification of recombinant NS5A, FKBPS, and FKBP52
and characteristics of their interaction. We have previously
reported that the thioredoxin-tagged domain 1 of NS5A (Trx-
NS5A) binds directly to His,-tagged FKBPS (37), although we
could not obtain sufficient amounts of the recombinant FKBPS
for further biochemical analysis. Huang et al. reported that
C-terminally His,-tagged NS5A 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 | mg of the purified His-FKBPS protein from 1 liter of
a culture of E. coli harboring a pET-UbCHis-FKBPS-dTM
encoding an N-terminally His,-tagged FKBPE lacking the
transmembrane region (His-FKBPS), which is five times
greater production than that achieved by the previous method
we used (37). His-FKBPS, NS5A-His, and His-FKBP52 (10
ng) were purified with nickel-charged resin (Fig. 1A) and sub-
jected to the pull-down assay. Immunoblotting, instead of pro-
tein staining, was used for detection of the precipitates due to
the similar molecular sizes of NS3A-His and His-FKBPS (Fig.
1A). To confirm the specificity of the antibodies to NSSA and
FKBPS, NS5A-His and His-FKBPS 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 TgG, 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 FKBPS with NSSA (Fig. ID). The
binding kinetics was analyzed on the basis of the SPR technol-
ogy to cxamine the specificity of interaction berween FKBPS
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FIG. 2. Determination of an amino acid residue responsible for the interaction of FKBPE and NS5A domain 1. (A) Struciure and functional
domuains of NSSA (top). The C-terminal deletion mutants of HA-tagged NSSA domain | used in the present study. Gray and white bars indicate
ability and inability to bind to FKBPS, respectively. The site of Ala substitution of HA-tagged NSSA(1-125) and the results of binding to FKBPS
are summarized on the nght. (B) The C-terminal deletion mutants of HA-tagged NSSA domain | were coexpressed with Flag-FKBPS in 293T cells
and immunoprecipitated with anti-HA or anti-Flag antibody. Immunoprecipitates were analyzed by immunohlotting, (C) Five substitution mutants
of HA-NS5A(1-125) replacing each of the amino acid residues from 121 to 125 with Ala were coexpressed with Flag-FKBPS in 2037 cells,
immunoprecipitated, and analyzed by immunoblotting. The data are representative of three independent experiments.

and NS5A. His-FKBPS or His-FKBP52 was applied to a flow
linc at various concentrations on the sensor chip on which
NSS5A-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" s "), and K, (10° M~ s7 ")
were caleulated to be 1.86 and 22.8, respectively. Therefore,
the equilibrium dissociation constant (Kp,) of the interaction
between His-FKBPS and NS5A-His was determined as 82 nM,
suggesting a specific binding of the proteins. These results
indicate that FKBPS directly and specifically interacts with
NS5A.

Val'*' of NS5A is responsible for the specific interaction
with FKBPS. The domain [ of NS5A (amino acid residues | 1o
213) was shown to interact with FKBPS (37). However, further
analyses on the specific interaction of NSSA with FKBPS have
not yet been carried out. To determine the amino acid residues
in NS5A responsible for specific interaction with FKBPS, Flag-

FKBPS was coexpressed with C-terminal deletion mutants of
the hemagglutinin (HA )-tagged NS5A domain 1 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, [urther deletion beyond the amino acid res-
idue 121 of HA-NSSA abrogated the coprecipitation with Flag-
FKBPS (Fig. 2B, upper panel), suggesting that residues from
121 10 140 in NS5A ure 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
FKBPS, we generated substitution mutants of HA-NS5A(1-
125) in which each of the amino acid residues from 121 1o 125
were replaced with Ala. The mutant in which Val'*' was re-
placed with Ala completely abrogated the interaction of HA-
NS5SA(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
NS3A mutant substituted Val'*' with Ala by immunoprecipi-
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FIG. 3. Intracellulor locabization of wild-type and VI121A mutant
NSSA with FKBPE. Huh-TOKI cells transfected with expression plas-
mids encoding HCV nonstructural proteins carrying a wild-type (WT)
or mutant NS5A substituted Val'®' with Ala (VI21A) were fixed with
4% paraformaldehyde in PBS and permeabilized with (.25% saponin
Endogenous FKBPE and NSSA were stained with anti-FKBPS mono-
clonal antibody (KDM11) and rabbit anti-NSSA polyclonal antibody,
followed by staining with AF488-conjugated anti-mouse 1gG and
AF394-conjugated anti-rabbit 1gG antibodies, respectively.

tation analysis (data not shown). To examine the interaction of
NS3A with FKBPS in more functional setting, we examined the
colocalization of the wild-type or mutant NS5A with an endog-
enous FKBPS in Huh-7OK1 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 FKBP8 with
NS5A was reduced by the introduction of substitution of Val'*'
to Ala. These results suggest that Val'?' of NSSA plays a
critical role in the specific interaction with FKBPS,

Effect of the interaction of NS5A with FKBPS on the repli-
cation of HCV. The amino scid alignment of NS5A derived
from several genotypes on the basis of the European HCV
database (hutpz//euhevdb.ibep.friecuHCVdb/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 FKBPS (37). To determine the role of Ile'*" on
the binding of NS5A to FKBPS, HA-NS5A(1-125) of the ge-
notype 1b Conl strain in which Tle was substituted for Val'*
wias coexpressed with Flag-FKBPS and immunoprecipitated
with specific antibodies (Fig. 4B). The HA-NS5A mutant pos-
sessing the substitution of Val"*! to Ile interacted with Flag-
FKBPS at the same level as the wild-type NSSA. Nexi, to
determine the role of Val'* or Tle'™ in the replication of
HCV, we generated replicon RNAs in which Val'*' of NS5A
was replaced with either Ala or Ile, In vitro-transcribed RNAs
from the pFK-l,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 Val'®' to lle, as seen in
genotype la strains, had no apparent effect on the replication
(Fig. 4C). These results suggest that Val'*! and Ile'*' of NS5A
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A Genotype Strain Amino acid sequences
" > 130

1a  AYDSB4sS WRVSAEETVE IROVGDFEYV
1a HTTC WRVSAEETVE IRRVGDFEYV
ib  AYBOBO1& WRVAAEETVE FTRVGDSHYV
1t Com WEVAAEETVE FTRVGDFEYV
ib M WRVAAEEYVE VTRVGOFEYV
22 ABD47E39 WRVGAADYAE VRRVGDYNYI
2a JAH WRVAASEYAE VIQHGSYSYV
2 A BE30907 WEVAMETAE VIRBGSTAYV
2¢c  DQ155581 WRVAASDYAE VTQHGSHAYV
3a  AF320788 WRVAANSYVE YREVGOFHYI
3b  D49374 WRVAARSTVE VRQVODFEYV
4a  DO4187B2 WRVAREETVE FTRVGDFEYV
4d  DO418786 WRVEAEDYVE VRRVGDFRYV
Sa  Yi3184 WRVGAADTAE VRRVGOYEYT
Ga DO480S19C WRVSAEDYVE TRRALODCHYV
&b D84262 WRVSAEDYVE VRRLGDCHYV
Go DO314805 WRVSAEDYVE VWRIHDCHYV
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FIG. 4. Effect of the interaction of NSSA with FKBPS on the tran-
sient replication of HCV. (A) Alignment of amino acid sequence of
NS5A (111 to 130 amino acids) among different HCV genotypes.
Outline letters indicate the amino acid residue at position 121, (B) The
substitution mutants of HA-NSSA(1-125) replaced Val'*' with Ala or
lle 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-transeribed RNAs from
the pFK-l;5, 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 (V1211) 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 ratio of each
value of replication efficiency to the corresponding value for GND
mutant. The data are representative of three independent experi-
ments.

play crucial roles in the interaction with FKBPS and the tran-
sient replication of HCV replicons. We have previously re-
ported that NS5A interacts with an endogenous FKBPS in
replicon cells harboring the subgenomic viral RNA (37).
Therefore, we tried to demonstrate the lack of interaction of
FKBPS with the mutant NS5A substituted Val'*' to Ala. How-
ever, we could not detect a sufficient amount of HCV proleins
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 Tle'?" in
NSSA on the replication of HCV RNA, a colony formation
assay was carried out. The replicon RNA carrying a neomycin
resistance gene transcribed from pFKlge/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 weeks posttransfection. There were more than



