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Figure 3. CyPB Interacted with HCV NS5B

{A) [*S]-fabeled in vitro translation products of HCV NS3 (panel a), NS4B (panel b), NS5A (panel ¢), NS5B (panel d}, and HIV-1 Gag as a
positive control (panal &) were incubated with recombinant GST fusions of CyPA or CyPB (GST-CyPA or GST-CyPB, respectively) or with GST
as a negative control. “Input” designated the signal for 1/10 of the amount of [**S)-labeled product used in the pull-down assay. CBB staining
patterns for the pulled-down proteins are shown in the bottom panel. Open circle, GST; closed triangle, GST-CyPA; and closed square,
GST-CyPB.

{B) Coimmunoprecipitation from lysates of MH-14 cells transfected with expression plasmids for FLAG-tagged CyPA (CyPA-FL) (lanes 7, 8,
and 12), CyPB (CyPB-FL) {lanes 3, 4, and 10), CyPBAPPI (CYyPBAPPI-FL) (lanes 5, 6, and 11}, or empty vector (lanes 1, 2, and 9 and right panel).
The plasmids used for transfection are indicated at the top of the panei by + or —. “|P" designates the antibodies used for immunoprecipitation.
Coimmunoprecipitated proteins were detected by immunoblot analysis using either anti-FLAG (left) or anti-NS5B (right) antibedies, respec-
tively. Closed square, lg heavy chain; closed triangle, 1g light chain; and open circle, nonspecific band. GyPA, CyPB or CyPBAPPI, and NS5B
are indicated. Ectopically expressed CyPB showed a double band, consistent with the previous report (Price et al., 1994). The upper-slight
band of CyPBAPPI in lane 5 is likely to show nonspecific binding, because it was not precipitated with IgG in a buffer containing higher
concentration of NP-40 (1% NP-40) (data not shown).

(C) Coimmunoprecipitation of endogenous CyPB with NS5B in MH-14 cells. The data are presented as in (B). The immunoprecipitates were
detected with an anti-CyPB antibody.

(D) Coimmunoprecipitation of endogenous CyPB with exogenous NS5B in Huh-7 cells. Huh-7 cells were transfected with an expression
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protein-protein interactions, nuclear import, enzymatic
activity, or protein phosphorylation. In this study, we
demonstrated that CyPB also modulated the activity of
RNA-protein binding. This information will significantly
impact our understanding of the molecular functions
of CyP.

Regarding the role of CyP in virus proliferation, CyPA
has been reported to be involved in the life cycle of
HIV-1. CyPA binds HIV-1 Gag (Luban et al., 1993) and
is incorporated into viral particles (Franke et al.,, 1994;
Thali et al., 1994). This CyPA promotes viral infectivity
(Braaten and Luban, 2001; Towers et al., 2003). HiV-1
Gag, however, binds to not only CGyPA but aiso most
other members of the CyP family (Braaten and Luban,
2001; Luban et al., 1993). In contrast to HIV-1 Gag, HGV
NS5B bound CyPB, but not CyPA. Among the CyP fam-
ity members examined, only CyPB regulated HCV ge-
nome replication. The subcellular localization of each
CyP subtype varies; CyPA is found in the cytoplasm
and nucleus, CyPD in the mitochondria, and CyPE in
the nucleus (Takahashi, 1999). CyPB is located mainly
in the lumen of the ER (Price et al,, 1994; Takahashi,
1999). A subset of CyPB, however, was speculated to
localize in the cytoplasm or in ER substructures on the
cytoplasmic side (Bram et al., 1993). We found that a
portion of GyPB localized on the cytoplasmic face of
the ER irrespective of the presence of HCV replicon
(Figure 4B), consistent with this previous speculation.

Almost all HCV proteins and genomic RNA are lo-
cated around the ER (Bartenschlager and Lohmann,
2001). The majority of events in the HCV life cycle, in-
cluding genome replication, protein maturation, assem-
bly, and budding, occur around intracellular ER-lile
membranes (Bartenschlager and Lohmann, 2001). NS58
mainly localizes on the cytoplasmic side of the ER
membrane through its C-terminal 571-591 aa hy-
drophobic region (Schmidt-Mende et al., 2001). A sub-
set of the total NS5B participates in the RC, which is
thought to have a cytoplasmic side membrane topol-
ogy and is surrounded by a membrane structure (Aizaki
et al., 2004). We cannot conclude clearly where CyPB-
NS5B-RNA association occurs. The 521-591 aa region
of NS5B, which is the binding region for CyPB, how-
ever, is thought to be inserted in the ER lipid bilayer
membrane on the cytoplasmic face (Schmidt-Mende et
al., 2001). A part of CyPB was also found on the cyto-
plasmic face of the membranes as described above.
Moreover, crosslinking analysis (Figure 4C) suggests
the interaction of CyPB with the HCV RNA-NSSB com-
plex, which is likely to occur mainly in the RC. Thus,
CyPB likely interacts with NS5B on the cytoplasmic
face within the RC compartment (and in the lipid bi-
layer membrane).

Viral polymerases are promising targets for the devel-
opment of antiviral agents. Several chemicals targeting
NS5B have anti-HCV activity (Wu and Hong, 2003).
These compounds directly inhibit the activity of recom-
binant NS5B in vitro. In addition to these typical anti-
HCV compounds, inhibition of the association of CyPB
with NS5B may serve as a strategy for the design of
antiviral therapeutics. Our findings not only reveal one
of the mechanisms of viral replication in the cells but
also may lead to the development of antiviral thera-
peutics.

Experimental Procedures

Cell Culture and Transfection

Huh-7 and cured MH-14 cells (Murata et al., 2005) were cultured in
Dulbecco’s modified Eagle medium (DMEM) (invitrogen) supple-
mented with 10% fetal bovine serum, L-glutanime {Invitrogen),
MEM nonessential amino acids (Invitrogen), and kanamycin (Meiji).
MH-14 cells, carrying HCV subgenomic replicon (Miyanari et al.,
2003), were cultured in the same medium supplemented with 300
1g/ml G418 (Invitrogen). Plasmid transfection was performed as
described previously (Watashi et al., 2003b). RNA transfection for
the reporter assay was achieved by using DMrie-C transfection
reagent (Invitrogen) as recommended by the manufacturer. siBNA
was transfected by using siLentFect (BIORAD) according to the
manufacturer’s protocol.

Reagents

CsA was purchased from Sigma. The CsA derivatives 8'-OH-
MeBmt'-Cs, MeAlab-Cs, D-lys®-Cs, MeVal*-Cs, cyclosporin H,
NIM811, and PSC833 and the macrolide type GyP inhibitors sangli-
fehrin A and B were kindly provided by Novartis (Basel, Switzer-
land). The characteristic feature of each CsA derivative is shown in
Figure 1A {for details, see Billich et al. [1995], Loor et al. [2002],
and Silverman et al. {1997)). (D-lys®Cs binds CyP in vitro. In cells,
however, the effective binding affinity to CyP is low because of
inefficient cellular uptake (Billich et al., 1995).

immunobliot Analysis
Immunoblot analysis was performed essentially as described pre-
viously (Watashi et al., 2003b).

Antibodies

The antibodies used in this experiment were anti-NS5A (a generous
qift from Dr. Takamizawa, Osaka University), anti-NS5B (10 and 14;
kindly provided by Dr. Kohara, Tokyo Metropolitan Institute of Med-
ical Science), anti-actin (Sigma), anti-CyPA (Upstate Cell Signaling),
anti-CyPB (Affinity BioReagents), anti-FLAG (M2; Sigma), anti-HA
(3F10; Roche), anti-BrdU (Sigma), anti-lkBo (Santa Cruz), anti-PDI
(StressGen), and anti-calnexin (StressGen) antibodies.

Real-Time RT-PCR Analysis
Real-time RT-PCR analysis was petformed as described previously
(Watashi et al., 2003a).

RNAI Technique

SiRNA duplexes (si-CyPA, 5 -AAGCATACGGGTCCTGGCATG-3'; si-
CyPB, 5'-AAGGTGGAGAGCACCAAGACA-3'; and si-CyP(broad),
5'-AAGCATGTGGTGTTTGGCAAA-3") containing 3'dTdT over-

plasmid for HA-tagged NS5B (lanes 3, 4, 7, and 8) or an empty vector (lanes 1, 2, 5, and 6). The immunoprecipitates were detected by an

anti-CyPB antibody.

(E and F) The interaction of GyPB with NS5B was disrupted by CsA treatment. In {E), a GST puli-down assay between GST-CyPB and NS5B
was performed in the absence (lane 3) or presence (fanes 4-7) of CsA. The concentrations of CsA in lanes 4-7 are 0.8, 4, 8, and 16 pg/mi,
respectively. in (F), coimmunoprecipitation between CyPB-FL and NS5B in MH-14 cells treated without (lanes 1, 2, and 5) or with 3 pg/mt

CsA (lanes 3, 4, and 6) was analyzed.

(G) Mapping of the regions of NS5B responsible for the interaction with CyPB. Af the left of the panel, schematic representation of the full-
length and truncated mutants of NS5B is shown. The humbers indicate the amino acids residue numbers in NS5B. “CyPB binding” summa-
rizes the results of a GST pull-down assay by =; GST pull-down data are presented as described in (A).
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Figure 4. Colocalization of CyPB with NS5B around the Endoplasmic Reticulum

(A) CyPB colocalized with NS5B. Indirect immunofluorescence analysis was performed on MH-14 cells incubated in the absence (panels a~f
and r) or presence of actinomycin D/BIU (panels g-o and q). Huh-7 cells were treated with actinomycin D/BrU as a negative control (panel
p). Prior to immunafluorescence analysis with permeabilization by Triton X-100, cells were treated with digitonin (Digi) followed by digestion
with 0.3 p.g/ml proteinase K (PK) in panels m-o. The primary antibodies used were anti-CyPA (panel g, red), anti-CyPB (panels d, k, and n,
red), anti-NS5B (panel ¢, green and panel h, red), and anti-BrdU (panels g, j, m, and p-1, green) antibodies, DAP] was used to visualize the
nuclei (panels b, f, and p, blue). Panels a-b, c-f, g-i, j-1, and m-o show the same cells. Merged images of green and red signals are shown
in panels e, i, 1, and o. Panels p-1 are the merged images of green (BrU) and blue (DAPI) signals.

(B) A portion of CyPB was located on the cytoplasmic face of the intraceliular membrane. MH-14 cells were fixed and followed by permeabili-

—204—



CyPB Regulates NS5B for Efficient HCV Replication
119

hanging sequences were synthesized (QIAGEN). A control nucleo-
tide, si-control, was purchased from Dharmacon {nonspecific con-
trol duplex IX). si-CyPC, si-CyPE, and si-CyPH were obtained from
Ambion (predesigned siRNA). The sequence of si-CyP{broad)
matches 100% with CyPA and CyPB mRNAs, a 20 bp match with
CyPH, a 19 bp match with GyPC and CyP40, and a 17 bp match
with CyP33. The sequence of si-CyPA and si-CyPB does not have
significant identity to mRNA for CyPB and CyPA, respectively.

RT-PCR Analysis

RT-PCR analysis was performed as described (Watashi et al.,
2003b) by using the following primer sets: 5'-GTTGGATCGCATG
GGCCCGGGTC-3' and 5 -GTTCTCGAGTCACCAATCAGCGATC-3”
for the detection of CyPG, §'-GTTGAATTCATGGCCACCACCAAG-
3’ and 5’-GTTCTCGAGTCACACGTACTCCCCAC-3' for CyPE, and
5 -GTTGGATCCATGGCGGTGGCAAATTC-3' and 5 -GTTCTCGAG
CTACATCTCCCCACAC-3' for CyPH.

Luciferase Assay

A luciferase assay monitoring HCV replication levels was per-
formed as previously described (Murata et al., 2005). The reporter
RNAs used in this study were LMH14, LMH14(GHD), in which the
GDD polymerase motif of NS58B was replaced by GHD to lose repli-
cation activity, and LMH14(P540A), in which the proline at position
540 of NSEB was replaced by alanine.

Plasmid Constructs

The CyPA and CyPB cDNAs were obtained by RT-PCR from a hu-
man liver cDNA library (Clontech) template by using the following
primers: 5’ -GTTGGATCCGCCATGGTCAACCCCACCG-3' and 5'-GTT
GAATTCTTCGAGTTGTCCACAGTC-3’ for CyPA and & -GTTGGA
TCCGCCATGCTGCGCCTCTCC-3' and 5'-GTTGAATTCCTCCTTG
GCGATGGCAA-3’ for CyPB. pGEX-CyPA and pGEX-CyPB, which
encode glutathione S-transferase (GST) fusions of CyPA and CyPB
were construcied by insertion of the BamHI-EcoRI fragments into
the appropriate site of the pGEX-6P1 vector (Clontech). The pCMV-
CyPA-FL. and pCMV-CyPB-FL plasmids expressing FLAG-tagged
CyPA and CyPB, respectively, were obtained by inserting the CyPA
and CyPB fragments into the BamHI-EcoRl site of the pCMV-
FLAG(C) vector. CyPBAPPI, of which arginine and phenylalanine at
position 95 and 100 of CyPB were replaced by alanines, was an
enzymatic-inactive mutant of CyPB (Rycyzyn and Clevenger, 2002).
The subcloning of pCMV-CyPBAPPI-FL, which encodes a FLAG-
tagged CyPBAPPI, was performed essentially as described (Rycy-
zyn and Clevenger, 2002). Expression plasmids for HCV NS3,
NS4B, NS5A, and NS5B (pcDNA-NS3, pcDNA-NS4B, pcDNA-NSEA,
and pcDNA-NSSEB, respectively) were generated by insertion of
PCR-amplified fragments encoding each HCV protein into the
pcDNA3 vector (Invitrogen). The series of plasmids expressing de-
letion mutants of NSHB were constructed by inserting into the
pcDNA3 vector various fragments amplified by PCR using appro-
priate synthetic oligonucleotides as primers and pLMH14 as a tem-
plate. The primers for oligonucleotide-directed mutagenesis used
to generate the NS5B(P540A) mutant were 5'-ACTGCAATTGCGG
CTGCGTCG-3’ and 5'-GGACGCAGCCGCAATTGGAGT-3'. LMH14
and LMH14(GHD) have been described previously (Murata et al.,
2005). The expression plasmid for HIV-1 Gag was Kindly provided
by Dr. Adachi, Institute of Health Biosciences, The University of
Tokushima.

GST Pull-Down Assay
A GST pull-down assay was performed as described previously
(Watashi et al., 2003b).

Immunoprecipitation Assay and RNA-Protein

Binding Precipitation Assay

An immunoprecipitation assay was essentially performed as de-
scribed (Watashi et al., 2003b). For the RNA-protein binding precip-
itation assay, either cells or digitonin/protease-treated cells were
lysed in IP buffer containing 50 mM Tris-HCI {(pH 8.0), 150 mM NacCi,
0.5% NP-40, and 1 mM PMSF. After centrifugation, supernatants
were incubated for 2 hr with poly-U or protein G Sepharose resin
as a negative control (Amersham Biosciences). After four washes
with [P buffer, precipitates were analyzed by immunoblot analysis.

Indirect Immunofluorescence Analysis

The normal indirect immunofluorescence analysis in Figures 4A
and 4B, panels a-f, was performed as described previously (Wa-
tashi et al., 2003b). Briefly, the cells were fixed, and permeabiliza-
tion with 0.1% Triton X-100 followed. These cells were subjected
to the antibody reaction to detect each protein. In Figure 4A, panels
g1, de novo-synthesized HCV RNA was labeled with 5-BrU. Cells
were treated with 10 pg/ml actinomycin D to block RNA transcrip-
tion by cellular DNA-dependent RNA polymerases (Restrepo-Hart-
wig and Ahlquist, 1998). After a 30 min incubation, 40 mM BrU was
added to the cuiture medium for labeling BNA (Fuchsova et al,
2002). After an additional 2 hr, the cells were subjected to immuno-
fluorescence analysis. In the modified immunofluorescence analy-
sis (Watashi et al., 2001) in Figure 4B, panels g-r, we treated the
cells with 50 p.g/ml digitonin at 27°C for 5 min to permeabilize the
plasma membrane, but not the intracellular membrane. After wash-
ing out the cytosol, these cells were fixed and subjected to the
antibody reaction.

Crosslinking Assay for the Detection of RNA-Protein Complex
Crosslinking and the subsequent immunoprecipitation were essen-
tially performed as described (Watashi et al., 2003b). The immuno-
precipitation was done in the presence of RNase inhibitor and
polydi-dC. Recovered immunocomplexes were digested with pro-
teinase K and treated with phenol/chloroform. RT-PCR was per-
formed with the extracted RNA and 5’'-TCCCGGTTGGACTTGTCC-
3’ and 5'-GCCTATTGGCCTGGAGTG-3’ as a template and primer
sets, respectively, by using a one-step RNA PCR kit.

Cell Permeabilization with Digitonin Followed

by Digestion with Protease

Digitonin/protease treatment was performed as described pre-
viously (Miyanari et al., 2003). Briefly, cells were permeabilized by
a5 min incubation in buffer B containing 50 jug/mi digitonin at 27°C.
After two washes in buffer B, cells were treated for 5 min with vary-
ing concentrations of proteinase K at 37°C.

RNA Synthesis with the Replication Complex
RNA synthesis reaction was performed as described (Miyanari et
al., 2003), using reaction times of 0.5, 1, 2, 4, 6, 12, and 24 hr.

_In Vitro RNA Binding Assay

An in vitro RNA binding assay was petformed by using poly-U or
poly-A Sepharose as a model RNA substrate, as described pre-
viously (Ishii et al., 1999). In vitro-transtated [*§]-labeled products
and poly-U, poly-A, or protein G Sepharose resin as a negative

zation with 0.1% Triton X-100 to detect PDI (panel @), CyPB (panel ¢}, and NS5B (panel ¢) by normal immunofluorescence analysis as a
control experiment (Triton X-100). In panels g-r (digitonin), MH-14 (panels g-} and Huh-7 cells {panels m-1) were permeabilized with 50 g/
mi digitonin followed by extensive washes. These cells were then fixed and subjected to detection of PDI (panels g and m), GyPB (panels i
and o), and NS5B (panels k and ). DAPI (panels b, d, f, h, j, I, n, p, and 1) shows the nuclear staining in the same cells as that shown in

panelsa, ¢, e, ¢, i, K, m, 0,and q.

(C) CyPB associated with HCV RNA-NS5B complex in the cells. Formaldehyde-crosslinked RNA-protein complexes in MH-14 cells were
immunoprecipitated with anti-NS5B, anti-CyPB, or normal rabhit 1gG {{gG). The RNA extracted from the immunoprecipitates was amplified
by RT-PCR as described in the Experimental Procedures. “Input” designated the signal for 1/50 of the amount of cell lysate used in the

immunoprecipitation assay.
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Figure 5. CyPB Stimulated RNA Binding Activity of NS5B

(A) Quantitation of the amount of HCV proteins in the digitonin/protease-resistant fraction. MH-14 cells were treated without (lanes 1-5) or
with (lanes 6-10) 3 pg/ml CsA for 24 hr. Cells were then treated without (lanes 1 and 6) or with 50 pg/ml digitonin, followed by digestion with
varying concentrations of PK (0 p.g/mi for lanes 1, 2, 6, and 7, 0.03 pg/ml for lanes 3 and 8, 0.1 pg/ml for lanes 4 and 9, and 0.3 pg/ml for
lanes 5 and 10). NS5A, NS5B, IxBo, and calnexin in whole-cell lysate were detected by immunoblot analysis.

(B) RNA synthesis activity in the HCV RC. MH-14 cells were treated without or with 3 j.g/mi CsA for 24 hr. After isolating the RC by digitonin
permeabilization, RNA synthesis reaction was performed with varying reaction times (0.5, 1, 2, 4, 6, 12, and 24 hr). At the top of the panel,
treatment of CsA and reaction time is surnmarized. "HCV RNA” indicates the in vitro-synthesized HCV subgenomic replicon RNA. In the lower
left panel, the radioactivity of synthesized RNA is plotted against the reaction time. The lower right panels show the protein expression levels
of NS5B and actin.

(C) An RNA-protein binding precipitation assay was performed by using Huh-7 or MH-14 celis as described in the Experimental Procedures.
The resultant precipitates were detected by immunoblot analysis with anti-NS5B (top), anti-CyPA (middie), and anti-CyPB (bottorn) antibodies.
“Total” indicates 1/6 of the amount of cell lysate used in the precipitation assay. “G” and “pU” designate the samples using protein G
Sepharose and poly-U Sepharose as a resin, respectively.

(D) MH-14 celis treated with digitonin followed by digestion in 0.5 pg/ml PK were used for an RNA-protein binding precipitation assay with
anti-NS5B antibody (top). Prior to the assay, CsA was treated (lanes 2, 5, and 6) or left untreated (lanes 1, 3, and 4) for 24 hr. CyPB levels
were also examined in CsA-treated or untreated cells (bottom).

(E) MH-14 cells were transfected with si-control or si-CyPB. After 72 hr, cells were treated with digitonin/PK and analyzed as in (C).

(F—H) An in vitro binding assay was performed as described in the Experimental Procedures. [*°S]-labeled in vitro translation products of
either the full-length NS6B (F and H) or the 1-570 aa region of NS5B (G) were incubated with poly-U Sepharose in the presence of either
recombinant GST-CyPB (F~H), GST-CyPA (F), or GST-CyPBAPPI (F). In (H), varying concentrations of CsA were also added to the reaction
mixtures. The radioactivity of NS5B protein in the pulled-down fraction was counted to plot against either the amount of the recombinant
product (F and Q) or the concentration of CsA {H). In (F), the solid line represents being in the presence of GST-CyPB; the broken line, GST
CyPBAPPI; and the faint line, GST-CyPA. These results were reproduced in three independent experiments.
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control were incubated in the presence of a varying amount of
GST-fusion proteins, including GST-CyPB, GST-CyPA, and GST-
CyPBAPPI, at 4°C for 1-12 hr. In Figure 5H, CsA was added simul-
taneously. After five washes, resin bound radiolabeled proteins
were fractionated, and its radioactivity was quantitated.

GColony Formation Assay

Plasmids were linearized with Xbal and transcribed into RNA in
vitro by using a MEGAscript T7 kit (Ambion) according to the manu-
facturer’s protocol. in vitro-transcribed RNA (2.5-10 j.g) was trans-
fected into Huh-7 cells by using DMrie-C transfection reagent. At
48 hr posttransfection, 1 mg/mi G418 was added to the medium.
~3 weeks later, cells were fixed and stained with crystal violet.
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Abstract

The N-terminal domain of NS3 of hepatitis C virus (HCV) possesses serine protease activity, which is essential for virus replication.
This portion is also implicated in malignant transformation of hepatocytes. We previously demonstrated that an N-terminal portion of
NS3 formed a complex with the tumor suppressor pS3 and suppressed actinomycin D-induced apoptosis. We report here that single-
point mutations of NS3 at position 106 from Leu to Ala (L106A), and position 43 from Phe to Ala (F43A) to a lesser extent, significantly
impaired complex formation with pS3. Moreover, the L106A mutation impaired an otherwise more distinct anti-apoptotic activity of
NS3. F43A and L106A mutations also inhibited serine protease activity of NS3. These results collectively suggest the possibility that
Leu'% and Phe*? are involved in p53 interaction and serine protease activity, and therefore, can be a good target for certain low-molec-
ular-weight compound(s) to inhibit both oncogenic and replicative abilities of HCV.

© 2005 Elsevier Inc. All rights reserved.
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Hepatitis C virus (HCV) was identified as the major eti-
ological agent of most transfusion-associated non-A, non-
B hepatitides in 1989 [1,2]. It has been estimated that more
than 170 million people are infected with HCV worldwide
[3] HCV easily establishes persistent infection, which may
be mild, or sometimes even asymptomatic, in early phases
of the disease, but after a decade or two, may cause liver
cirrhosis and eventually hepatocellular carcinoma [4].

HCV, an enveloped RNA virus, belongs to genus
Hepacivirus, family Flaviviridae [5]. The viral genome, sin-

* Abbreviations: HCV, hepatitis C virus; aa, amino acid; GST, glutathi-
one S transferase; PBS, phosphate-buflered saline; wt, wild-type; mut,
mutant-type.
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gle-stranded, positive-sense RNA of about 9.6 kb, consists
of 5’- and 3'-untranslated regions, and a large open-reading
frame that encodes a polyprotein precursor of 3010-3030
amino acids (aa) [5,6]. The polyprotein is cleaved by the
host signal peptidase and virus-encoded two proteases to
generate mature viral proteins; four structural proteins,
such as Core, El, E2, p7, and six non-structural proteins,
such as NS2, NS§3, NS4A, NS§4B, NS5A, and NS5B [5,7,8].

HCV NS3 is a multifunctional protein essential for virus
replication. Its N-terminal one-third is responsibie for chy-
motrypsin-like serine protease activity that cleaves at the
NS3/4A, NS4A/4B, NS4B/5A, and NS5A/5B junctions
[9,10]. A minimal portion of the NS3 serine protease activ-
ity has been mapped to a region between aa 33 and 178
[11]. Its C-terminal half possesses RNA helicase activity
[9,10]. In addition to its important roles in virus replica-
tion, NS3 is implicated in malignant transformation. For
example, an N-terminal portion of NS3 was reported to
transform NIH3T3 cells [12] and rat fibroblast cells [13].
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We also observed that an N-terminal portion of NS3 inhib-
ited apoptosis of NIH3T3 cells [14], which is a prerequisite
for malignant transformation.

The tumor suppressor p53 is a key molecule in the sig-
naling pathway of apoptosis induced by DNA damage or
deregulated cell cycle [15]. Some DNA tumor viruses are
known to interact with p33 to inactivate its function. For
example, human papillomavirus E6 forms a ternary com-
plex with p53 and E6AP, an E3 ubiquitin ligase, and this
complex formation results in the ubiquitination and subse-
quent degradation of p53 [16,17]. It has also been demon-
strated that simian virus 40 T antigen binds to and
inactivates the function of p53 [18]. Similarly, adenovirus
E1B [19] and hepatitis B virus X protein [20] were reported
to suppress p53 function although their direct binding to
p53 appears to be weak.

As for the possible interaction between HCV NS3 and
pS3, it was reported that NS3 repressed p53-dependent
transcriptional activity of p21%¥#1 [21]. Also, we have dem-
onstrated that p53 enhances nuclear accumulation of NS3
[22,23] and that NS3, through its N-terminal portion,
forms a complex with p353 [24]. In this study, we defined
a minimum p53-binding region(s) of NS3 and identified
single-point mutations that impaired the interaction with
p53. We also examined possible biological significance of
those mutations.

Materials and methods

Expression plasmids. cDNA encoding an N-terminal region of NS3 (aa
1-198) of the HCV isolate no. 43 [25] (GenBank Accession No.
AB072085) was amplified using primers NS3/M/B and NS3/AS/H (Table
1), and subcloned into pcDNA3.1/Myc-His(-)C (pcDNA) (Invitrogen) to
generate pcDns3/1-198. Various deletion mutants of pcDns3/1-198 (see
Fig. 1A) were constructed using appropriate sets of primers, NS3-del-S
and NS3-del-AS. To express the full-length NS3 (NS3-Full), the entire
NS3 sequence was amplified from pBSns3/1-631 {23] (GenBank Accession
No. D45172) using primers NS3/M/B and NS3F/HindIll, and subcioned
into pcDNA. The resultant plasmid was designated pcDus3-Full. All the
NS3 fragments expressed from these plasmids could be detected by anti-
Myc antibody. Expression plasmids for NS3 fragments tagged with glu-
tathione S transferase (GST) and Myc-His were also constructed. In brief,
Hincll-BamHI fragment of pGEX-4T-1 (Amersham Biosciences) con-
taining GST sequence was subcloned into pBlueScript 11 SK- to generate

pBS-GST. An EcoRI-BamHI fragment of pBS-GST was introduced to
pcDNA to generate pcDgst. Various deletion mutants of NS3 were
amplified from pcDns3/1-198 and subcloned into pcDgst.

Single-point mutations were introduced using QuikChange Site-Di-
rected Mutagenesis kit (Stratagene) according to the manufacturer’s
instruction. For plasmid-based expression, the Myc-tagged NS3 fragments
described above were subcloned into pSGS vector (Stratagene) down-
stream of simian virus 40 early promoter.

An expression plasmid for Myc-tagged NS4B, designated pEFns4B,
was constructed by amplifying the corresponding sequence from
pMO94AJ (HCV-1b) [26] using primers NS4B-1-S and NS4B-Xba-AS, and
subcloned into pEF1/Myc-His (Invitrogen). A coding region for NSSA/
SBAC polyprotein (aa 1973-2721 in the entire HCV polyprotein) was
amplified from pTMns2-5b(810-2721) [23] using primers SA5Bncol and
5A5Bpstl, and subcloned into pTMI vector to generate pTM-NSSA/
SBAC. This plasmid was used to express a substrate for the NS3 serine
protease.

To express p53, Xhol fragments of pcDM8VAarg/neo and
pcDM8A431/neo [22,23,27), which harbor the entire sequences of wild-
type (wt) and mutant-type (mut) p53, respectively, were subcloned into
pcDNA and pSGS5 vectors. Resultant plasmids were designated pcDwt-
p53, pcDmut-p53, and pSGwt-p53. pSGwt-p53 was used for plasmid-
based expression.

Transient protein expression. Hel.a and Huh7 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% heat-inac-
tivated fetal bovine serum at 37 °C in 5% CO,. For protein expression,
vaccinia virus-T7 hybrid expression and plasmid-based expression systems
were used, as reported previously [22-24,28]. After overnight cultivation,
the protein expression was examined by the following analyses,

Immunoprecipitation and immunoblotting. Cells were lysed in a bufler
counsisting of 10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% Triton X-100,
and 1 mM EDTA. After being clarified by centrifugation, cell lysates were
incubated with anti-p53 rabbit antiserum (Santa Cruz) for 1 h at 4 °C and
then further incubated with protein A-Sepharose beads (Amersham) on a
rotator for 30 min at 4 °C. Normal rabbit serum served as a control. After
being washed with the buffer, the immunoprecipitates were subjected to
SDS-PAGE and blotted onto a polyvinylidene fluoride membrane
(Immobilon-P, Millipore). After being blocked with 5% skim milk, the
membrane was incubated with mouse monoclonal antibody against either
the Myc peptide (Santa Cruz Biotechnol.) or p53 (Ab-1; Calbiochem) and
subsequently with peroxidase-labeled goat anti-mouse IgG (MBL,
Nagoya, Japan). The protein bands were visualized by using an enhanced
chemiluminescence (Amersham) and their intensity was measured by
LAS-1000 (Fuji Film).

Double-staining immunofluorescence. Cells were fixed with 3.7% para-
formaldehyde for 15 min at 37 °C and cold methanol for 10 min. After
being washed with phosphate-buffered saline (PBS), the cells were incu-
bated with anti-Myc mouse monoclonal antibody (Santa Cruz) and anti-
p53 rabbit antiserum (Santa Cruz) for | h. The cells were washed with PBS
and then incubated with FITC-conjugated goat anti-mouse 1gG (MBL)

Table 1

Oligonucleotide primers used for PCR amplification

Primer Sequence® Amplified direction
NS3/M/B 5-GCAAGGATCCGCCATGGCGCCTATCACGGCCTA-3/ Forward
NS3/AS/H 5'-CTCCAAGCTTGGAATGTTTGCGGTA-3' Reverse
NS3FHindIlI 5'-CTCCAAGCTTGAGTGACCTCTAGGT-3' Reverse
NS3-del-S° 5'-GCAAGAATCCGCCATG (N);5.5-3’ Forward
NS3-del-AS" 5-(m)sAAGCTTC (N);3.15-3 : Reverse
NS4B-1-S 5'-CCGCGAATTCAACATGGCGTGGAGCAGTC-3' Forward
NS4B-Xba-AS 5'-TATATCTAGACATGGCGTGGAGCAG-3' Reverse
5A5BNcol 5'-CCACCATGGGCTCCGGCTCGTGGCTCAG-3' Forward
5A5Bpstl 5'-CAGGCTGCAGAGGCCTTCAAGTAACATGTG-3 Reverse

“ Restriction enzyme recognition sites are underlined. The translation initiation codon is shown in boldface letters.
Y A group of primers used to amplify various deletion mutants of NS3 (see Fig. 1A). N, nucleotide residues either identical or complementary to those of
the isolate no. 43 [25](GenBank Accession No. AB072085); n, arbitrarily added residues that help ensure the recognition of the following sequences by the

respective restriction enzymes.
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Fig. 1. Minimum regions of NS3 responsible for complex formation with wt-p53. (A) Schematic diagram of the HCV genome and NS3. NS3-Full,
NS§3/1-198, and various deletion mutants are depicted. (B) Various deletion mutants of Myc-tagged NS3 were expressed without (lane 2) or with wt-p53
(lanes 1 and 3-8) in HeLa cells by using vaccinia-T7 hybrid expression method. Cell lysates were immunoprecipitated using anti-p53 rabbit antiserum
(lanes 2-8) or with normal rabbit 1gG (lane 1), and the immunoprecipitates were probed with anti-Myc antibody to detect NS3 (upper panel). The lysates
were directly (without being immunoprecipitated with anti-p53 antibody) probed with anti-Myc antibody to verify comparable degrees of expression of the
NS3 mutants (middle panel). Efficient immunoprecipitation of wt-p53 with anti-p53 antibody was also verified (lower panel). (C) Myc-tagged NS3/1-198
and full-length NS4B were each co-expressed with wt-p53. Cells expressing NS3 alone (lane 1) were also prepared. Cell lysates were immunoprecipitated
with anti-p53 antibody, and the immunoprecipitates were probed with anti-Myc antibody (upper panel). The lysates were directly probed with anti-Myc
antibody to verify the expression of NS3/1-198 and NS4B (middle panel). Efficient immunoprecipitation of wt-p53 was also verified (lower panel). (D)
NS3 mutants tagged with GST and Myc were expressed without (lanes 1, 7, and 12) or with wt-p53 (lanes 2-6, 8-11, and 13-16). Cell lysates were
immunoprecipitated using anti-p53 antibody and then probed with anti-Myc antibody (upper panel). The lysates were directly probed with anti-Myc

antibody (middle panel). Efficient immunoprecipitation of wt-p53 was also verified (lower panel).

and Cy3-conjugated donkey anti-rabbit IgG (Chemicon) for another 1 h.
The cells were observed with a laser scanning confocal microscope (Carl
Zeiss).

NS3-expressing cell lines. NTH3T3 cells were maintained in Dulbecco’s
modified Eagle’s medium containing 10% heat-inactivated fetal calf serum
at 37 °C in a CO, incubator, as described previously [14]. The cells were
transfected with pSGns3/1-180, pSGns3/1-180/L106A, or the pSG5
empty vector, together with pSV2-neo as a selection marker, and culti-
vated in the presence of a neomycin derivative (G418, 600 pg/ml, Gibco).
After 2 weeks, stable transformants were cloned using cloning cylinders
and tested for NS3 expression by immunoblotting. Five clones each
strongly expressing NS3/1-180 or NS3/1-180/L106A, and the non-ex-
pressing control, were selected and mixed to avoid clonal variation.

Quantilative apoptosis assays. Cells were seeded into 6-mm well of a 96-
well plate at a concentration of 5 x 10° cells/well and incubated overnight.
The cells were then treated with actinomycin D (10 ng/ml) for 3 days. The
number of living cells was monitored every day by using cell proliferation
reagent WST-1 (Roche), according to the manufacturer’s protocol. In
brief, 100 pl of culture medium containing 10% WST-1 was added to each
well, After 1 h, the absorbance was measured at 450 nm with a microplate
reader.

Measurement of serine protease activity of NS3. Various forms of NS3
were co-expressed with NSSA/SBAC polyprotein, a substrate for the NS3
serine protease. The cells were lysed, probed, and subjected to immunoblot
analysis using anti-NS5A mouse monoclonal antibody (kindly provided

by I. Yoshida, Research Institute for Microbial Diseases, Kan-Onji
Branch, Kagawa, Japan) and peroxidase-conjugated goat anti-mouse IgG
(MBL). Intensity of the bands corresponding to the cleaved NS5A and the
uncleaved NS5A/5BAC was measured. Arbitrary units of serine protease
activity of each NS3 were calculated by the following formula:

Protease activity (arbitrary unit) = NS5A + (NS5A/5BAC + NS5A).

Results

Minimum regions of NS3 responsible for complex formation
with p53

We previously demonstrated that an N-terminal portion
of NS3 (aa 29-174) was involved in complex formation
with wt-p53 [24). In this study, we aimed to narrow down
the -p53-binding region(s) and to determine a residue(s)
responsible for the interaction. We expressed a number of
deletion mutants of NS3 (Fig. 1A). Initial immunoprecipi-
tation experiments revealed that two non-overlapping
regions of NS3, one spanning from 1 to 90 and the other
from 91 to 198, each formed a complex with p53
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(Fig. 1B, lanes 6 and 8). The specificity of the interaction
between NS3 and p53 was secured by control experiments
(lanes 1 and 2) and also confirmed by the lack of interac-
tion between p53 and a control protein, HCV NS4B
(Fig. 1C). These results suggested the possible presence of
at least two separate regions responsible for pS3 binding.
We then tried to express further deleted NS3 sequences.
However, those shorter fragments were quite unstable
and only poorly detectable, which made the analysis prac-
tically impossible. Therefore, we expressed NS3 fragments
tagged with GST and Myc-His to overcome this problem.

GST- and/or Myc-tagged NS3 fragments used in this
study are shown in Fig. 1A. Using these fragments, we
identified three separate regions; NS3/41-90, /61-110,
and /121-160 forming a complex with p53 (Fig. 1D, lanes
3,9, and 15). On the other hand, NS§3/46-90, /61-105, and
/121-155 fail to interact with p53 (lanes 4, 10, and 16), sug-
gesting that residues at positions from 41 to 45, from 106 to
110, and from 156 to 160 were likely to be involved in the
interaction.

To identify the responsible residues, we introduced a sin-
gle-point mutation and tested the ability of each NS3
mutant to interact with p53. The results clearly demon-
strated that a single-point mutation of NS3 at position 43
from Phe to Ala (F43A) abolished the interaction with
p53 (Fig. 2, lane 5). Likewise, single-point mutations at
position 106 from Leu to Ala (L106A) and position 158
from Val to Ala (V158A) abolished the interaction with
p53 (lanes 9 and 15). These results obtained with
GST- and Myc-tagged short fragments of NS3 suggested
the possible importance for Phe, Leu, and Val at positions
43, 106, and 158, respectively, in complex formation with
p53.

Residues of NS3 responsible for complex formation with p53

We then introduced the F43A and L106A mutations
into Myc-tagged NS3/1-180 and NS3-Full, and examined
their possible interaction with p53. The results obtained
demonstrated that the introduction of L106A mutation
into NS3/1-180 markedly inhibited interaction with p53
while F43A mutation only weakly impaired it (Fig. 3A).

+Vec +wWi-p53 +Vec

+wi-p53

On the other hand, V158A mutation did not affect the
interaction (data not shown). When introduced to NS3-
Full, L106A mutation, again, markedly inhibited interac-
tion with p53 while F43A mutation only weakly
(Fig. 3B). These results suggested an important role for
Leu at position 106, and Phe at position 43 to a lesser
extent, in the interaction between NS3 and p53.

We also examined the possible effect of those single-
point mutations on the interaction with mut-p53, which
has a mutation at position 273 from Arg to Gln and, unlike
wt-p53, localizes exclusively in the cytoplasm [22]. The
result showed that, when introduced to NS3/1-180,
L106A mutation markedly impaired the interaction with
mut-p53 (Fig. 3C). F43A mutation also impaired the inter-
action with mut-p53, though to a lesser extent than that
observed with the L106A mutation. These results are con-
sistent with those obtained with wt-p53 (see Fig. 3A).

Effects of single-point mutations on subcellular localization
of NS3 in the presence and absence of wt-p33

We have reported that NS3-Full and its C-terminally
truncated form (INS3/1-433) were each co-localized with
wi-p53 almost exclusively in the nucleus when transiently
expressed in HeLa cells [22,23]. In this study, we investigat-
ed the subcellular localization of NS§3/1-180, NS3-Full, and
their point mutants both in the presence and absence of wt-
p53 in Huh7 cells using plasmid-based expression system.
NS3/1-180 was localized both in the cytoplasm and the
nucleus when expressed alone (Fig. 4a), and was localized
almost exclusively in the nucleus when co-expressed with
wit-p53 (Figs. 4b-d), with the results being consistent with
our previous observations [22,23]. NS3/1-180/F43A exhib-
ited practically the same localization patterns as those of the
parental N§3/1-180 both in the absence and presence of wt-
p33 co-expression (Figs. 4e-h). However, NS3/1-180/
L106A was localized exclusively in the cytoplasm, exhibit-
ing a dot-like pattern, irrespective of p53 co-expression
(Figs. 4i~1). Similar results were obtained when L106A
mutation was introduced into NS3-Full; unlike the wild-
type NS3-Full (Figs. 4m-p), the L106A mutant showed
exclusive cytoplasmic localization, irrespective of wt-p53

+Vec +wWi-p53

N§3/31-90

NE3/61-130

NS3/121-198

WT  WT Q41A S42A F43A L44A

1 2 3 4 5 6 7 8 9

WT  WT L106A V107A T10BA R109A

WT  WT V1i58A C159A T160A

NS3

£ . p53
10 11 12 13 14 15 16 17

Fig. 2. Single-point mutations of NS3 responsible for complex formation with wt-p53. GST- and Myc-tagged NS3/31-90, N§3/61-130, NS3/121-198, and
their single-point mutants were expressed in HeLa cells without (lanes 1, 7, and 13) or with wt-p53 (lanes 2-6, 8-12, and 14-17). Cell lysates were
immunoprecipitated using anti-p53 antibody and probed with anti-Myc antibody to detect NS3 (upper panel). The lysates were directly probed with anti-

Myec antibody (middle panel). Efficient immunoprecipitation of wt-p53 was also verified (lower panel). WT, wild-type (without point mutation)
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o
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Fig. 3. F43A and L106A mutations in N§3/1-180 and NS3-Full impair complex formation with wt-p53. (A) Myc-tagged NS3/1-180 and its point mutants
were expressed in HeLa cells without (lane 1) or with wt-p53 (lanes 2--5). Cell lysates were immunoprecipitated using anti-p53 antibody and probed with
anti-Myc antibody to detect NS3 (upper panel). The lysates were directly probed with anti-Myc antibody (middle panel). Efficient immunoprecipitation of
wt-p53 was also verified (lower panel). Amounts of NS3 co-immunoprecipitated with p53 were normalized to the total amounts of NS3 in the lysates. The
normalized values, considered as p53-binding capacity of N83, are depicted in the graph (bottom), (B) Similar analysis was performed using NS3-Full. (C)
Similar analysis was performed using mut-p53 and NS3/1-180. WT, wild-type (without point mutation),

NS3 alone NS3 + wi-p53
NS3 NS3 p53

Merged

FA3A

L10BA |

73]

NS
Full

L106A

Fig. 4. L106A, but not F43A, mutation alters subcellular localization of
NS3/1-180 and NS3-Full in the presence of wt-p53. NS3/1-180, NS3-Full,
and their single-point mutants were each expressed without or with wt-p53
in Huh7 cells by plasmid-based expression system. The cells were stained

- with anti-Myc mouse monoclonal antibody and anti-p53 rabbit antiserum,
followed by FITC-conjugated anti-mouse 1gG (green) and Cy3-conjugat-
ed anti-rabbit IgG (red). Merged pictures are shown on the right. WT,
wild-type (without point mutation).

co-expression (Figs. 4q-t). Similar localization patterns of
NS3/1-180, NS3-Full, and their point mutants in the pres-
ence and absence of wt-p53 were consistently observed
using vaceinia virus-T7 hybrid expression system in Hela
cells (data not shown).

Impairment of anti-apoptotic activity of NS3 by the L1064
mutation

Cells were treated with actinomycin D for 3 days and
examined for apoptosis. Consistent with our previous
observations with a longer NS3 sequence encoding aa
1-433 [14], cells stably expressing NS3/1-180 showed a
higher degree of resistance against actinomycin D-induced
apoptosis than the non-expressing control. The otherwise
distinet anti-apoptotic activity of NS3 was significantly
impaired by the L106A mutation (Fig. 5). Significant
impairment of NS3 anti-apoptotic activity by the L106A
mutation was also evident 2 days after actinomycin D
treatment (data not shown). Similar results were reproduc-
ibly obtained in separate experiments.

Effects of single-point mutations on serine protease activity
of NS3

The NS3 serine protease cleaves NS5A/5BAC polypro-
tein into two fragments, NS5A and NSSBAC. By using this
system, we compared serine protease activities of various
single-point mutants of NS3. As shown in Fig. 6A,
introduction of either F43A or L106A mutation into
NS3/1-180 markedly impaired the otherwise strong serine
protease activity whereas the inhibitory effect of V158A
mutation was marginal. Similarly, when introduced into
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Fig. 5. LI06A mutation impairs anti-apoptotic activity of NS3/1-180.
Percent cell survival after actinomycin D treatment (10 ng/ml, 3 days) is
shown. Data represent means & SD obtained from triplicate cultures of
two independent experiments. Expression levels of NS3/1-180 and its
L106A mutant in mixed cultures of five clones each are shown at the
bottom.

NS3-Full, L106A mutation markedly impaired the serine
protease activity while F43A mutation impaired it moder-
ately (Fig. 6B).

Discussion

We demonstrated in the present study that single-point
mutations of NS3, either NS3/1-180 or NS3-Full, at posi-
tion 106 from Leu to Ala (L106A), and position 43 from
Phe to Ala (F43A) to a lesser extent, inhibited complex for-
mation with p53 (Fig. 3). We previously reported that a
146-residue fragment near the N-terminus of NS3 (aa 29~

NG3/1-180

WT  FA3A L10GA V158A | jomn

0.8

Protease activity
coo
oA

WT  F43A L10BA V158A F43A
L106A

NS5A/
5BAC

174) was involved in the interaction with p53 [22-24] We
also noticed that secondary structure of the N-terminal
120 residues of NS3 was well correlated with the risk for
development of hepatocellular carcinoma in HCV-infected
patients [25]. These results suggest an important role for
the N-terminal portion of NS3, especially Phe and Leu at
positions 43 and 106, respectively, in the pathogenesis of
HCV, such as anti-apoptotic status [14], a mutation-prone
phenotype [29,30], malignant transformation of cultured
cells [12,13], and eventually development of hepatocellular
carcinoma in patients [25]. We previously reported that
N-terminal two-thirds of NS3 (aa 1-433) inhibited actino-
mycin D-induced apoptosis [14]. In the present study, we
observed that even a shorter NS3 fragment, NS3/1-180,
inhibited actinomycin D-induced apoptosis and that the
L106A mutation significantly impaired otherwise more dis-
tinct anti-apoptotic activity of NS3/1-180 (Fig. 5). Our
results collectively suggest the possibility that the L106A
mutation impairs NS3 anti-apoptotic activity through
decreased p53 binding.

Inhibition of apoptosis is a prerequisite for malignant
transformation of the cell. However, another cellular
event(s) is required for malignant transformation. In fact,
we observed that, despite distinct inhibition of apoptosis,
NIH3T3 cells stably expressing the N-terminal two-thirds
of NS3 [14] or NS3/1-180 (data not shown) did not exhibit
typical malignant phenotypes, such as higher population
density in anchorage-dependent culture, colony formation
in anchorage-independent culture, and tumor formation
in nude mice. Qur results appear to be inconsistent with
a previous report by other researchers that an N-terminal
portion of NS3 flanked with a short stretch of a C-terminal
portion of NS2-mediated malignant transformation of

NS3-Full

Vec

WT  F43A L106A E%A

Protease activity

WT  F43A L108A F43A
L106A

Fig. 6. F43A and L106A mutations in NS3/1-180 and NS3-Full impair the serine protease activity. (A) NS5A/5BAC, a substrate for NS3 serine protease,
was expressed in HeLa cells without (lane 1) or with Myc-tagged NS3/1-180 (lane 2) and its point mutants (lanes 3-6). Cell lysates were probed with anti-
NSS5A antibody to detect uncleaved and cleaved NSSA fragments (upper panel). The lysates were also probed with anti-Myc antibody to verify a
comparable degree of NS3 expression in each lane (lower panel). Serine protease activities were measured, as described in Materials and methods, and are
depicted in the graph (bottom). (B) Similar analysis was performed using NS3-Full,
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NIH3TS3 cells [12]. This discrepancy might be explained by
the differences in aa sequences and expression levels of
NS3, and/or cellular characteristics, etc. Further studies
are needed to fully understand the mechanism of malignant
transformation by HCV. «

L106A and F43A mutations also inhibited serine prote-
ase activity of NS3 (Fig. 6). Due to the impairment of the
enzymatic activity essential for virus replication [5], HCV
strains with such a mutation(s) would not replicate effi-
ciently and, therefore, they would become less prevalent
in a patient population. Indeed, we have not found the
F43A or L106A mutations among ~200 HCV clinical iso-
lates so far tested [25].

Crystal structure analysis of the serine protease domain
of NS3 reported previously [31,32] suggests that the resi-
dues at positions 43 and 106 are localized spatially in the
close proximity to Ser at position 139, one of the catalytic
triads of NS3 serine protease activity. This may explain
why a single-point mutation, such as L106A, impairs two
unrelated NS3 properties, p53-binding and serine protease
activity. These results collectively imply the possibility that
certain low-molecular-weight compound(s) that specifically
interact with the residues at position 106 or 43 interfere
with both oncogenic and replicative abilities of HCV.
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Hepatitis C virus NS3 protein interacts with
ELKS-6 and ELKS-a, members of a novel protein
family involved in intracellular transport and
secretory pathways
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The NS3 protein of hepatitis C virus (HCV) has a serine protease activity in its N-terminal region,
which plays a crucial role in virus replication. This region has also been reported to interact not
only with its viral cofactor NS4A, but also with a number of host-cell proteins, which suggests

a multifunctional feature of NS3. By means of yeast two-hybrid screening using an N-terminal
region of NS3 as bait, a human cDNA encoding a region of ELKS-3, a member of a novel family
of proteins involved in intracellular transport and secretory pathways, was molecularly cloned.
Using co-immunoprecipitation, GST pull-down and confocal and immunoelectron microscopic
analyses, it was shown that full-length NS3 interacted physically with full-length ELKS-6 and its
splice variant, ELKS-«, both in the absence and presence of NS4A, in cultured human cells,
including Huh-7 cells harbouring an HCV subgenomic RNA replicon. The degree of binding to
ELKS-6 varied with different sequences of the N-terminal 180 residues of NS3. Interestingly, NS3,
either full-length or N-terminal fragments, enhanced secretion of secreted alkaline phosphatase
(SEAP) from the cells, and the increase in SEAP secretion correlated well with the degree of binding
between NS3 and ELKS-4. Taken together, these results suggest the possibility that NS3 plays a

role in modulating host-cell functions such as intracellular transport and secretion through its
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binding to ELKS-6 and ELKS-«, which may facilitate the virus life cycle and/or mediate the

INTRODUCTION

Hepatitis C virus (HCV) is the causative agent of non-A,
non-B hepatitis (Choo et al., 1989). It has been estimated
that more than 170 million individuals are infected with
HCV worldwide, representing nearly 3% of the world’s
population (WHO, 1999). The majority of patients remain
chronically infected, suffering from chronic liver disorders
such as chronic hepatitis, liver cirrhosis and hepatocellular
carcinoma (HCCQC).

HCV, an enveloped RNA virus, belongs to the genus
Hepacivirus of the family Flaviviridae. The HCV genome is
a single-stranded, positive-sense RNA of approximately
9:6 kb, which contains a large open reading frame (ORF)
flanked by 5'- and 3'-untranslated regions (Reed & Rice,
2000). The ORF encodes a polyprotein of approximately
3000 aa, which is cleaved by the cellular signal peptidase
and two virally encoded proteases into at least 10 mature

The primer sequences used in this study are available as supplementary
material in JGV Online.

proteins: core, envelope glycoprotein 1 (E1), E2, p7, non-
structural protein 2 (NS2), NS3, NS4A, NS4B, NS5A and
NS5B (Hijikata et al., 1991, 1993).

NS3 is comprised of two domains, one possessing a serine
protease activity and the other an RNA helicase activity,
both of which are essential for virus replication. The pro-
tease domain resides in the N-terminal part of NS3, while
the helicase domain is in the C-terminal part. NS3 enzymic
activities are modulated by NS4A, which forms a complex
with NS3 to stabilize and localize it to the perinuclear
endoplasmic reticulum (ER) membranes (Reed & Rice,
2000; Wolk et al., 2000). NS3 also interacts with the other NS
proteins, either directly or indirectly through host-cell
proteins, to form the virus replication complex (Aizaki et al.,
2004).

The interactions between NS3 and cellular proteins have
been studied to elucidate its role(s) in viral pathogenesis
(Reed & Rice, 2000; Tellinghuisen & Rice, 2002). The
helicase domain of NS3 was shown to interact with protein
kinase A (Aoubala et al., 2001; Borowski et al., 1999a). It was

0008-0862 © 2005 SGM  Printed in Great Biritain

2197

—217—



R. Hidajat and others

also reported that NS3 served as a substrate for protein
kinase C (PKC) and inhibited PKC signalling via competi-
tion with 'its physiological substrates- (Borowski et al,
1999b). NS3 also binds to histones H2B and H4 (Borowski
et al., 1999¢). The NS3 helicase domain has also been shown
to be essential for NS3 protein methylation by the protein
arginine methyltransferase 1 (Rho et al, 2001).

Studies on the NS3 serine protease domain have demon-
strated that it can transform NIH3T3 cells {(Sakamuro et al.,
1995), rat fibroblasts (Zemel et al,, 2001) and the human
liver cell line QSG7701 (He et al, 2003), although the
underlying mechanism(s) remains to be elucidated. Pre-
viously, we reported that the oncogenic properties of NS3
might involve an interaction with the tumour suppressor
p53 (Ishido & Hotta, 1998; Muramatsu et al, 1997). The
protease domain of NS3 has also been reported to bind to
Sm-D1, a component of small nuclear ribonucleoprotein
associated with autoimmune disease (Iwai et al., 2003). A
more recent study demonstrated that the protease domain
of NS3 interacts with LMP7, a component of the immuno-
proteasome, and downregulated the proteasome peptidase
activity (Khu et al.,, 2004).

To identify another possible cellular target(s) that interacts
with the NS3 protease domain, we screened a human cDNA
library using a yeast two-hybrid system. We have shown here
that NS3, through its protease domain, binds to ELKS-6 and
its splice variant, ELKS-« (Nakata et al,, 1999, 2002). Since
a mouse homologue of ELKS-4, namely Rabé-interacting
protein 2B (Rab6IP2B), was reported to affect intracellular
transport by binding to Rab6 (Monier et al., 2002), we tested
the possible effects of NS3-ELKS-§ interaction on intra-
cellular transport and secretory pathways using a secreted
alkaline phosphatase (SEAP) assay. We observed that NS3
augmented the cellular secretion of SEAP and that the
increase in SEAP secretion was proportional to the degree of
binding between NS3 and ELKS-4. These results collectively
suggest the possibility that NS3 affects intracellular trans-
port and/or secretion pathways by interacting with ELKS-§
and ELKS-a.

METHODS

Plasmid construction. cDNA fragments encoding an N-terminal
portion of NS3 (aa 1027-1208) were amplified from sera of HCV-
1b-infected patients by RT-PCR as described previously (Ogata et al.,
2002, 2003), with minor modifications, using the primers NS3-F
and NS3-181R (see Supplementary Table in JGV Online). The
amplified fragments were subcloned in frame to the LexA DNA-
binding domain of pHybLex/Zeo (Invitrogen) to generate pLex-
NS3-H-31 and pLex-NS3-H-45 for expression in yeast. Frame-shift
mutants of bait (pLex-NS3-H-31-FS) and prey [pB42-ELKS-
5(787-1063)-FS] were generated by digesting the parental plasmids
with EcoRI and BamHI, respectively, followed by blunt-end forma-
tion and self-ligation. They served as negative controls. pB42-ATF6-
o (Tong et al, 2002) was also used as a negative control in this’
study.

A mammalian expression plasmid encoding Myc-tagged full-length
NS3 [pcDNA3.1/NS3F(MKCla)] was constructed by amplifying a

cDNA fragment from pBSNS3/1027-1657 (Muramatsu et al., 1997)
using primers NS3/M/B and NS3FHindIll (Supplementary Table),
followed by subcloning into pcDNA3.1/myc-His(—)C (Invitrogen).
Expression plasmids for chimeric forms of full-length NS3 were
constructed, in which the N-terminal 180 residues were derived
from clinical isolates, nos 42, 45, H05-5 and H17-2 (Ogata et al., 2002,
2003; GenBank accession nos AB072084, AB072086, AB(072048
and ABO072055, respectively), while the C-terminal 451 residues
were derived from MKCla (GenBank accession no. D45172). These
plasmids were designated pcDNA3.1/NS3(M-42), pcDNA3.1/NS3-
(M-45) pcDNA3.1/NS3(M-HO05-5) and pcDNA3.1/NS3(M-H17-2),
respectively.

A GST fusion protein-expressing plasmid was also constructed. A
vector plasmid, pcDNA3.1/GST, was constructed by infroducing
a 767 bp Hincll fragment of pGEX-4T1 (Pharmacia) into EcoRI-
digested, blunt-ended pcDNA3.1/myc-His(—)C. The full-length NS3-
coding region of MKCla was subcloned in frame to pcDNA3.1/GST
to generate pcDNA3.1/GST-NS3. pBS-GST-NS4B-F (Tong et al., 2002)
and pBS-GST-NS5A-F (Taguchi et al., 2004) served as negative con-
trols in this study.

Expression plasmids for FLAG-tagged, full-length ELKS-§ and ELKS-«
were constructed. cDNA fragments of 3889 and 3834 bp encoding
N-terminally deleted ELKS-8 and ELKS-«, respectively, were obtained
by digesting pDR2-ELKS-6 and pDR2-ELKS-a (kind gifts from
Dr M. Emi, Institute of Gerontology, Nippon Medical School,
Kawasaki, Kanagawa, Japan) with BamHI and Xbal and subcloned
into the pcDNA3.1/N-FLAG vector (Tong et al., 2002). Subsequently,
a 718 bp sequence of ELKS-§ or ELKS-a (from the ATG initia-
tion codon to the BamHI site) was amplified by PCR from pDR2-
ELKS-4 or pDR2-ELKS-o using the primers ELKS-F and ELKS-303R
(Supplementary Table) and subcloned into the above plasmids. The
resultant plasmids were designated pcDNA3.1/N-FLAG-ELKS-6 and
pcDNA3.1/N-FLAG-ELKS-«. In addition, various deletion mutants of
ELKS-6 were constructed by PCR using appropriate sets of primers
(Supplementary Table), followed by subcloning into the expression
vector.

Yeast two-hybrid screening. Yeast two-hybrid screening was
performed using a Hybrid Hunter kit (Invitrogen) and a human
cDNA library, as reported previously with some modifications
(Tong et al, 2002). In brief, the L40 yeast strain carrying pLex-NS3-
H31 was transformed with the pYESTrp ¢DNA library prepared
from Hela cells (Invitrogen). Transformants were screened for
growth on YC-WHUKZ300 plates lacking tryptophan, histidine,
uracil and lysine but containing Zeocin. The resultant colonies were
tested for f-galactosidase (f-Gal) activity according to the manufac-
turer’s protocol.

Cell culture and protein expression. Vaccinia virus T7 hybrid
expression was performed as reported previously (Muramatsu ef al.,
1997). In brief, HeLa cells were inoculated with recombinant vacci-
nia virus expressing T7 RNA polymerase (vIF7-3). After virus
adsorption for 1 h, cells were transfected with expression plasmids
using Lipofectin (Invitrogen) and incubated overnight. Cells were
then analysed for possible protein—protein interactions (see below).
For immunofluorescence and the SEAP secretion assay, a plasmid-
based expression method was employed using Fugene 6 transfection
reagent (Roche). Cells were then incubated for 48 h before analysis.

A Huh-7 cell line stably harbouring an HCV subgenomic RNA rep-
licon was prepared as described previously (Lohmann et al, 2001;
Taguchi et al., 2004; Takigawa ef al., 2004), using pFK2884Gly (a kind
gift from Dr R. Bartenschlager, University of Heidelberg, Heidelberg,
Germany). A cured Huh-7 cell line was prepared by maintaining
the stable HCV replicon-harbouring cell line in the presence of
o-interferon (1000 IU ml™!) for 1 month.
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Double-staining immunofiuorescence. Cells expressing Myc-
tagged NS3 and FLAG-tagged ELKS-§ were fixed with 4% parafor-
maldehyde at room temperature for 15 min and permeabilized with
100 % methanol at ~20°C for 3 min. Cells were then blocked with
5% normal donkey serum for 1 h at room temperature. Primary
antibodies used were anti-Myc mouse monoclonal antibody (Santa
Cruz Biotech) and anti-FLAG rabbit polyclonal antibody (Sigma).
FITC-conjugated goat anti-mouse 1gG (MBL) and Cy3-conjugated
donkey anti-rabbit IgG (Chemicon) were used as secondary anti-
bodies, respectively. Stained cells were observed with a laser-
scanning confocal microscope (LSM510 version 3.0; Carl Zeiss) or a
fluorescence microscope (BX51; Olympus) attached to a DP70 CCD
camera.

Immunoelectron microscopy. Cells expressing Myc-tagged NS3
and FLAG-tagged ELKS-§ were fixed with 4% paraformaldehyde
and 0-2% glutaraldehyde for 30 min at room temperature. After
washing with PBS, cells were centrifuged at 1500 r.p.m. for 5 min,
The cell pellet was dehydrated in a series of 70, 80 and 90 % ethanol,
embedded in LR White resin (London Resin) and kept at —20°C
for 2 days to facilitate resin polymerization. After ultrathin section-
ing, samples were etched in 3% H,0, for 5 min at room tempera-
ture and washed with PBS. For labelling, sections were incubated
with anti-Myc mouse monoclonal antibody and anti-FLAG rabbit
antiserum for 1 h. After rinsing with PBS, sections were incubated
with goat anti-mouse IgG and goat anti-rabbit IgG conjugated to 5
and 10 nm gold particles (Sigma), respectively, for 1 h. Sections
were post-stained with uranyl acetate and lead citrate and observed
under a transmission electron microscope (JEM 1200EX; JEOL).

Co-immunoprecipitation. Cells expressing Myc-tagged NS3 and
FLAG-tagged ELKS-8 or ELKS-a were lysed in ice-cold RIPA buffer
(1 x PBS, 1% NP-40, 0-5 % sodium deoxycholate, 0-1 % SDS) with
freshly added protease inhibitors (PMSF and aprotinin). Lysates
were centrifuged at 10000 g for 10 min at 4 °C and the supernatants
~ were mixed with 0:25 pg normal rabbit IgG and 20 pl protein G-
agarose beads (Pharmacia) at 4°C for 30 min to eliminate non-
specific binding. The pre-cleared lysates were incubated with
anti-Myc rabbit polyclonal antibody for 1 h at 4°C, followed by
incubation with 20 pl protein G-agarose beads for another 1h.
After five washes with ice-cold RIPA buffer, the immunoprecipitates
were analysed by immunoblotting, as described below. -

immunoblotting. Samples were subjected to SDS-PAGE and
blotted electrophoretically on to a PVDF membrane (Immobilon-P;
Millipore). After blocking in PBS containing 5% skimmed milk,
membranes were incubated with anti-FLAG or anti-Myc mouse
monoclonal antibody for 1 h. Membranes were then incubated with
peroxidase-labelled goat anti-mouse IgG (MBL) for 1 h. After three
washes, protein bands were visualized by enhanced chemilumines-
cence (Amersham Biosciences). Densitometric analysis was per-
formed using publicly available software (tnimage-3.3.14; available
at http://brneurosci.org/tnimage.html).

GST pull-down assay. Lysates were prepared from cells transiently
expressing GST-tagged NS3 and FLAG-tagged ELKS-6 or ELKS-a.
Lysates were mixed with 20 pl glutathione-conjugated Sepharose 4B
beads at 4°C for 90 min. The beads were washed five times with
ice-cold RIPA buffer and subjected to immunoblot analysis using
anti-FLAG antibody. To verify that there was a comparable amount
of protein in each sample, lysates were directly (without pull-down)
subjected to immunoblotting.

SEAP secretion assay. A SEAP secretion assay was performed
to measure the possible effect of NS3 on the secretory pathway.
SEAP is a genetically engineered secreted form of alkaline phos-
phatase (Cullen & Malim, 1992) and the SEAP secretion assay has
been widely used to monitor cellular secretory function including

Rab6-mediated intracellular transport (Echard et al,, 2000; Martinez
et al, 1994). HeLa cells were transiently transfected with 200 ng
pcDNA3. 1-derived NS3 expression plasmid, 50 ng pSEAP2-Control
(BD Biosciences) and 1 ng pRL-SV40 (Promega), in the presence
or absence of 200 ng pcDNA3.1/N-Flag-ELKS-6. pRL-SV40 was
used to express Renilla luciferase as an internal control. After 48 h,
culture medium was collected for the SEAP secretion assay, while
the cells were processed for the Renilla luciferase assay. SEAP activity
was measured using the SEAP Reporter Gene Assay (Roche) and
Renilla luciferase activity measured using the Renilla Luciferase
Assay System (Promega), according to the manufacturers’ instruc-
tions. SEAP activity in each sample was normalized against Renilla
luciferase activity. Since pSEAP2-Control and pRL-SV40 use the
same SV40 early promoter, the marginal effect of NS3 on promoter
activity (an increase of ~20%, as determined by Renilla luciferase
activity) was nullified and the effect on SEAP secretion could be
determined by this assay.

RESULTS

Identification of ELKS-J as an NS3-interacting
protein using a yeast two-hybrid assay

To identify a human protein(s) that physically interacts
with the NS3 protease domain (aa 1027-1208) (Fig. la),
the L40 yeast strain harbouring pLex-NS3-H-31 was
transformed with the pYESTrp-based HeLa ¢cDNA library
and screened for growth on YC-WHUKZ300 selection
plates. Out of 58 x 107 primary transformants screened,
260 colonies grew on the selection plates. Further screening
for B-Gal activity identified a clone that showed strong
reactivity. DNA sequence analysis revealed that the yeast
clone catried a pYESTrp-driven sequence that completely
matched the sequence for a C-terminal portion of ELKS-§
(GenBank accession no. AB053470; Nakata et al.,, 2002). The
cloned ¢DNA fragment was designated ELKS-6(787-1063).

The specificity of the interaction between NS3 and ELKS-
5(787-1063) was tested by transfecting the parental (naive)
L40 strain with various combinations of expression plas-
mids, including two different NS3 sequences (H-31 and
H-45) and frame-shift mutants of NS3-H-31 and ELKS-
0(787-1063). The results demonstrated specific interaction
between the NS3 protease domain and ELKS-6(787-1063)
in yeast (Fig. 1b).

NS3 interacts with ELKS-J and iis splice
variant, ELKS-a, in cultured human cells

The interaction between NS3 and ELKS-6 was further
investigated in mammalian cells and a specific inter-
action between the protease domain of NS3 and ELKS-
5(787-1063) was observed (data not shown). Moreover,
full-length NS3 (aa 1027-1657) was shown to interact with
ELKS-5(787-1063) in HelLa cells (Fig. 2a, lane 2). We then
narrowed down the region of ELKS-§ responsible for
the interaction with full-length NS3 (PFig. 2b). C-terminal
truncation of ELKS-8 up to aa 1008 did not affect the
interaction with NS3. However, further deletion up to aa
995 or 979 abolished the ability to interact with NS3. N-
terminal truncation of the initial fragment up to aa 846 did
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Fig. 1. Identification of ELKS-6 as an NS3-binding protein by yeast two-hybrid assay. (a) Schematic diagram of the HCV
genome. The N-terminal serine protease domain of NS3 (aa 1027-1208) used as bait is also depicted. (b) A representative
result showing specific interaction between the NS3 protease domain and ELKS-8(787-1063). The L40 yeast strain co-
transfected with the indicated plasmids was grown on tryptophan-deficient media containing the antibiotic Zeocin and
subsequently assayed for 8-Gal activity. Development of a biue colour within 30 min indicated strong interaction between the
two proteins of interest. + +, Strong interaction; +, moderate interaction; —, no interaction.

not affect the interaction with NS3, while further deletion
up to aa 876 or 886 completely abolished it. These results
mapped a minimum NS3-interacting region somewhere
between aa 846 and 1008 of ELKS-6. ELKS-6(846-1008)
consistently interacted with NS3. Similar results were
obtained using a yeast two-hybrid system (data not shown).

Next, we tested the interaction of full-length NS3 with full-
length ELKS-§ and its splice variant, ELKS-a. GST pull-
down analysis demonstrated that full-length NS3 interacted
with full-length ELKS-d and ELKS-a (Fig. 3a). The speci-
ficity of the interaction between NS3 and ELKS-J was
confirmed by demonstrating that neither NS4B nor NS5A
of HCV bound to full-length ELKS-6 under the same
experimental conditions (Fig. 3b). Specific interaction
between the two molecules was also confirmed by co-
immunoprecipitation analysis, in which anti-FLAG anti-
body (directed against FLAG-tagged full-length ELKS-¢
and ELKS-«) co-immunoprecipitated full-length NS3 (data
not shown).

In order to determine whether NS3 interacted with ELKS
proteins in the presence of the other HCV non-structural
proteins, we expressed ELKS-6 and ELKS-a in Huh-7
cells harbouring an HCV subgenomic RNA replicon and

subsequently immunoprecipitated NS3 using anti-NS3
polyclonal antibody. The result demonstrated that NS3
expressed in the context of HCV replication interacted with
full-length ELKS-6 and ELKS-o in HCV RNA replicon-
harbouring cells (Fig. 3c).

Sequence comparison of ELKS-J and ELKS-a

The amino acid sequences of ELKS-§ and ELKS-o differ
from each other in their C-termini due to alternative
splicing (Fig. 4a). As described above, a minimum region
responsible for the interaction with NS3 was mapped
between aa 846 and 1008 of ELKS-6 (Fig. 2). Since full-
length ELKS-o interacted with NS3 (Fig. 3), we then
determined a minimum region of ELKS-a responsible
for the interaction. Deletion mutational analysis revealed
that ELKS-a(747-948), but not ELKS-x(763-948), ELKS-
®(791-948) or ELKS-x(806-948), interacted with NS3
(Fig. 4b and c), suggesting that ELKS-a(747-948) is the
minimum region responsible for the interaction with NS3.

NS3 co-localizes with ELKS-J in human cells

We visualized the co-localization of NS3 with ELKS-§
in Huh-7 cells by double-staining immunofluorescence

2200

Journal of General Virology 86

—220—



HCV NS3 interacts with ELKS-6 and ELKS-«

(@

B S

%

1B: antl-Myc (NS3)
12 345878 8910 111213141518171818 20 2122

Binding to NS3
ELKS-6 In Hel.a cells

foes  **

1047 ARd

1031 e

1622 A

1008 +*

995 -

979 -

063t

1063 -

. 1063 =
846 1008 A

Fig. 2. Determination of the minimum region of ELKS-§
required for interaction with full-length NS3 in cultured human
cells. (a) A series of deletion mutants of FLAG-tagged ELKS-§
was expressed by the vaccinia—T7 hybrid expression method in
Hela cells without (odd-numbered lanes) or with (even-
numbered lanes) Myc-tagged full-length NS3, Cell lysates were
immunoprecipitated using anti-Myc antibody and probed by
immunoblotting using anti-FLAG antibody (upper panel).
Lysates were directly (without being immunoprecipitated with
anti-Myc antibody) probed with anti-FLAG antibody to verify a
comparable degree of expression of the ELKS-§ mutants
(middle panel). Efficient immunoprecipitation of Myc-tagged
NS3 with anti-Myc antibody was also verified (lower panel).
(b) Schematic diagram of the various deletion mutants of
ELKS-6. + +, Strong interaction; —, no interaction.

analysis. When co-expressed in Huh-7 cells using plasmid-
based expression methods, full-length NS3 co-localized with
full-length ELKS-4 in the cytoplasm, both in the absence
(Fig. 5a) and presence (Fig. 5b) of NS4A. Co-localization of
NS3 with ELKS-§ was also observed in HCV RNA replicon-
harbouring cells (Fig. 5¢).

Immunoelectron microscopic analysis also demonstrated
co-localization of full-length NS3 with full-length ELKS-6 in
close proximity to the ER membranes in the perinuclear
region (Fig. 5d).

N&3 interacts differentially with ELKS-0 in an
NS3 sequence-dependent manner

A considerable degree of sequence variation has been
observed in the N-terminal 180 residues of NS3 (Ogata
et al., 2002, 2003). We performed experiments to determine
whether or not interaction with ELKS-§ varied with
different NS3 sequences. We first used 198-residue
fragments of NS3 obtained from four patients (nos 42, 45,
HO05-5 and H17-2) and found that the degree of interaction
with ELKS-§ varied with the different sequences (data not
shown). Next, we tested full-length NS3 sequences of five
different isolates, a parental strain (MKCla) and four
chimeric forms (M-42, M-45, M-H05-5 and M-H17-2),

- which differed from each other by at most 10 residues within

the N-terminal 180 residues, all having the remaining C-
terminal 451 residues in common. These full-length forms
of NS3 were each expressed with full-length ELKS-6 and
the interactions examined. Consistent with the results
obtained with the 198-residue fragments, the degree of
interaction between full-length NS3 and ELKS-§ varied
with the different NS3 sequences, with M-42 and M-45
showing the strongest interaction, and M-HO05-5 the weakest
(Fig. 6a and b). Sequence alignment of the N-terminal 180
residues of NS3 is shown in Fig. 6(c). Five residues (Val-
1044, Leu-1106, Ala-1176, Val-1179 and Ile-1196) were
unique to M-H05-5. Based on this sequence alignment
alone, however, it was difficult to draw a conclusion as to
which residue(s) most significantly affects the interaction
with ELKS-6.

When NS4A was co-expressed, the interaction between
NS3 and ELKS-8 became weaker, although still detectable,
and the NS3 sequence-dependent difference in the inter-
action with ELKS-6 was not clearly observed (data not
shown).

NS3 enhances SEAP secretion from the celi,
possibly through its interaction with ELKS-0

The binding domain of Rab61P2, a murine homologue of
ELKS-3, has been reported to affect the endosome-to-Golgi
retrograde transport pathway through its binding to
Rab6 (Monier et al, 2002). CAST and ERC proteins, rat
homologues of the ELKS protein family, have also been
implicated in the modulation of neurotransmitter secre-
tion (Deguchi-Tawarada et al, 2004; Ohtsuka et al., 2002;
Wang et al., 2002). We thought that NS3 might affect the
possible function of ELKS-§ and/or its splice variant(s),
modulating intracellular transport and secretory function.
Therefore, we performed a SEAP assay. The results demon-
strated that SEAP secretion was significantly enhanced by
NS3 of three isolates (MKCla, M-42 and M-45), especially
when ELKS-§ was expressed ectopically (Fig. 7a). In this
context, we assumed that endogenous ELKS-§ was also
expressed, although to a lesser extent, In contrast, NS3 of
the other isolates (M-H-05-5 and M-H17-2) did not
enhance SEAP secretion in the absence of ectopic ELKS-6,
while a mild enhancement by NS3 of M-HI17-2 was
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