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F1G. 7. Subcellular localization of NSSA and the core protein in HCV-replicating cells. Huh-7 cells were transfected with the in vitro transcript
of the HCV genome, wild type (A) or CLIBSA (B). Seventy-two 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-magnification panels are enlarged images of white squares in the merge
pancls. (C) HCV (wild type or CL3B/SA)-replicating cells, JFH1/M-1 cells harboring a subgenomic replicon of JFH-1, or Huh/c-p7 cells stubly
expressing JFH-1 structural proteins were lysed by freeze-thawing, and the cell lysates were fractionated on 5 10 25% iodixanol gradients. The
distributions of NSSA. calnexin (ER marker), and ADRP (LD marker) were determined by immunoblotting. and those of the core protein were

examined by core protein-specific ELISA

(50). However, the mechanism by which NS proteins partici-
pate in virus assembly or the role of the interaction between
structural and NS proteins in virus life cycles has not been fully
elucidated. Here, we have clearly demonstrated that HCV
NS5A interacts with the core protein in coimmunoprecipita-
tion experiments not only with coexpression of each epitope-
tagged protein but also with cells expressing the viral genome;
and by using immunofluorescence and subcellular fraction-
ation analysis, we have confirmed that mutations in CL3B
ubolish colocalization of NS5A and the core protein, pre-
sumably around LDs. In addition, the intracellular infectiv-
ity assay and IP-RT-PCR strongly suggest that impairment of
the NSSA-core protein interaction results in disruption of virus
production at an early stage of virion assembly. On the basis of
the present results and findings in accompanying articles, one
may infer the following events: newly synthesized HCV RNAs
bound to NS5SA ure released from the replication complex-
containing membrane compartment and can be captured by
the core protein via interaction with domain 11T of NS3A at the
surface of LDs or LD-associated membranes. Consequently,
the viral RNAs are encapsidated, and virion assembly proceeds
in the local environment. Recruitment of newly synthesized
viral RNAs 1o the core protein could be important for efficient
nucleocapsid formation in cells, where concentrations of the
viral genome and the structural proteins are typically low, and
may contribute to the selection of the viral genome to be

packaged. Interaction between NS5A and the core protein has
been previously reported, and the NSSA region comaining an
interferon sensitivity determining region and the PKR-binding
sequence (aa 2212 o 2330) has been mapped 1o that required
lor binding with core protein by yeast two-hybrid and in vitro
pull-down assays (13). However, involvement of domain 111 in
the NS5A-core protein interaction was not analyzed in detail,
and a role for the NS5A-core protein interaction in the HCV
life cycle was not examined in that study.

A growing body of evidence points 1o phosphorylation of
NSSA as being important in controlling HCV RNA replica-
tion. Although the degree and the requirement for its hyper-
phosphorylation diverge between differemt HCV isolates, mu-
tations that are associated with increased replicative fitness of
HCV replicons [requently lead 1o a reduced level of NS5A
hyperphosphorylation (1, 5, 36). Inhibitors of serine/threonine
protein kinases that block NSSA hyperphosphorylation facili-
tate replication of a non-culture-adapted replicon (3. 36), One
model that has been proposed suggests that NS5A hyperphos-
phorylation negatively regulates HCV RNA replication by
disrupting the interaction between NS3A and the vesicle-asso-
cinted membrane protein-associated protein subtype A, a cel-
lular factor considered necessary for efficient RNA replication
{5). However, the regulatory role of the basal phosphorylation
of NS5A in the viral life cycle is poorly understood. It has been
reported that the C-terminal region of NS5A (aa 2350 10 2419)
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FIG. 8 IP-RT-PCR of HCV-replicating cells performed 10 examine the association between the core protein and the HCV genome RNA.
Huh-7 cells were transfected with the in vitro transcript of the HCV genome (wild type or CLABSA) and lysed in 500 ! of hypotonic buffer at
72 h posttransfection. After IP with an anti-core protein antibody or mouse 1gG, immunoprecipitates were eluted in 100 wl of elution buffer. RNAs
in immunocomplexes were isolated by acid guanidinium thiocyanate-phenol-chloroform extraction. PCR was carried out as described in Materials
and Methods with primer sets amplifying the fragments of nt 129 1o 2367 and nt 7267 to 9463 of the JFH-1 genome. One-tenth (10 ul) of each
eluted immunoprecipitate was used for assays of the core protein amounts 1o ensure [P efficiency (lower panel). RNA extracted from a small

aliquot of cach cell lysate used in IP-RT-PCR is shown as the input

s 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 résidues has been
shown 1o impair basal phosphorylation but not to alfect RNA
replication in the genotype 1b isolate (1). Consistently, a met-
abolic P labeling experiment in the present study demon-
strated that NS5A 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 10 determine which serine residues
located in domain II are phosphoacceptor sites or whether
these residues influence NSSA phosphorylation in an indirect
fashion. Future study 1o map phosphoacceptor sites in the
NS3SA 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 NS3A with the
core protein as well as for infectious virus production. To
further evaluate the effect of constitutive serine phosphoryla-
tion at the cluster, we replaced the serine residues with glu-

tamic acid, which mimics the presence of phosphoserines. The
S24282430E mutant led to restoration of the interaction of
NS5SA 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 pot com-
pletely equivalent 1o that of phosphoserine. It is likely that the
range of acidity at the local environment of the NS5A domain
II1 that will allow interaction with the core protein is rather
narrow. Induction of a conformational change in NSSA 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 thal 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, SZ430A, or S2433A resulted in a moderate decrease
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in the virus released from the transfected cells; however, more
evident 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 §2233A_ In our
study. as indicated in Fig. SA. the reduction caused by the
S$2433A mutant was approximately 90% at 48 h after transfec-
tion; however, the virus production from the mutant reached o
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 to 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 thit
p7 acts as viroporin, which has the capacity to compromise cell
membrane integrity and thus favors the release of viral prog-
eny. How the early step in virion production regulated by the
NSSA-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 NSSA (an 2428, 2430, and 2433), which is involved in
generating the basal phosphorylated form, is a determinant of
NS5A interaction with the core protein and the subcellular
localization of NSSA. Mutation of this cluster blocks the
NS5A-core protein interaction, resulting in perturbation of
association between the core protein and HCV RNA, It is thus
tempting to consider that NS5A plays a key role in transporting
the viral genome RNA synthesized by the replication complex
to the surface of LDs or LD-associated membranes, where the
core protein localizes, leading 1o 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 1o block the early step of HCV particle for-
mation,

ACKNOWLEDGMENTS

We are grateful to Francis V. Chisari (The Scripps Research Insti-
tute) for providing Huh-7 cells. We thank M. Matsuda. 5. Yoshizaki, T.
Shimoji, M. Kagn, and M. Sasaki for technical assistance and T,
Mizoguchi for secretarial work.

This work was supported by Grants-in-Aid from the Ministry of
Health, Labor and Welfare; by the Program for Promotion of Funda-
mental Studies in Health Sciences of the Organization for Drug ADR
Relief, R&D Promotion and Product Review of Japan (grant 1D:01-3);
by the Japan Society for the Promotion of Science: and by Research on
Health Sciences focusing on Drug Innovation from the Japan Health
Sciences Foundation, Japan, T.M. s the recipient of a Research Res-
ident Fellowship from the Foundation for Promotion of Cancer Re-
search in Japan

REFERENCES
1. Appel, N T. Pietsch and R B 205, M | ana
of hepatitis C virus ponstruciaral protein SA: potential ole of dilferential
phesphorylation in RNA replication and identilication of a genetically flex
ihle Jomain. 1 Vieol, TRIIKT-314

ROLE OF HCV NSSA-CORE INTERACTION IN VIRION PRODUCTION

-

=

=

1

—1341—

975

Appel, N, M. Zayas, 8. Miller, l-&rwl-xtw T. Schaller, P. Fricbe, S.
Kallis, U, Engel, and R. B 1 rode ool chomain 111
oo momstructural protein $A b bopatits ( wirus infectings parich: sscembly
PLoS Pathog, decliNN3S,
Burckstgmmer, T. M. Krirgs, J. Lopberger, E. K. Pauli, S. Schmitiel, and
E. Hibd, 2000 Ral-1 lomese wescmies with hopatitie C vires NSSA and
regulutes viral rophcston. FEBS Lon S8@:575-5m1
Chang. K. 5. 1. Jiang. Z. Cai, and G. Leo, 2007 | luman spdipipnitcin E
s reguired for infectivity and production of hepatitis C virus i coll culare
1. Virol BLIITO-1373
Evans, M. J. C. M. Rice, and S. P, Goll. 204 Phospherylation ol bepatitis
C virus momstroctural protcin SA mvdulates gs protem aml viral
RNA replicatim. Proc Nail Avad. Sci. USA 1001 30x- ) B4l
Gale, M., Jr.. C. M. Blakely, B Kwicciszewski, S. 1. Tan, M. Dossett. N, M.
Tang, M. ). Korth, 5 J. Polysk, D. B Gretch, and M. G. Katre. |5
an.ml -i’!’lllln-nrmtm by hopatitis O vines somsirocioral SA protem
ol Kinasc I Mol Cell. Bl 18538521k
Gaade. M Jr. aﬂ M. G. m N‘ll Mulnuhr mochanisens of micelern
I by of KR, the mterferom-
imduced protem kit l‘hmmml Ther. TR:20-46
Gale, M., Jr.. B. Kwiecitaewski, M. Dossest, 1L Nakao, and M. G. Kauze.
VPR Antiapoy amd f b oo b " virus are linked
e interd b !-,unl o -nuul'lukm-umtmjh
ol TRASHO-6S 1
Gale, M. J., Jr., M. J. Korth, and M. G. Katee, 1995 Repression of the PKR
protcin Kimase by the hopatitis C viros NSSA protwin: & potential mochanism
of interfenm rosmtance, Cln. Dhagn. Vieol. 18&157-161
Gale, M. L, Jr. M. ). Korth, N, M. Tang. S. L. Tan. . A. Hopkins, T, E
Dever, 5. J. Polyak, D, R. Gretch, and M., G, Katze. 1997, Evidence that
hepatiths C vines tesistance 1o interferm & mediated through repressson of
thc PRR protein kinase by ihe nonstroctural SA prodein, Virobogy 230217 -

cmmr.s.msmu Zhang, W. Liao, and F. V. Chisari.

2NN, Cieliutar d ol b i O wirus hon, deg-
fadation, and secretion. J Virol, 8221202129

P. S B Kapadia, and F. V. Chisari, 2000 Differeniml bio-

e seereted hepatitis C virus

physical ¢ s of infs Il
partiches. J, Viral, $0:11074-1 1081
Goh, P. Y., Y. J. Tan, S P. Lim, S. G. Lim, ¥. .. Tan, and W. J, Hong. 2001
The hopatitis C virus core protein iitcracts with NSSA and sctivates it
caspuse-mediated profeolytic cleavage. Vinkgy 298:224-2%,

Zanolari,

Hicke, 1. B ud!lliu-ulvml;h-phm-udnhqﬁw
Twtion of the slphe-factor ' d for s uby
intermalization. 1. Cell Biol. 141:340-15%

Hoolragle, 1. H. 202 Course and af hepatitis C. Hlepatol
36521-529

mﬂnr.mnwmw.u!‘mum Jr,..-ndl l'a.}llﬂ'
Thepuatitis C virs oo Try humuan h

and secretion of very hnw-density lipoprsteins. Proc. Natl, J\ml Sl USA
105NN 8R5T.

Huang. L., J. Hwang, 5. D, Sharma, M. R. Hargitiai, \‘.t.‘lnu.l..l.a\runil.
K. D. Raney, and C. E Cameron. 25 1)
r‘mi;hl SA INSSAT s an RNA-hinding pmmn 1 Blnl L‘Iu:w 2W0: 10417

. Ishii, K, K. Murakami, 8. S, Huowe, B Zhang, 1. Li, M. Shirakurs, K.
Mnrlhnn.!.&uuﬂ.‘t mmrmu..nn.mzm Trums.
ol b € virus subg e repl RNA with viral

structune proteins, Blochem. Biophys. Res. Commun. 371:446-450

Inhii, K., Y. Ueda, K. Matsun, Y. Matsuura, T. Kitamura, K. Kato, Y. Lrumi,
K. Someya, T. Ohsu, M. ﬂmh.-d'l‘.lihlmrl. e ﬁmﬂwnlmlym
ol vaccins virus DIs strain: appls s b mow replh 1

vootor, Viniogy 302:433-444

Jesch, S AL AT Mehta, M. Velliste, R, F. Murphy, and A. D, Linstedt. 2060
Mirotk: ol is in a dynamic equilibtium hetween clustered and free vesiches
ndependent of the ER. Traffic 2:873-k84

Juhnson, R, F., 8, E. McCarthy, P. J. Godlewskd, and R N. Harty. 20060
Ebola vieus VI3S-VP4) imicraction is sullicioni (or packaging 3E-SE mini-
genome RNA inio virs-like particles. . Viml 86251 15-5144.

Jones, C. T., C. L. Murcay, D. K. Eastman, J. Tassello, snd C. M. Rice. 2007
Hepatites © virus p7 and NS2 proteins are cssential foe production of mfee-
thouss vinus. 1. Vil SER74-8350

23 Kaneko, T., ¥. Tanji, 5. Satoh, M. Hijikata, 5. Asabe, K. Kimora. and K.

Shimotohno, 1'%4. Production of two phosphopiicias (mom the NSSA ro-
gion ol the hepatins © viral genome. Biochem. Biophys. Res. Commun
MEIN-10

Kato, T.. T. Date, M. Mivamoto, M. Sugiyama, ¥, Tanaka, E. Orito, T, Ohnao,
K. L K. Fuji K. lto, A Ozasa, M. Mizokami, and
T. Wakita, 2005, Duteetion of anti-hepattis C virus offects of interferon wnd
ribavitin by a semative replioon system. J. Cline Microbiol, 43:5670- 5084,
Kimmerer, B, M., and C. M. Rice. 2002 Mutatiins in the yellow fover vins
nomstructural protein NS2A sehectively block production ol infectious par-
ticles 1. Vienl, 7647734764

6002 ‘92 Aenuer uo Ausieaun exesQ i 6.0 wse Al woy pepeoumoq



™6

an.

ix

kU]

A

4

MASAKI ET AL

Leung. J. Y. G, P. Pijiman, N. Kondratieva, J. Hyde, J. M. Mackenzie, and
A. A Khromykl 208 Rode of nonstroctural prolein NS2A in flavivires
asswmbly. J. Virol, 32:4731-4741

Liang, T. J.. B. Rehermann, L. B. Seefl, and J. H. Hoofnagie, 2000 Paiho-
puoncas, nutural history, Geatmont, amd provention of hopatits O Ann
Intern. Mol 132290 U1

Lindenbach, B, [, M. J. Evans, A. ). Syder, B, Walk, T. L. Tellingh

EE]

44

1 Vikin

1 Seefl. L. B. and J. H. Hoolnagle. 2003 Appondin The Natsonal Instiaics of

Health Consensas Dévchopment Confercine: management of hopatitis
202 Clin, Liver Dhs. 7:201-287,

Seell, L. B, and J. H. Hoofnagle. 207 Natomal Trestites of Healih Cone
semas Development Conferenoe: managemoent of bepatings C: 2002 1 lepa-
nobogy Mehl-S2

S. Boulant, F. Penin, J. McLauchlan, and R. Barten-

C.C. Lin, T. Maruyama, R 0. Hynes, I R Burton, J. A. McKeating. and
C. M. Rice, 2005 Complete rephication ol hepatiths C viros in ool culiure
Scienoe Mrh2 624

Liu, W. 1., L B. Chen, and A A. Khromykh. 2003, Molccular and functional
analyses of Kunjin virus infoetions cDNA climes demonsirate the essential
nbes fir NSZA in viras sscmbly dod fie a nonconservative residuc in NS
i RNA replicathon, ). Viral. 778047513

Liu. W. J. P. L. Sedlak. N. Kondratieva. and A. A. Khromykh, 2002
Complementithon amalysis of the favivirus Kunjin NS3 and NS5 protin
dulines the minimal reghoms cocniial for formation of a replication comples
andd shows @ requirement of NS3 i eis for viees assembly, J. Vieol, 7ol 71
s

Manns, M. P.. H. Wed . and M. Carnb 2. Treating viral hep.
Al U efficacy, side clleers, and complications. Cul $5:1 39011359
Mivamote, M. T. Kato, T. Date. M. Mirokami, and T. Wakdta. 2066 (Com-
o herween suhgenomic replicons ol hepatitis O viros genotypes 2
CIFTE Ly wmd b (Cond NKS 1) Imervirology 49:37-41,

i Miyanari, Y. Ko Atsuzawa, N, Usuda. K. Watashi, T, Hishiki, M, Zayas, R

Bartenschlager, T. Wakita, M. Hijikara, and K. Shimotohno. 2007, The lipid
dropler is an important erganciie for hepatitis C virs production. Naw Cell
il % 1INS- 10T,

Moradpoar, D.. M. J. Evans, R Gosert, Z Yuan, H. E. Blum, S. P. Goff, B. D,
Lindenbach, and C. M. Rice. 206, Inscriion of green fluorcsoent proein
ity memstrutaral protein SA allimes direct visuabizathom of Tunctional hep-
ativs L virus replication complexcs. 1. Viel T8:7400-7408,

Murakami, K., T. Kimura, M. Osaki, ll. Ishii, T, Mbwwu. T. Suruki, 1.
\\UHI-I.WI Shaji. 208, Virokigical characteri w ol the h It
virus JF11- | strain in I}rwﬂu\'}‘llc well tines: ). Gien: Vimal ”I“I?—I‘W‘

. National Institutes of Health, 2002, NITT comensus statement on munage-

oosiad of hepatits C N Comsens. SMaie. Sci. Staiements 19:1 460,

N Qi lle, C. Di Pietro, A. Clementi, M. Cerretani, S,
Altamura, 1. l!unlwlomrm nd R m Fﬂnm ‘IIH Reduction of hep-
atftls U virus NSSA hyperph hibition ol celhular
Kinascs activaies vinll RNA rcgllmlnln In cell culture. 1. Vieol. 78:1 3300
13314

Niwa, H., K. Yamamura, and J, Miyazaki, 11, Eficient selection for
high-cyprossion wransfectants with a novel cularyotic veeor, Gene 108193
1R

Pawlotsky, J. ML 1999 Hepanis O vies (HI0V) NSSA protein: role i 110V
replication and resbstance o imterferonalphe. ) Viral Hepat. 6(Suppl 15
47N

Pawlotsky, J. M., G. G ddis, AL UL N M. Pellerin, P. 0, Frainais,
and D, 1K 1 i ol hipatitix L ulm\#nn:yn
b relationship w i SA gune g i J. Virol
Tl."?')‘-—.)!lﬁ

Povnard, T., M, F. Yuen, V. Ratgio, ond C. L Lai. 2003 Viral hepatinis
Lancer 362:2005-211n)
ﬁtlulln T.. N. Appel. G. Koutsoudakis. S. Kallis, V. Lohmann, T.
i BB i 20007, Anabysis of hepatites U virus supor-
|||1'u.||un cachesiom by using movel feorochrome genc-tageed viral genomes
1 Vil 8145914003

4

n

an

47,

5l

51

51

5

35 van

S

57

2 Tellinghui

Sh A

schiager. 3N, The tipid dropler binding domaim of hepatitis O virus core

pritein b s magor determinant Bie clficent vires mascmbly. 1, Biol, Chem

282371537100,

Shi, S. T. 5. 1. Pobak H. Tu D. R Taylor, D, R Gretch, and M. M. Lai.

2002 lepatitis U wvirus NSSA ooboculiscs with the corg protein on lipid

droplets and mh.snl.- wilhy nr-:llnquuh.lm Virnlogy BLI'!‘-’III

Shirak KA

Fukuda, K. Abe. 5. Sato. M. Fuk

Moriishi, Y. Matsuura, T. Wakita, T. ‘lnull P. M. lelq. T. Ml;-n

and 1, Shaji. 2007, EOGAI ubiguitin ligase moediaion wbaguitylntion amd deg-

rakatiom of hepatitis U vious core prodein. 1. Vieol, 8111741185

Steinmann, E., F. Penin, 5. Kallis, A, 1. Patel, R Bartenschlager, and T,

Pictschmann. 2007 Hopa T protein is crocial for asembily snd

rebease of infecthus vitions. PLoS Pathog. Jec 113

Tan, S L, and M. G, Katre, 20001 Hlom hopuitis O viros counteracts the

imterferon responsc: the jury is sill out on NSSA. Vieobogy 284:0-12,

Tanji, V.. T. Kaneko, S, Satoh, and K. Shimotohno, 175, Fhosphorylathn of

I:c;\ulllis C viruws-cncidod sonstructural profen NSSAL 1 Virol, e%:30m0-

N,

I':Ilmgh-u:n. TILLK L Fnll. -nd J. Treadaway. 20K, Regulation of
L vinon prod Vi | latiom ol the NSSA protem. PLos

I‘.thu; dec NKIE2

Tellinghuisen, T. 1, K. L Foss, J. C. Treadoway, and C. M. Rice. 20605,

Identification of sesdues required G RNA replication m Jomains 11 and 11

ol thie hepatitis © virus N“A protein. ). Vieol 82: 1073- 103

L o B A E Gorbal and €. M. Rice.

N The NSSA protein of bepatitis O viros s o sine metallopeotein. 1 Biol

Chem. ITHEKS Th-4K587

Tellinghuisen, T. L., J. M. g mrl( M. Rice, 20015 Structury of the

s hmimg domain of an f of the b *viros

rephicase. Noture 438:374-37).

van den Hofl, M. J. A. F. Moorman, and W. 1L Lamers, 1'92 Electropo-

rathon in Cintracelhular” hufler increasos Gl survival Nuckek: Ackds Ris

202N

Regenmorted, M, H. V., C. M. Fauguet, 1, H. L. Bishop, E. B, Carstens,
M. K. Estes, S, M. Lemaon, J. Manilof. M. A. Mayo, D ). McGeoch, C. R.
Pringle, and R. B, Wickner (ed.), 2000 Virus pxonomy: classification amd
nomcaclsture of viruses, Seventh repeart of the Tntermational Commitice on
Taxonmomy of Viruses. Academic 'resss San Ilkp' LA,
Wakita. T.. T. Pietschmann, T. Kata, 1‘. Date. M. Mh—nnnln. 2 ?.hn. K.
Murthy, A. Ha H.(.-“' ] “. 1
and T. J. Liang. 285, Prodoction of & ’ b b { vitus in tissue
culwre from o choned vuai RO, an M, ll-‘ml T,
Watashi, K. M. Hijikata, A Tagawa, T. Doi, IL Marusawa, and K. Shimo-
tohno, 2003, Maodulation of retinid signaling by o oytoplismic viral protein
vian sequestration of Splith, a potent transeoptivnal corepressor ol retini:
acid recepiar, Trom the nocieus. Mol Cell. Biol. 23:730%-7508),
Zhong, )., P. Gastaminza, G. Cheng, S. Kapadia, T. Kato, D. R. Burton, 8, F.
Wieland, 8. L, Uprichard, T, Wakita, and F. V. Chisari. 2005 Ruobust
Bepatitis C wirus infection in vitro Proc. Natl, Acad. Sl USA 1029204
Ly

—1342—

6002 ‘9z Aenuep uo Aisiaaun exesg e Biowse s wos) paprojumog



Jousnar oF Vikovoay, June 2008,
(022-538X08/508,

P 5715-5724
00+0  doi:10.11289V1.02530-07

Copyright © 2008, American Society for Microblology, All Rights Reserved

Critical Role of Virion-Associated Cholesterol and Sphingolipid in

Hepatitis C Virus Infection”

Hideki Aizaki,' Kenichi Marlkawa. Masayoshi Fuknsawa. Hu'nmtcht Hara,' Yasushi Inoue,’

Department of Virology II' and Department of Biochemistry and Cell Biology,” National Institute of Infectious Diseases,
Tokyo 162-8640, and

Hideki Tani,

Kyoko Saltn Masahiro lehulma, Kentaro Hanada. Yoshiharu Mdlsuu ra,’
Michael M. C. Lai,* Tatsuo Miyamura,' Takaji Wakita,' and Tetsuro Suzuki'*

Drpmm: of Molecular Virology, ‘Research Institute Jor Microbial Diseases, Osaka University,
Osaka 565-0871," Japan, and Department of Molecular Microbiology and Immunology, University of
Southern California, Los Angeles, California 90033-1054*

Received 27 November 2007/Accepted 17 March 2008

In this study, we establish that chol I and sphingolipid associated with hepatitis C virus (HCV)
mminwhdMMlﬂMq.hnmﬂy*wmmm
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
ﬂMnM-&ﬂcMWﬂhliwqumawmlnllmnfﬂu
untreated control. Chaol l-depleted or sphing lin-} ‘..‘, } virus had markedly defective internal-
izution, but no influence on cell attachment was observed. portions of HCV structural proteins
partitioned into cellular detergent-resistant, lipid-rafi-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

Vol. 82, No. 12

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
alfects approximately 200 million people worldwide (26), HCV
is an enveloped positive-strand RNA virus belonging to the
Hepacivirus genus of the family Flaviviridae. Tts genome of
~9.6 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 to
occur 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
HCV 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 generate virus-like particles with ultra-
structural properties similar 1o 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

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

" Published ahead of print on 26 March 2008,
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proteins are observed both in the ER and in the Golgi appa-
rutus (45). Moreover, 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 EI/E2 pro-
teins are thought to determine viral morphology and are me-
diated through a cytoplasmic loop present in the polytopic
form of El (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 heputoma cell fine Huh-7, which s permissive W
NCV infection. was obtained from Francs V. Chisari (The Scripps Rescarch
Insiinwic). Human embryonie kidney 2937 cclls were culured in Dulhecon’s
misdificd Eagle medium (DMEM =109 fetal bowine serum 1Huh-7 ccll lines,
which carry subgenomic replicon RNA of either the JFEH-1 (200 or the N (11, 17)
struin, were cultured as previously described (21, 46),

The primary antibodices used in this study were mouse monochensl

wdics agninsi I vins ghoop (VEV-EI) (Sigma, S1.
Lok, MO), OV ED (54) and E2 (Bindesign International, Saon, ME), caven-
lin-2 (New England Biolahs, Beverly, MA)L and CI81 (BD Pharmingen, Fran
klin Lakes, NJ), as well ws rubbit polyclonal antibodics agains calnexin (Stres-
gen, Ann Arbor, MI) and HICV core (45) ISP-1imyriocin, cholesierol, and
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heparitase | were purchised lrom Sigma, and recombinant Baciflus cerens sphin.
gomyclinase (SMasc ) wais obtained from | ligeis Shoyu (Tulmn Japan). | IR3R)-

N1 Iy 1-bnadr soymetiy b phemyiprnopy ) dode o (HPA-12) which
wils h i desoribed chowh 24), was & gift from Shu Kobayashi (Uni-
wersty ol Tokyu)

Plasmids. pCAE] amd pUAE2 contain [0V ¢cDNAs spanning the E1 region
(umino scids 192 i I83) with a FLAG tag ot the N terminus and the E2 region
e gends IK4 10 KOU) with & Myc g ot the N terminus of stram NI (1)
respectively, under the control of the CAG promoter (38), pUAVIAIV and
PCAVTHIY comsist of the n-ul!mnuhu o El und E2, n:npn'uul)- \\'llh lh:
N. inual signal ins. and cytupl
derved from \fh\-’vﬂ. as describedd chewhere (3U) (see Fig. 4D)

Virus production. Plasmid pJF1L containing full-length cIINA of the JF1H-1
iwolate, was used 0 gencrate HCVee as desoribed elbewhere (I3, 33, 34, 54)
PHIFLT was obtained from JETEL by nepl of the 5 dated region
e the p7 reghon (EcoRL-Bell) of J6. In vit | RNA from i |
pIFI or pdaIFIE was defivered o Flub-7 cells by eleciroporanion. Culire
supernatants were oollected st 72 b posttransfection, darificd by kw-speed
centrifugation, passed theough o (45 mmeporesire filler, and concenirated -
ing wn Amrioon Ulura-15 wnit (Millig Bedfond, MA ) or by ultracentrifuga

(233 Infectious titers, TICV RNA mpu_'t andl core prodein concentrutions of the
viral stocks were —§ = 10" focus-forming unins per ml, ~1 % 107 aopresml, and — |
= 1 fmolffiter, respectively. HICVee was solated by a combination of ulirafil-
irution, in-exchange chromatography, heparin alfinity chromatography, and su-
s density nltnu:nlnlmljm (3% K. Morikawa and T. Wakita, ihlished

1 Vinot,

TABLE |. Cholesterol and phospholipid contents of
HCVoe and cells

Content (nmolimg of protein)®

Cell wpe or virus Chol L rain
Chal FL
Cells
Uninfected 59 = 104 2532+ 106 042
JFH-1 infected 1165 = 100 2020 = 184 0.40
Virus
JFH-1 436 =24 3E=1R 1.29
J6/IFH-1 BT 48 nRI=29 1.26
* Duly arc ages of three independent s = standard devia-

thons, Chol, chalesterod: PL. phosprhaolipids.
* IWIFHI virus was produced from the pIaN2ZX-JFHTE construct and has
struciural proveins from the JAF stran

[1a.Za- ‘Hicholesierol in DMEM for 24 h Cohure superamtants of the cells were
incubmted in the presence ar absence of B-CD at § mgiml fis 1 hoar 370
follorwed by n.!ll:untrl!’nptun o i G suerose cushion. The vins-containing
fractions and fractions (rom an uninfected culure were lysed in
ihe bullcr mnulumg 1% Tnl.nl'l X100 (TX-100), and radiogcivity wis quani-

4 Rl 1s = W,
data) Preudotyped VSV ¢ ELund E2 ofthe HiCVgenope 1 o0 Y Foimiile "."".':" v s I':I"' e i:![‘fn‘:
sanlate HITTe (HCV Y ) was g J as dy deweribed (51) Hrkﬂg T that of JICVee-infeeied celly -

cells ramsicntly expressing E1 amd E2 proteios (ilﬂln H77) were infected with Metshalic Isbeling analysis of comtent. Aficr 2 b of incubation

VEVUelG-GFPIG, in which the G envelope gene was seplaced with green fluo-
rescent protein (GFP) and rncmh:ypn] with VSV-G.

Determination of chol | and ph of HCVee and in-
fected cells. Cellular and viral fipids were extracted (nm solated Illi’na. nm.l
fromt uninfected and infected Huli-7 cells. Cholestersd content was J

with ["Clenme (0.5 mCiml) in Opti-MEM (lnvitrogen), the cells were lysed
with 0,15 sodium dodecy! sulfate, and total Hpid was extractid with ehloslorm-
methanal (12 volvol), The extracts were sptted onto silice el 6 plates
{Muerck, Dumﬂall. Germany) and chromatographed with methyl acetate-1-

using the cholesterol oxidase method as previously described (14). Toual phos-
phalipid comtent wis determined using the method of Rouser e al. (42),

Cholesterol depletion and replacement. To remove cholesterol from the OV
covelope, stiock samples of TICVee were wreated with merdnd-B-cychiwdextrin (B-
C10) 0 DMEM (Sigma ) supplemented with 105, fvial ovine serum (Sigma ) and
nomessential amino scids (Invitrogen, Carlshad, CA) for 1 hat 37°C, followed by
centrilugation at 1N = g for 3 b 1o form a peller, which was resuspended in
115 mi of the mediome I order i replenish cholestensl, the mediom of 1HCVee
m.'.nlul with 5 mg/ml B-C1 was replaced with DMEM containing various con-

ol hool | (Sigma ) and incubated for 1 h, ollowed by
centrifugation (o lurm a pelier. In order W perform HOVe infection assays,
Huh-7 cells were infected with HCVee, with or without the treaiment described
whave, for 1 b at 37C and then washed as described above. Viral core protein
levels im the cells und in the supernatant were quantificd 72 b laver using an HCV
core enzyme-linked immumosorbent assay (Ortho-Clinical Diagnosties. Tokyn,
Japan),

SMase treatment, |10 Voo was ireated with SMase al various concentrations in
DMEM for 1 bt 37°C and was then centrifuged at 100000 % g for 3 h i form
a pelier, which was resuspended in 005 mi of medium for the infection assays.

HCVee binding und internalization assays. To monitor binding, cells grown m
a frewell plate were preincobated for | hoat 4°C, aficr which B-CD- or SMasc-
mreated 10V was bound 1o the cells for 1 h at 4°C As 4 measare of viros
internalization, folliwing the virus hinding procedure, the cells were warmed o
37 and maintumed for 2 b, afer which they were treaned with 01.25%, rypsin for
10 min at 37C. Huh?25, a CDR1-negative Hub-7 subclone (3), was used 10
ensure remival of surface-bound vires by trypsin iresoment. For haoth the hinding
and Jmumt{mlim sy, the n:mlting cells, ws described sbove, were washed
with we-cold | hate-bullered saline. (ollowed by Iysis with TRIzol reagent
(Invitrogen). (.u.ll-nmx‘llll:d virus was quantificd by messunng the amount of
TV RNA in the coll lysate by the real-time reverse tramsenption-PCR methind
12 34). Cells were treated with heparinase s previnusly described (33),

HOV replication nssay in HCVec-infected or replicon cells. 1V subyg
replicon cells or cells infevied with TICVee were treated with various eoncentra-
wons of inhibivors for 72 he Total RNA was solated from seplicon cells using
TREw reagent (Invitrogen), followed by quantilication of 110V RNA by real-
time reverse transcription-PUR as proviously deseribed (2, 34) Levels of oore
provtein in the culiure soy s of HCVec-infected cells wore tested as de-
seribed whowe.

Detection of cholesierol content of HCVee For |"Hicholesternl labeling of
viruses, HICVecinfecred or uninfocted cells were incubaied with S0 mOi ol

hanod=025% KO (252525004, volvol). Radioac
uu. St e quant itatively detected by liA.‘- 20000 (Fup Film, Japan).
flotation assay. The by jon gasay was perfy ]
previvusly described (46,

s

RESULTS

Critical role of virion-associated cholesterol. A role of virion-
assaciated 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 cyele. 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 fractions 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 membranes. The cholesterol-to-phospholipid molar
ratio, which is known as a par of brane 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, HCVee was treated with
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F1G. 1. Raole of HCV-associated cholesterol in infection. {A) Effect of cholesterol depletion on HCV infectivity. HCVe particles (—2 fmol of the core
protein) were treated with B-CD at 0.1, 1, and 5 mg/mi for 1 hat 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 indi of infectivity, as f ly established (24), (B) Effect
of cholesterol replenishment on infectivity. After treatment wnh 5 mgrlnl B-CD, mru.s was treated either with medium alone or with medium containing
exogenous cholesicrol for 1 hat 37°C. (C) Effect of chol T and replenishi on density gradient profiles of the viral particles. The HCVee
treated with § m;flnl B-CD was replenished with exog chol 1 (1 mM) and then separated by 10-10-60% sucrose gradient ultracentrifugation
l"ll: core protein ll| each fraction was measured. The density of each fraction was determined by refractive index measurement. (D) Effects of cholesterol

h on viral infectivity. Each fraction (see panel C) was infected, and then the core proteins in the cells were measured st 72h
pi. . (E) Effect of cholesterol depletion on the infectivity of HCVpw (genotype 1a) (shaded bars) or the control, VSVdelG-GFP/G (solid bars), The vinses
were preincubated with B-CID for 1 b at 37°C before infection. (F) (I..:ﬂ) The culture medium from HCVae-producing cells was fractionated as described

0 o
1234567891012
Fraction

above. For cach fraction, the amounts of core and Hlular core (infectivity) are plotted. Peaks of the core (arrow) and infectivity (arrowhead) are
indicated. (Center) An aliquot of fraction 8 (peak of the curel was I:eal:d with 1 mM cholesterol for 1 h at 37°C. The resultant aliquot and an unireated
aliquot of the fraction were subjected 10 sucrose gradi ion. The core in each fraction was plotted. (Right) The infectivities of fractions

(Fr) 6 and 8 (see the left pancl} with or withaut cholesterol treatment were determined as shown above. Data are means from four independent
T Error bars, fard deviations.

increasing concentrations (0.1 to 5 mg/ml) of B-CD, which is  evaluated by quantifying the viral core protein in cells at
known 1o 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
removal of B-CD by ultracentrifugation. Infectivity was confirmed a good correlation between the core level and
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TABLE 2 Depletion of virion-associated cholesterol by B-CD

1. Vinm

tivity (Fig. IF, lefi). 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,
bly due to a low sensitivity of detection. Thus, 1o

Radiowctivity {cpm) of
Treatment HCVa Avg (%"
Expt 1 Exp 2
None 5327 5573 SAS0 (100)
B-CD (5 mg/ml) 1643 1646 2644 (48.5)
P
“ e J by sub g the radioactivity of J cefls from that of

I[l‘\"u. infected cells in two c:pcnmc.ﬂla
* Percentage of the mdicactivity of the untreated samphe

infectious titers (data not shown). As shown in Fig. 1A, core
protein levels following B-CD treatment at 0.1, 1, or S 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 thai 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 effect by adding exogenous 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 chol ol 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 HCVoc core prolein at its peak
concentration in virus les was ~1.17 g/ml.
When virion-associated cholesterol was rerrluved by B-CD, the
density of HCVec core protein at its peak concentration was
shifted 10 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 effeet 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 la 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 V§VdelG-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-

extend our findings on the involvement of cholesterol, we
added exogenous cholesterol to fraction 8, followed by ultra-
filtration to remove unincorporated chol ol. A sub

density gradient profile demonstrated a shift in the mre 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. IF, 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 1o HCV infectivity. HCVee 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 10
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 quamified a1 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.

Requi t for viri iated cholesterol and sphi
lipid durlnz HCV cell entry. These findings support thc |dea
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 enlry, 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 HCVee. Total RNA was extracted after a 1-h addition
of the virions at 4°C, followed 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 CD81 plays an important role in
HCV internalization but is not correlated with viral attachment
(7. 33). An anti-CD8I antibody was used as a negative control
for reduced viral attachment. It is likely that heparan sulfate
proteoglycan on the target cell surface is needed for the initial
attachment of HCV (33). Thus, heparinase T 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 mixtiure
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B HCVpv
VSV cont

10

Intracellular core (fmol/well) >
=]
% of Infectivity
3

=]

0 01 1 10 0 0.01 0.1 1
SMase (W/mil) SMase (Wml)
F1G. 2. Effect of SM hydrolysis an viral infectivity. (A) Effect on the infectivity of HCVee, HCVee was treated with 0.1, 1, or 10 U/m] SMase
tor 1 hat 37°C, after which SMase was removed by ultracentifugation. Hub-7 cells were infected with the tremted virus, and the core protein content

of infected cells was determined at 72 h p.i. (B) Effect on the infectivity of HCVpy (genotype la) (shaded bars) or the control, VSVdelG-GFP/G
{VSV cont) (solid bars). The viruses were preincubated with SMase for 1 h at 37°C before infection. Data are means from four independent

experiments. Error bars, standard deviations

prepared at 4°C as described 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
94% of surface-bound-viruses were removed by trypsinization
using CD81-nepative 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 imernalization 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-

L T

0
)

10 3

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 El (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 to
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 51311

- B-CD SMase
e E Trypsin + + + + + T
CD81+ cos1-

F1G. 3. Effects of B-CD or SMase on virus attachment and internalization, (A) Virus attachment 10 Huh-7 cells was determined a1 4°C after treatment
of HCVex with B-CD (1 or 5 mg/ml) or SMase (1 or 10 U/ml). An antibody (Ab) against CD8] was used. in order to emsure that the antibody did not
inhibit HCVee binding (7, 33), Heparinase was used 1o reduce HCV attachment 1o the cell. Viral RNA copies were normalized 1o total cellular RNA,
and the normalized RNA copies in the mock-treated sample (- ) were arbitrarily set at 100%. (B) Virus inter N WS d in Huh7-25, a
CDB1-negative subclone (( D81 ") (3), and Huh7-25-CD81, which stably expresses CD81 (CD81° ), after treatment of the virions with B-CD or SMase.
After internalization for 2 h at 37°C, cells were exposed to sry[mn (trypsin +) or phosphate-buffered saline (trypsin —). Huh7-25 was used 10 ensure that
surface-bound virus would be d by trypsin The amounts of HCV RNA in Huh7-25 and Huh7-25-CD8I cells infected with untreated
HCVec were assigned the arbitrary value of 100%, respectively. Results are of four Independent exp
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FIG. 4. Compartmentation of HCV structural proteins within DRM fractions. Lysates of HCVec-infected cells were either treated with 1%
TX-100, either on ice or at 37°C, or left untreated, followed by sucrose gradient centrifugation. (A and B) For each fraction, the amount of core
protein was determined by an enzyme-linked immunosorbent assay (A), and El, calnexin, and caveolin-2 were analyzed by Western blotting (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, either on
iee 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, [ollowed by immunoblotting with antibodies againsi
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 El or E2 protein were treated with 1% TX-100 on ice or left untreated, followed by discontinuous 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 1o bottom (light to heavy)
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FIG. 5. Effects of B-CD) or SMase treatment of cells on HCV
infectivity. Huh-7 cells were either left unireated or treated with B-CD
at 0.1, 1, or 5 mg/ml (A) or with SMase at 0.1, 1, or 10 U/ml (B) prior
0 HCVee infection. Intracellular core levels were quantitated 72 b pui.
Data are means from four independent experiments. Error bars, stan-
dard deviations.
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proteins are important for their interaction (Fig. 4D). These
data suggest that subpopulations of HCV structural proteins
are 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 HCVee infection system.
Prior to 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 1o levels in untreated cells (Fig. SA). We also found that
hydrolysis of SM by SMase at 1 or 10 U/ml on the cells,
respectively, 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), influenced subgenomic replicons de-
rived from the HCV-N isolate (genotype Ib), 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 [N 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 inhibited 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 that 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 to 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 HCVee were treated with ISP-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 1o
10 uM ISP-1 or 1 pM HPA-12 reduced viral core protein levels
more than 85% from those for control cells (Fig. 6C). The 505
inhibitory concentrations of both drugs were less than 0.1 uM,
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 HCVee.

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
chalesterol 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 to interaction 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 Auidity, the maturation of viral
envelopes with high cholesterol/phospholipid ratios via associ-
ation with rafts may be important for the stability of HCV

=1349—

6002 "92 Aenuer vo Ausienun exesQ 18 Bio wse W wosj papeojumog



512 AlZAKI ET AL 3. Viron,

O

s :
z 2
> 1
g 8
- 3
X
[ |
(01110011 10 (4011 10 011 10 L (0.1 1 10 0.1 1 10
ISP-1  HPA-12IFN ISP-1  HPA-12 IFN ISP-1  HPA-12 IFN
JFH-1 replicon N replicon JFH-1 HCVee
Ceor ep— -
PE - - - - - - —
PS| = = = w» = = - e wew
EM| &= = - -
() ISP-1  HPA-12 (=) ISP-1  HPA-12
N replicon JFH-1 replican

FIG. 6. Anti-HCV effects of inhibitors of the sphingolipid biosynthetic pathway. Subgenomic replicon cells derived from HCV isolate N or
JFH-1, as well as HCVee-producing cells, were treated with 1SP-1 (0.1, 1, or 10 uM), HPA-12 (0.1, 1, or 10 1M) or alpha interferon (IFN) (100
U/ml) for 72 h. HCV RNA titers in the replicon cells (A) and the HCV core protein content of the culture medium of infected cells (C) were
determined. Data are means from four independent experiments. Error bars, standard deviations. (B) De novo synthesis of sphingolipid in the

absence or presence of ISP-1 (10 M) and‘I!P:\-lz (10 kM) was monitored in duplicate by metabolic labeling with ["*C)serine for 2 h at 37°C.

Cer, ceramide: PE, phosphatidylethano PS, phos ylserine.

particles. Replenishing the viral membrane with cholesterol
following treatment with 5 mg/ml B-CD successfully restored
viral infectivity to 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-
lesteral 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 HCVec 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 faviviruses, 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-rafi-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 HCVee 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
HCV 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
results suggest that cholesterol and sphingolipid in the pl
membrane environment may assist HCV entry, while HCV
virion-associated cholesterol and sphingolipid appear to play
critical roles in viral infection.

We previously d rated that HCV RNA and nonstruc-
tural proteins are present in DRM structures, likely in the
context of a lipid-raft structure, and that viral RNA is likely
synthesized al a raft membrane structure in cells containing the
genotype Ib 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 mar-
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 membrane 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 5A (NS5A) regulates viral replication through its interaction
with host and other viral proteins. We have previously shown that FK506-binding protein 8 (FKBPS8) binds to
NSS5A 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 thai the dissociation constant of the interuction between
the purified FKBPS and NS5A expressed in bacteria was 82 nM, Mutational analyses of NS5A revealed that
a single amino acid residue of Val or lle 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 technique) revealed that FKBPS is partially colocalized with NS5A in
the cytoplasmic structure known as the membranous weh. 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 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 Flavivindae family and has a single-
stranded positive-sense RNA genome with a nucleotide length
0f 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 NS3B)
(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 establish 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
HCV of genotypes 1a and 1b, the most prevalent genotypes in
the world, has not yet heen 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.

HCV 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
persistent infection (29, 38). Structural analyses suggest that
NSSA 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
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, .-I] 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
10 be required lor 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/
trans isomerase activity, thereby basically conserving the ability
to interact with immunosuppressive drugs such as cyclosporine
and tacrolimus (FK506). Cyclophilin B, one of the eyclospo-
rine-binding immunophilins, can bind to NSSB and upregulate
the replication of HCV (53). We have previously reported that
NS3A specifically interacts with FK506-binding protein 8
(FKBPS8) and recruits heat shock protein 90 (Hsp%0) 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 NS5A and FKBPS.

MATERIALS AND METHODS

Cells. Humﬂ embryo Iudru:y N'H'Ct'lls. and human hepatoma cell lme Huh-7
and its d ives were I in Dulk modificd Eagle medium
(DMEM; Sigma, St Lows, MO) comtmmng 10% fetal calfl serum (FCS) and
nonessential amm acid (NEAA), The Huh-7 '1-13 cell lime, which harbors an

FKBPS IS INVOLVED IN THE REFLICATION OF HCV 3481

FEBFR{dTM) in this repon, The DNA fragment encoding FRBPS2 was ampli-
fed 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 g plasmid was d d pET30a-FKBPS2. The sequences of
the plasmids were confirmed by using an ABI Prsm 3130 generic analyzer
(Applied Biosystems, Tokyo, Japan).

Protein purification. The procedure used for protein purification was basically
that of Huang et al. (19}, with minor modifications thit have been described
previously (37). Briefly, ovemnight culture of £ colfi strains transformed with
pET-UbCHis-del32-NSSA, pET-UbNHis-FKBPS(dTM), or pET30a-FKBPS2
were added at /100 volume ino 250 mil of 2xYT medium and mcubated at 37°C
with shaking at 200 rpm. IPTG{isopropyl f-i-thiogalactoside) was added at a
final concentration of 0.5 mM when the absorbance of the culture reached an
optical density a1 600 nm of 0.6 1o (.8, and then the culture solution was
ncubated at 20°C for 4 hwith shaking at 200 rpm. Afier centrifugation of the culure
at 3,000 * g for 5 min, the pellets were washed once with phosphate-buffered
siline (PBS); suspended in 5 ml of 100 mM Tris-HO (pH.8.0)-200 mM NaCl-10
mM 2-mercaptoethanol (lvsis buller) containing 0.5% Nonidet P40, EDTA-free

plete protease (Roche, Indianapolis, IN), and 0.2 ug of lysoryme:
ml; incubated at 4°C for | h; and subjecied to freezing-thawing once. The
resulting mixture was sonicated at 4°C for 5 min and was treated with 0.02 mg of
DNase per ml at room temperature for 5 min. The suspension was centrifuged at
4°C 1 30,000 rpm for 1 b in & Beckman SW30.1 (Beckman Coulter, Fullerton,
CAJ 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-HC (pH 8.0) containing 100
mM NaCl. The dialyzed eluates were applied to a Resource Q Sepharose column
(GE Healthcare, Tokyo, Japan), washed with a tencolumn volume of 20 mM
Tris-HO buffier (pH 8.0) containing 100 mM NaCl, and eluted under a linear
gradient of 100 to 1,000 mM NaCl in 20 mM Trs-HOl buffer (pH 8.0). The peak
fractions were pooled into a tube and concentrated by using Amicon Ulim-4
(Millipore, Bedford, MA). A half volume of the concentrated fraction was
dialyzed againgt 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
assay. The protein was d using a C ie profein assay
Wit (Pierce, Rockford, IL).

Binding kinetics of NS5SA and FEKBPE. Surface plasmon resonance (SFR)
were made at 25°C by using a Bicore 2000 biosensor (GE Health-

HOV subg i (4, 27}, was i m DMEM suppl i with
10% FUSand | mg DI'G-UE and NEAA/ml. The Hub-7 9-13 cell ine was treated
with IFN-a to deplete the HOV RNA repli A cell line exhibiting the highest
efficiency of propagation of JFHI virus was selected by limited dilution and
designated Huh-7OK1. The Huh-7TOK1 m! lme d the ability to prod
type | [FNs th h the RIG-1-def 2 2 pathway upaon infection with
RNA viruses and exhibited a cell surface expression level of human CDS1
comparable to that of the parental cell line. Detailed characterstics of this cell
line are described elsewhere.

Antibodies. Rabbit antibody 1o NSSA was prepared by immunization with the
NSSA peptide as described previously (16). Mouse monoclonal antibody 1o
NSSA was purchased from Austral Biologicals (San Ramon, CA). Mouse mono-
clonal antibody 1o FKBPS (KDM11) was described previously (37),

Plasmids. cDNA encoding NSSA was amplified from the HCV genotype 1b
Conl stran, kindly provided by R. Bartenschiager, by PCR using FPfu Turbo
DNA polymerase (Stratagene, La Jolla, CA) The DNA fragment was cloned
min pCAGGs PURN-HA (36, 37). Human FKBPS cDNA was amplified from
the total cDNA of Huh-7 cells by PCR. and the fragment was introduced into
peDNAR L N-Flag. in which a Flag tag is i duced in the 5 of the
cloning site of pcDNAJ 1+ ) (Invitrogen, Carlsbad, CA). The point mutations of
NSSA were generated by the method of splicing by overlap extension (17, 18) and
mtroduced into pCAGGs-PURN-HA. The mutant NSSA ¢cDNAs were amph-
fied by PCR, digested with Mlul and Xhol, and introduced mto the replicon
plasmid  pFKl,/nea/NS3-3'/5.1 (23), provided by R. Barenschlager, or
pFKLMRLNSI 351 (37). The cDNA encoding NS3 to NSSA was excised
from pFKLy,/nea/NS3-3/5.1 and cloned into pCAGGs-PUR (36, _\?l pET-

care ) in accordance with the manufacturer’s instructions to determine the affinity
between NSSA and FKBPS, Briefly, The NSSA-His was immobilized as ligand on
a carboxymethyl-dextran (CMS$) sensor chip with an amine coupling kit (Bia-
core). His-FKBPS and His-FKBP32 were diluted with HBS-E buffer containing
0.0005% surfactant P20 (HBS-EP buffer) at the concentrations indicated in Fig.
1. The dilured sample was applied 10 the sensor dw ara flow rate of 20 u].l'rmn
in HBS-EP. The raw data were analyzed with a B

(version 3.0; GE Healthcare).

py. Huh-7 9-13 replicon cells cultured on glass
slides overnight were fixed 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 with PBS ¢ ing 0.25% saponin 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- FKEPE
antibody (KDM 11} andior rabbit anti-NSSA antibody at 37°C for 60 min, washed
three times with PBS-BSA. and incubated with PBS-BSA contaiming Alexa Fluor
488 (AF488)-conjugated anti-mouse immunoglobulin G (IgG). AF488.conju-
gated anti-abbit IgG, AFS%4-conjugated anti-rabbit IpG, and/or AF56.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 scanming confocal microscope (Olympus, Tokyo, Ja-
pan). For mitochondria and lipid droplet staining, cells were incubated with
culture medi Mi ker Deep-Red (200 nM; Molecular Probes)
and Bodipy 558/568 12 (20 pgml; Molecolar Probes). respectively, for 20 min
at AT°C. Afier staining, cells were washed once with fresh and prewarmed culture
dium and incubated a1 37°C for ZD min.

UbCHis-del32-NSSA encoding an NSSA lacking the b g re-
gion (amino acid residues 1 to 32) and Eschenchia coli strain Bu]tDE_\yp(ti]
was kindly provided by C. E. Cameron (19). The DNA fragment encoding the
regions spanning from amino acid residues 2 to 389 of FKBPS lacking the
transmembrane region was amplified by PCR and mplamtl with the NSSA
coding region of pET-UbNHis-del32-NSSA_ The resul id ding the

Correlative FM-EM. € e microscopy-clectron micros-
copy (FM-EM) allows individual cells 1o be ined 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-TOK| cells were culiured on

amino acid residues from 2 1o 389 of FKBPS was d:glnicd pET- UbNHis-

gridded, 35-mm glass-botom dishes (Mat Tek, Ashland, MA) in 1 mi of DMEM
containing 10% FCS mt 37°C overnight. Cells on the grid were fived and stained
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FIG. L. Purification of recombinant NSSA, FKBPS, and FKBPS2
and characteristics of their interaction, (A) Purified recombinant His-
FKBPS (lane 1), NSSA-His (lanc 2), and His-FKBP52 (lane 3) were
subjected 1o 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 NSSA-His and His-
FKBPS, respectively, and exhibit no cross-activity, The purified recom-
binant proteins (10 pg) were mixed, and immunoprecipitated with
rabbit polyclonal IgG to NSSA or nonspecific rabbit 1gG (C) or im-
munoprecipitated  with mouse monoclonal antibody to FKBPS
(KDM11) or nonspecific mouse IgG (D). Immunoprecipitated pro-
teins were subjected to immunoblotting with antibodies 10 NSSA and
FKBPS. (E) The kinetics of interaction between His-FKBPE and
NSS5A-His was estimated from SPR by using a Biacore 2000, The data
are representative of three independent experiments.

udlll !hc specific antibodies as described above and then examined by using a
r mi pe. The same sp were then further
mcuhatudwllhlj"?" Idehyde and 2% f Idehyde in PBS at 4°C over-
mgju Adter three washings with m the samples were postfived with 1%
ide and 0.5% p i mPBElatlh\nshedmtll
distilled water three times, hydrated in ethanol, and f in Epon812
(Structure Probe. West Chester, PA ). Ultrathin sections of the cell {70-nm thick)
were stained with saturated uranyl acetate and Reynolds lead citrate solution,
The cleciron micrographs were taken with & JEOL JEM-1011 transmission
el.enmn m.cmmpe [JI'UL Lid., Tokyo, Japan).
and | ipitation. The transfection
:nd rrnmumprmpnnnon 1ests were carried :ml a described previously (37). The
were subjected 1o sodium dodecyl sulfate (SDS)-

l"orllﬂ- ylamide gel el b The p were transferred 10
pol;wmylidene diftuaride membranes {Mli.frporti lrul reacted with the appropai-
ate antibodies. The lexes were lized with Super Signal West

Femto substrate {Pieree) and were detected by using an LAS-3000 image ana-
Iyzer system (Fujifilm, Tokyo, Japan).

Trunsient replication assay, The HCV replicon plasmid, pFK-1,., hRI/NS-
/5.1 (37), was cleaved with Scal and transcribed in vitro by using 8 MEG Ascript

J. Vikoi.

T7 kit {Ambion. Austin, TX). Then. 10 ug of the rranscribed RNA was clectro-
porated at 270 V and 960 wF by a Gene Pulser (Bio-Rad, Hercules, CA) into 10
miltion cells of Huh-TOK1 of cell line per ml. suspended in 25 ml of culiure
medium, and then sceded at | ml per well on 12-well culture plates, Luciferase
activity was measured a1 4 and 48 b postransfection using a Nemilhe luciferase
assay system (Promega, Madison, WI) according o the manufaciurer’s protocol
The relative luciferase activity was presented as the ratio of the luaferase activity
measured at 48 h posttransféction 1o thai at 4 h

Colony formation. The plasmid pFK-I,. neo/NS3-3/NKS 1 (23) was digested
with Scal. and 10 g of the in vitro-tr bed RNA was el d onto 4
million Hub-7 cells per 0.4 mi and suspended m 10 ml of the cubture medium as
dewcribed above. A 3-mi aligquot of the resalting cell suspension was mined with
7 ml of the culture medium and inoculated into o cullure dish 10 cm in diameter.
The culture medium was replaced with fresh DMEM containing 10% FCS and
I mg of G418 (Makarai Tesque, Tokyo, Fapan)'ml at 24 b posttransfection. The
medium was exchanged once o week with fresh DMEM containing 105 FOS and
1 mg of G418/ml. and the remuining colonles were fixed with 45 paraform-

Idehyde at 28 days g and stained with crvstal violer.

Direct uqmdn[ of the NSSA gm in @ GAlE-resistant cell line. Towml RNA
was prepared from G418 1 ' by using an RNecasy minikit (Qiagen.
\"niencua CA). and first-strand cDNA was synih | with J by
using a first-strand cDINA synthesis kit (GE Healthcare). The NSSA aem were
amplified with the primer pair S -GACGGCATCATGCAAACCAC-3 and 5
COTGGAGGTUGTATOGGAGG-3. The PCR products were applied 10 aga-
rose gel electrophoresis and purified by using o gel extraction kit (Qiagen). The
purified PCR products were sequenced with the inside primer 5 -ATTAACGC
GTACACCACGGG-Y by using an AB] Prism 3130 genetic analyzer {Applicd
Biosystems).

RESULTS

Purification of recombinant NS5A, FKBPS, and FKBP52
and characteristics of their interaction. We have previously
reported that the thioredoxin-lagged domain | of NSSA (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 NSSA-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 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 NS5A-His and His-FKBPS (Fig.
1A). To confirm the specificity of the antibodies to NS5A and
FKBPS, NS5A-His and His-FKBPS were immunoprecipitated
and then subjected 1o immunoblotting by the antibodies. The
antibodies 10 NS5A and FKBPS specifically recognize NSS5A
and FKBPS, respectively (Fig. 1B). The antibody to NSSA, but
not nonspecific rabbit IgG, precipitated NS5A together with
FKBPS (Fig. 1C). The reverse experiment was also successful
in demonstrating that antibody to FKBPR, but not nonspecific
mouse 1gG, precipitated FKBPS 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 respansible for the interaction of FKBPS and NSSA domain 1. (A) Structure and lunctional
domains 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 10 bind 1o FKBPS, respectively. The site of Ala substitution of HA-tagged NS5A(1-125) and the results of binding to FKBPS
are summarized on the right. (B) The C-terminal deletion mutants of HA-tagged NSSA domain | were coexpressed with Flag-FKBPE in 2937 cells
and immunoprecipitated with anti-HA or anti-Flag antibody. Immunoprecipitates were analyzed by immunoblotting. (C) Five substitution mutants
of HA-NS5A(1-125) replacing cach of the amino acid residues from 121 to 125 with Ala were coexpressed with Flag-FKBPS in 293T cells,
immunoprecipitated, and analyzed by immunoblotting. The data are representative of three independent experiments.

and NS5A. His-FKBPS or His-FKBPS2 was applied 1o a flow
line at various concentrations on the sensor chip on which
NSSA-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, (10 % s~ '), and K, (10°M ' s ")
were caleulated to be 186 and 22.8, respectively. Therefore,
the equilibrium dissociation constant (K;,) 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 1 of NS5A (amino acid residues 1 1o
213) was shown to interact with FKBPS (37), However, further
analyses on the specific interaction of NS5A with FKBPS have
not yet been carrfed 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 domauin 1 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
FKBPS, we generated substitution mutants of HA-NSSA(]-
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-
NSSA(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 [ull-length of
NS5A mutant substituted Val'" with Ala hy immunoprecipi-
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FIG. 3. Intraceliular localization of wild-type and VI2ZIA mutam
NS5A with FKBPS. Huh-TOKI celis 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 FKBPS and NSSA were stmined with anti-FKBPE mono-
clonal antibody (KDM11) and rabbit anti-NS5A polyclonal antibody,
followed by staining with AF488-conjugated anti-mousc IgG and
AFS%-conjugated anti-rabbit IgG antibodics, 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 NS5A with an endog-
enous FKBPR in Huh-7OK| 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 resulis suggest that Val'*!' of NSSA plays a
critical role in the specific interaction with FKBPS.

Effect of the interaction of NSSA with FKEPS on the repli-
cation of HCV. The amino acid alignment of NSSA derived
from several genolypes on the basis of the European HCV
database (htip://euhevdb.ibep.fr/euHCVdbijsp/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 genoiype 1a strains, which have lle in place of Val (Fig.
4A). We have previously shown that NSSA of genotype la
{H77C strain), which has an amino acid residue He'*', was able
to interact with FKBPS (37). To determine the role of Ile'*' on
the binding of NSSA 10 FKBPS, HA-NSSA(1-125) of the ge-
notype b Conl strain in which Ile was substituted for Val'*'
was coexpressed with Flag-FKBPS and immunoprecipitated
with specific antibodies (Fig. 4B). The HA-NS5A mutant pos
to He interacted with Flag-

sessing the substitution of Val'=!
FKBPS at the same level as the wild-type NSSA, Next, to
determine the role of Val'*' or Ile'*' in the replication of
HCV, we generated replicon RNAs in which Val'™' of NSSA
was replaced with either Ala or Ile. In vitro-transcribed RNAs
from the pFK-1,,, hRL/NS3-37/5.1 carrying the mutation were
introduced into the Huh-7 cell line by electroporation. The
Renilly luciferase activity was measured at 4 and 48 h post-
transfection and is represented as the ratio ol luciferase activity
measured at 48 h posttranstection to that measured at 4 h, The
with Ala severely impaired the RNA
replication, whereas substitution of Val'*!

replacement of Val'*!
to lle, as seen in
genotype 1a strains, had no apparent effect on the replication

(Fig. 4C), These resulls suggest that Val'™' and e’ of NS5A

1. Vike

Genotype  Strain Amino acd sequences
7
1a A YO58465 ‘a"'lmvu "Mm
18 H77C WRVSAEEYVE [RAVODFHYV
1b AYBOBO16 WRVAAEETVE TRVGDSHYV
ib Conmt WRVAAEEYVE VTRVGDFETV
b J1 WMRVAAEEYVE VTRVGOFHYV
a ABD4TEI9 WRVGAADYAE “REVGDINYI
2a JPH1 MRVAASEYAE TTQHGSYSYV
b AB030907 WIVARAEYAE ~TRHGSYATV
2c DG155561 WRVAASDTAE TTOHGSHAYV
Ja AF3I20788 WRVAANSYVE "REVGDFHETIL
3b D48IT4 WRVAANSTVE “ROVGDFHTV
4a DO416782 WRVAAEETVE ~TRVGDFHYV
4d DO418786 WRVSAEDTVE VRRVGDFHYV
5a Y3184 WRVGAADIAE "REVGDYHYI
Ga DO480519C WRVSAEDYVE ~RRLGDCHTV
&b 084262 WRVEAEDYVE “RRLGDCHYV
6e DO314805 WRVBAEDYVE TVRIHDCHYV
B c
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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 1o 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 cocxpressed 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/NS3-3/5.0 (wild-type, WT) and those transcribed
from the plasmids carrying the lethal mutation in NSSB (GND) or
the substitution in Val'*' 1o Ala (VI2IA) or to Tle (VIZ11) in NSSA
were introduced into Huh-7 cells by electroporation. The relative lu
ciferase value was calculated by determining the increase in Remilla
luciferase activity al 48 h compared to that observed at 4 h afier
transfection, The relative activity 15 represented as the ratio of cach
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 NSSA interacts with an endogenous FKBPS in
replicon cells harboring the subgenomic virml RNA (37).
Therefore, we tried to demonstrate the lack of imeraction of
FKBPS with the mutant NS5A substituted Val'™™' 1o Ala. How-
ever, we could not detect a sufficient amount of HCV proteins
due 1w a low level of replication of the subgenomic replicon
carrying the mutation in NSSA (Fig. 4C and 5A),

T'o further confirm the importance of Val'*!' and Hle'™' in
NSSA on the replication of HCV RNA, a colony formation
assay was carried out. The replicon RNA carrying a neomycin
resistance gene transeribed from pFKI ., /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
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FIG. 5. Effect of the interaction of NS5A with FKBPS on the col-

ony formation by HCV replicon. (A) The replicon RNAs of the wild
type (WT). a replication-deficient mutant (GNIX), and the substitution
in Val'*' 1o Ala (VI21A) or to lle (V1211) were transcribed from the
plasmids based on pFKl,, nea/NS3-37/5.1, transfected into Huh-7
cells, and selected by G418 for 4 weeks. The remaining cells were fixed
in 4% paraformaldehyde and stained with crystal violel. (B) Seven
resistant colonics that appeared after transfection with the replicon
RNA cncoding substitution of Val'*' to Ala (VI2IA) in NS5SA were
expanded. and the total RNAs were punfied. The NSSA cDNAs were
umplificd by PCR with (+) or without (=) reverse transcription,
(C) Sequence of NSSA genes derived from the wild type (WT), the
VIZ1IA mutant, and seven resistant colonies (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
NS5SA to Ile was introduced, but only a few colonies appeared
on the plate of cells into which RNA carrying the mutation of
fal™" to Ala was introduced (Fig. 5A). To characterize the
L|J|UI'IIL'\ 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 NSSA
cDNAs 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 1o direct sequencing and revealed that the trans-
fected mutant replicon RNA had GCG corresponding to the
Ala'"*", in contrast 1o 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.
Subcellular localization of FKBPS and NS5A. Previous re-
ports suggest that FKBPS is mainly localized on mitochondria

FKBPE 15 INVOLVED IN THE REFLICATION OF HCV 1485
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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 NSSA were
stained with anti-FKBPS monoclonal antibody (KDMI1) and rabbit
anti-NS3A polyclonal antibody, followed by staining with AF488-con-
jugated anti-mouse 1gG and AFS94-conjugated anti-rabbit 1gG anti-
bodies, respectively, Rectangles 1, 2, and 3 were magnified and are
shown on the right. (B) NS5A was stained with the rabbit polycional
antibody to NS5A and AF488 conjugated anti-rabbit IgG. Lipid drop
lets were speciheally stwned with Bodipy 558/568 CI2. (C) Endoge-
nous NSSA and FKBPS were stained with stained rabbit anti-NSSA
polyclonal antibody and anti-FKBPS monoclonal antibody (KDM11),
followed by staining with AF48R-conjugaled anti-rabbit IgG and
AFS546-conjugated anti-mouse 1gG, 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 lolded membranous compartiment known as a membra-
nous weh 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 10 NSSA and to FKBPS. Endogenous FKBP8 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 NSSA 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
tlogether with NSSA on dol-like structures thal were distinet
from the mitochondria (Fig. 6C).

To further analyze the subcellular compartments where
FKBPS and NS5SA were colocalized, the same fields of Huh-7
9-13 replicon cells were observed with FM and EM by using
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