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Figure 4. Role of CD4 and CD8 T cells in rVV-N25-treated mice. (A) Schematic diagram depicts depletion of CD4 and CD8 T cells via treatment
with monoclonal antibodies. (B) Comparison of HCV core protein expression in control, CD4-depleted, and CD8-depleted mice 28 da)/s after
immunization with LC16m8 or r'VW-N25. (C, D) Histological analysis of liver samples from CD4-depleted or CD8-depleted CN2-29%~)/MxCre™ ™) mice
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28 days after immunization with LC16m8 or rVV-N25. The scale bars indicate 100 um (C) and 50 um (D). (E) Histological evaluation of steatosis in liver
samples from CD4-depleted or CD8-depleted CN2-29%/~)/MxCre™’™) mice 28 days after immunization with LC16m8 or rVV-N25. Significant

relationships are indicated by a P-value.
doi:10.1371/journal.pone.0051656.g004

a HGV nonstructural protein. Thus, we focused on the role of the
NS2 region as the target for CD8 T cells and generated EL-4 cell
lines that expressed the NS2 antigen or the CN2 antigen.

Isolated splenocytes from immunized mice were co-cultured
with EL-4CN2 or EL-4NS2 cell lines for 2 weeks and analyzed.

Cytolytic cell activation can be measured using CD107a,
a marker of degranulation [15]. The ratio of CD8"CD107a" cells
to all CD8 T cells significantly increased in rVV-N25-treated
splenocytes after co-culture with EL-4CN2 or EL-4NS2 (P<<0.05),
whereas splenocytes that had been treated with any other rVV
were not detected (Figure 5A, B and Q). These results indicated
that r'VV-N25 treatment increased the frequency of HCV NS2-
specific activated CD8 T cells. Consistent with these results, the
ratio of CD8*IFN-y" cells to all CD8 T cells for rVV-N25-treated
mice was also significantly higher than that for mice treated with
any other rVV (P<0.05). Taken together, these findings indicated
that rVV-N25 induced an effective CD8 T-cell immune response
and that NS2 is an important epitope for CD8 T cells.

A

r'VV-N25 Immunization Suppressed Inflammatory

Cytokines Production

To determine whether rVV-N25 treatment affected inflamma-
tory cytokine production, we measured serum levels of in-
flammatory cytokines after rVV immunization. The serum levels
of these inflammatory cytokines increased in the CN2-29¢7)/
MxCre®™ ™) mice (Figure 6A, Figure S5). Immunization with rVV-
N25 affected serum levels of inflammatory cytokines in CN2-29%
“)/MxCre*’ ™ mice and caused a return to the cytokine levels
observed in wild-type untreated mice (Figure 6A). In wild-type
mice, the cytokine levels remained unchanged after immunization
(Figure 6A). These results indicated that inflammatory cytokines
were responsible for liver pathogenesis in the transgenic mice.

To test the hypothesis that inflammatory cytokines were
responsible for liver pathogenesis in CN2-29%/7)/MxCret ™
mice, we administered transgenic mouse serum intravenously into
nontransgenic mice. We observed the development of chronic
hepatitis in the nontransgenic mice within 7 days after the serum
transfer (Figures 6B and C). This finding was consistent with the
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Figure 5. Immunization with rVV-N25 induced CD8 T-cell degranulation, a marker for cytotoxicity, and IFN-y production. (A) The
numbers represent the percentage of CD107a positive cells and negative cells (left two columns) and IFN-y-positive cells and negative cells (right two
columns). (B, €) The ratio of CD8"IFN-y* cells to all CD8 T cells for rVV-N25-treated mice was significantly higher than that for mice treated with any
other rVV. Splenocytes (4 x 10° per well) were cultured with EL-4CN2 or EL-4NS2 cell lines in RPMI 1640 complete medium including 3% T-STIM™
with ConA for 2 weeks. Harvested cells were incubated for 4 h with EL-4, EL-4CN2, or EL-4NS2 in combination with PE-labeled anti-CD107a mAb and
monensin in RPMI 1640 complete medium with 50 IU/mL IL-2, according to the manufacturer’s instruction. After incubation, cell suspensions were
washed with PBS, and the cells were further stained with APC-labeled anti-IFN-y mAb and Pacific blue-labeled anti-CD8 mAb. Harvested cells were
stained with anti-CD107a-PE, anti-IFN-y-APC, or anti-CD8-Pacific blue. Results that are representative of three independent experiments are shown.
Significant relationships are indicated by P-value.

doi:10.1371/journal.pone.0051656.g005
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Figure 6. Immunization with rVV-N25 suppresses serum inflammatory cytokine levels. (A) Daily cytokine levels in the serum of CN2-29%/
~/MxCre™’ ™ mice during the week following immunization with LC16m8, rWW-CN2, r'VW-N25, or r'VV-CN5. Values represent means = SD (n =3) and
reflect the concentrations relative to those measured on day 0. The broken lines indicate the baseline data from wild-type mice. In all cases, n
=6 mice per group. (B) Liver sections from CN2-29"7)/MxCre" ™ and CN2-29"7"/MxCre"™™ mice. (C) Histology activity index (HAI) scores of liver
samples taken from CN2-29"7/MxCre™ ™" or CN2-29%")/MxCre"™~ mice. (D) Liver sections from CN2-29%"~Y/MxCre™’™ mice in which TNF-o was
neutralized and the IL-6 receptor was blocked. The scale bars indicate 50 pum. (E) HAI scores of liver samples taken from CN2-29%7)/MxCre™ ™ in
which TNF-a was neutralized and the IL-6 receptor was blocked. Tg and non-Tg indicate CN2-29%"7)/MxCre®™’™ and CN2-29%/7)/MxCre'™/7,
respectively. (F) Macrophages were the main producers of TNF-o and IL-6 in CN2-29%7)/MxCre"™ ™ mice following poly(:C) injection. (G)
Immunization with 'VV-N25 reduced the number of macrophages in liver samples from CN2-29%7)/MxCre"* ™ mice and suppressed TNF-o and IL-6
production from macrophages (Figure 6G). Significant relationships are indicated by a P-value.

doi:10.1371/journal.pone.0051656.g006

hypothesis that inflammatory mediators played a key role in
inducing hepatitis. Furthermore, to investigate whether TNF-o and
IL-6 played particularly critical roles in the pathogenesis of
chronic hepatitis in the transgenic mice, we neutralized TNF-o. and
blocked the IL-6 receptor in the livers of these mice. As expected,
chronic hepatitis did not develop in these mice. (Figure 6D and E).

Next, to determine which cell population(s) produced TNF-a,
IL-6, or both during continuous HCV expression in CN2-29%/7)/
MxCre™ ™) mice, we isolated intrahepatic lymphocytes (IHLs) and
labeled the macrophages (the F4/80" cells) with anti-TNF-o and
anti-IL-6 antibodies using an intracellular cytokine detection
method. Macrophages in CN2-29%"7/MxCre™" ™) mice pro-
duced small amounts of TNF-a and IL-6, while those in CN2-
29%/7)/MxCre®™ ™) mice produced much larger amounts of these
cytokines (Figure 6F).

Finally, we evaluated whether rVV-N25 treatment affected the
number of macrophages, cytokine production by macrophages, or
both; specifically, we isolated IHLs from CN2-29 ) /MxCre™ ™
mice 7 days after immunization with rVV-N25 or with LC16m8.
The percentage of macrophages (CD11b*F4/80%) among IHLs
and IL-6 production from these macrophages were significantly
lower in rVV-N25-treated mice than in control mice (Figure 6G).
Though the percentage of TNF-o-producing macrophages was
not significantly different in rVV-N25-treated and control mice
(P=0.099), rVV-N25 treatment appeared to suppress these
macrophages. These results demonstrated that rVV-N25 had
a suppressive effect on activated macrophages, and they indicated
that this suppression ameliorated the histological indicators of
chronic hepatitis.

Discussion

Various HCV transgenic mouse models have been developed
and used to examine immune response to HCV expression and
the effects of pathogenic HCV protein on hepatocytes [4,16,17].
However, these transgenic mice develop tolerance to the HCV
protein; therefore, examining immune response to HCV protein
has been difficult.

To overcome the problem of immune tolerance in mouse
models of HCV expression, we developed an HCV model in mice
that relies on conditional expression of the core, E1, E2, and NS2
proteins and the Cre/loxP switching system [5,6]; we showed that
the injection of an Ad-Cre vector enhanced the frequency of
HCV-specific activated CD8 T cells in the liver of these mice and
caused liver injury. However, the Ad-Cre adenovirus vector alone
causes acute hepatitis in wild-type mice. Nevertheless, the
transgenic model was useful for evaluating interactions between
the host immune system and viral protein (serum ALT level over
2,000 TU/L) [5]; HCV core protein levels were reduced and
expression of this protein was transient (about 2 weeks). Therefore,
this Ad-Cre-dependent model cannot be used to effectively
investigate immune responses to chronic HCV hepatitis.

PLOS ONE | www.plosone.org

Here, we used poly (I:C)-induced expression of Cre recombi-
nase to generate HCV transgenic mice in order to study the effect
of HCV protein and confirmed that these mice developed chronic
active hepatitis-including steatosis, lipid deposition, and hepato-
cellular carcinoma. These pathological findings in the transgenic
mice were very similar to those in humans with chronic hepatitis
C; therefore, this mouse model of HCV may be useful for
analyzing the immune response to chronic hepatitis. However,
experimental results obtained with this mouse model may not
directly translate to clinical findings from patients with HCV
infection because the expression of HCV proteins was not liver
specific in these mice. Furthermore, poly(I:C) injection can
activate innate immune responses and, consequently, might induce
temporary liver injury [18]. Additionally, poly(I:C) injection has an
adjuvant effect; specifically, it stimulates TLR3 signaling [19].

To evaluate whether poly(I:C) injection caused hepatitis in
CN2-29%7)/MxCre'™ ™) mice, we examined serum ALT levels
and liver histology following poly(I:C) injection. We found that,
following poly(I:C) injection, serum ALT levels in CN2-29%/7)/
MxCre™’7) mice increased, reached a peak one day after
injection, declined from day 1 to day 6, and were not elevated
thereafter; this time-course indicated that poly(I:C) injection alone
did not induced continuous liver injury (figure S6). Based on these
findings, we believe that the effects of poly(I:C) injection in these
mice did not confound our analysis of chronic hepatitis.

Immunization with r'VV-N25 suppressed HCV protein levels in
the liver, and this suppression was associated with ameliorated
pathological chronic hepatitis findings (see Figure 3). Importantly,
rVV-N25 treatment did not cause liver injury based on the serum
ALT levels; therefore, this treatment was unlikely to have
cytopathic effects on infected hepatocytes. These findings provided
strong evidence that rVV-N25 treatment effectively halted the
progression of chronic hepatitis. Immunization with plasmid DNA
or with recombinant vaccinia virus can effectively induce cellular
and humoral immune responses and exert a protective effect
against challenge with HCV infection [20,21]. However, findings
from these previous studies revealed HCV immunization of both
uninfected, naive animals and immune-tolerant animals induced
a HCGV-specific immune response. In the model describe here; the
animals were immune competent for HCV; therefore, our findings
provided further important evidence that rVV-N25 was effective
in the treatment of chronic hepatitis.

In addition, we demonstrated that rVV-N25 treatment in the
absence of CD4 and CD8 T cells had no effect on HCV clearance.
This important observation indicated that rVV-N25-induced
HCV clearance was mediated by CD4 and CD8 T cells. Many
studies have shown that spontaneous viral clearance during acute
HCV infection is characterized by a vigorous, broadly reactive
CD4 and CD8 T-cell response. [8,22] HCV clearance and
hepatocellular cytotoxicity are both mediated by CD8 antigen-
specific (cytotoxic T lymphocyte) GTLs [23]. Consistent with these
observations, rVV-N25 treatment effectively induced the accumu-
lation of NS2-specific CD8 T cells, which express high levels of
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CD107a and IFN-yin the spleen. Notably, even with rVV-N25
immunization, the frequency of activated CD8 T cells was very
low, and a minimum of 2-weeks incubation was required to
distinguish the difference between rVV treatments. Even if a small
population of specific CD8+ T cells played a relevant role in the
reduction of core protein, it is difficult to assert that the only NS2-
specific CD8+ T cells were important to this reduction. However,
based on the results presented in Figure 4B, we are able to
conclude that at least CD8+ and/or CD4+ T cells were important
to the reduction in HCV core protein. Therefore, to elucidate the
mechanism of HCV protein clearance, further investigation of not
only the other T cell epitopes but also other immunocompetent
cells is required.

Interestingly, rVV-N25 treatment-but not the rVV-CN2 or
rVV-CN5 treatment—efficiently induced a HCV-specific activated
CD8 T cells response; this difference in efficacy could have one or
more possible causes. The HCV structural proteins (core, E1, and
E2 proteins) in the rVV-CN construct may cause the difference;
Saito et al. reported that injection with plasmid constructs
encoding the core protein induced a specific GTL response in
BALB/c mice [24]. Reportedly, CTL activity against core or
envelope protein is completely absent from transgenic mice
immunized with a plasmid encoding the HCV structural proteins,
but core-specific CTL activity is present in transgenic mice that
were immunized with a plasmid encoding the HCV core [21]. In
contrast, when recombinant vaccinia virus expressing different
regions of the HCV polyprotein were injected into BALB/c¢ mice,
only the HCV core protein markedly suppressed vaccinia-specific
CTL responses [25]. Thus, the HCV core protein may have an
immunomodulatory function [26]. Based on these reports and our
results, we hypothesize that the causes underlying the effectiveness
of rVV-N25 treatment were as follows: 1) this rVV construct
included the core and envelope proteins and 2) the core protein
had an immune-suppressive effect on C'TL induction. Therefore,
we suggest that exclusion of the core and envelope antigen as
immunogen is one important factor in HCV vaccine design.

Interestingly, immunization with rVV-N25 rapidly suppressed
the inflammatory response; however, immunization with either of
the other rVVs did not (see Figure 6A). This result indicated that
rVV-N25 may modulate inflammation via innate immunity, as
well as via acquired immunity. Reportedly, Toll-like receptor
(TLR)-dependent recognition pathways play a role in the
recognition of poxviruses [27]. TLR2 and TLR9 have also been
implicated in the recognition of the vaccinia virus [28,29]. These
findings indicate that TLR on dendritic cells may modulate the
immunosuppressive effect of rVV-N25 in our model of HCV
infection; however, further examination of this hypothesis is
required. The finding that pathological symptoms in the HCV
transgenic mice were completely blocked by intravenous injection
of TNF-a and IL-6 neutralizing antibodies indicated that the
progression of chronic hepatitis depended on inflammatory
cytokines in serum, rather than the HCV protein levels in
hepatocytes. Lymphocytes, macrophages, hepatocytes, and adipo-
cytes each produce TINF-o0 and IL-6 [30,31], and HCV-infected
patients have elevated levels of TNF-o and IL-6 [32,33]. Both
cytokines also contribute to the maintenance of hepatosteatosis in
mice fed a high-fat diet [34], and production of TNF-o and IL-6 is
elevated in obese mice due to the low grade inflammatory response
that is caused by lipid accumulation [35]. These findings indicate
that both cytokines are responsible for HCV-triggered hepatos-
teatosis, and anti-cytokine neutralization is a potential treatment
for chronic hepatitis if antiviral therapy is not successful.

The reduction of macrophages in number might be due to the
induction of apoptosis by vaccinia virus i viro infection as
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previous reported [36]. To understand the mechanisms respon-
sible for the reduction of the number of macrophage, we
performed another experiment to confirm whether the macro-
phages were infected with vaccinia virus inoculation. However,
based on PCR analyses; vaccinia virus DNA was not present in
liver tissue that contained macrophages (Figure S7). Furthermore,
apoptosis of macrophages was not detected in liver samples (Data
not shown). Based on these results, it is unlikely that the reduction
in the number of macrophages was due to apoptosis induced by
vaccinia virus infection. Although rVV-N25 reduced the number
of macrophage, precise mechanism is still unknown. Further
examination to elucidate the mechanism is required.

In conclusion, our findings demonstrated that rVV-N25 is
a promising candidate for an HCV vaccine therapy. Additionally,
the findings of this study indicate that rVV-N25 immunization can
be used for prevention of HCV infection and as an antiviral
therapy against ongoing HCV infection.

Materials and Methods

Ethics Statement

All animal care and experimental procedures were performed
according to the guidelines established by the Tokyo Metropolitan
Institute of Medical Science Subcommittee on Laboratory Animal
Care; these guidelines conform to the Fundamental Guidelines for
Proper Conduct of Animal Experiment and Related Activities in
Academic Research Institutions under the jurisdiction of the
Ministry of Education, Culture, Sports, Science and Technology,
Japan, 2006. All protocols were approved by the Committee on
the Ethics of Animal Experiments of the Tokyo Metropolitan
Institute of Medical Science (Permit Number: 11-078). All efforts
were made to minimize the suffering of the animals.

Animals

R6CN2 HCV cDNA (nt 294-3435) [37] and full genomic HCV
cDNA (nt 1-9611) [38,39] were cloned from a blood sample taken
from a patient (#R6) with chronic active hepatitis (Text S1). The
infectious titer of this blood sample has been previously reported
{40]. R6CN2HCV and R6CNSHCYV transgenic mice were bred
with Mx1-Cre transgenic mice (purchased from Jackson Labora-
tory) to produce RECN2HCV-MxCre and R6CN5HCV-MxCre
transgenic mice, which were designated CN2-29%7)/MxCre™ ™
and RzCN5-1587)/MxCre®’ ™) mice, respectively. Cre expres-
sion in the livers of these mice was induced by intraperitoneal
injection of polyinosinic acid—polycytidylic acid [poly(I:C)] (GE
Healthcare UK Ltd., Buckinghamshire, England); 300 uL of
a poly(I:C) solution (I mg/mL in phosphate-buffered saline [PBS])
was injected three times at 48-h intervals. All animal care and
experimental procedures were performed according to the guide-
lines established by the Tokyo Metropolitan Institute of Medical
Science Subcommittee on Laboratory Animal Care.

Histology and Immunohistochemical Staining

Tissue samples were fixed in 4% paraformaldehyde in PBS,
embedded in paraffin, sectioned (4-Um thickness), and stained with
hematoxylin and eosin (H&E). Staining with periodic acid—Schiff
stain, Azan stain, silver, or Oil-red-O was also performed to
visualize glycogen degeneration, fibrillization, reticular fiber
degeneration, or lipid degeneration, respectively.

For immunohistochemical staining, unfixed frozen liver sections
were fixed i 4% paraformaldehyde for 10 min and then
incubated with blocking buffer (1% bovine serum albumin in
PBS) for 30 min at room temperature. Subsequently, the sections
were incubated with biotinylated mouse anti-HCV core mono-
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clonal antibody (5E3) for 2 h at room temperature. After being
washed with PBS, the sections were incubated with streptavidin—
Alexa Fluor 488 (Invitrogen). The nuclei were stained with 4°,6-
diamidino-2-phenylindole (DAPI). Fluorescence was observed
using a confocal laser microscope (Laser scanning microscope
510, Carl Zeiss).

Generation of rvVs

The pBR322-based plasmid vector pBMSF7C contained the
ATI/p7.5 hybrid promoter within the hemagglutinin gene region
of the vaccinia virus, which was reconstructed from the pSFJ1-10
plasmid and pBM vector [41,42]. Separate full-length cDNAs
encoding either the HCV structural protein, nonstructural protein,
or all HCV proteins were cloned from HCV R6 strain (genotype
1b) RNA by RT-PCR. Each ¢cDNA was inserted into a separate
pBMSF7C vector downstream of the pBMSF7C AT1/p7.5 hybrid
promoter; the final designation of each recombinant plasmid was
pBMSF7C-CN2, pBMSF7C-N25, or pBMSF-CN5 (Figure 2).
They were then transfected into primary rabbit kidney cells
infected with LC16m8 (multiplicity of infection = 10). The virus—
cell mixture was harvested 24 h after the initial transfection by
scrapping; the mixture was then frozen at —80°C until use. The
hemagglutinin-negative recombinant viruses were cloned as pre-
viously described [42] and named rVV-CN2, rVV-N25, or rVV-
CNb5. Insertion of the HCV protein genes into the LC16m8
genome was confirmed by direct PCR, and expression of each
protein from the recombinant viruses was confirmed by western
blot analysis. The titers of rVV-CN2, rVV-N25, and rVV-CN5
were determined using a standard plaque assay and RK13 cells.

Statistical Analysis

Data are shown as mean = SD. Data were analyzed using the
nonparametric Mann-Whitney or Kruskal-Wallis tests or AN-
OVA as appropriate; GraphPad Prism 5 for Macintosh (Graph-
Pad) was used for all analyses. P values <<0.05 were considered
statistically significant.

Supporting Information

Figure S1 HAI score of liver samples taken from CN2-
29¢/7)/MxCre™’ ™) mice.
(EPS)

Figure S2 Lipid degeneration in samples of liver taken
from CN2-29%/7)/MxCre"’ ™) mice.
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Hepatitis C virus (HCV) elevated expression of the translocase of outer mitochondrial membrane 70
(Tom?70). Interestingly, overexpression of Tom70 induces interferon (IFN) synthesis in hepatocytes, and
it was impaired by HCV. Here, we addressed the mechanism of this impairment. The HCV NS3/4A protein
induced Tom70 expression. The HCV NS3 protein interacted in cells, and cleaved the adapter protein
mitochondrial anti-viral signaling (MAVS). Ectopic overexpression of Tom70 could not inhibit this cleav-
age. As a result, IRF-3 phosphorylation was impaired and IFN-f3 induction was suppressed. These results
indicate that MAVS works upstream of Tom70 and the cleavage of MAVS by HCV NS3 protease suppresses
signaling of IFN induction.

© 2011 Elsevier B.V. All rights reserved.

Type I interferon (IFN) induction is the front line of host defense
against viral infection. Intracellular double-stranded RNA is a viral
replication intermediate and contains pathogen-associated molec-
ular patterns (PAMPS) (Saito et al., 2008) that are recognized by
pathogen-recognition receptors (PRRs) to induce IFN. One PRR
family includes the Toll-like receptors (TLRs), which are predom-
inantly expressed in the endosome (Heil et al., 2004). Another
route of IFN induction takes place in the cytosol through acti-
vation of specific RNA helicases, such as retinoic acid-inducible
(RIG)-I and melanoma differentiation associated gene 5 (MDAS).
The ligand for RIG-I is an uncapped 5’ triphosphate RNA, which is
found in viral RNAs of the Flaviviridae family, including hepatitis C
virus (HCV), paramyxovirus, and rhabdoviruses (Kato et al., 2006).
MDAS5 recognizes viruses with protected 5' RNA ends, for example,
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0168-1702/$ ~ see front matter © 2011 Elsevier B.V. All rights reserved.
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picornaviruses (Hornung et al.,, 2006). The adapter protein that
links the RNA helicase to the downstream MAPK, NF-«B, and IRF-3
signaling pathways is referred to as the mitochondrial anti-viral sig-
naling (MAVS) protein (Seth et al., 2005); alternative names include
IPS-1, interferon-promoter stimulator 1; VISA, virus-induced sig-
naling adaptor; and CARDIF, CARD adapter inducing IFN. HCV
nonstructural protein 3 (NS3) possesses a serine protease domain
at the N terminus (amino acids (aa) 1-180) and has been found to
cleave adaptor proteins, MAVS at aa 508 (Meylan et al., 2005) and
Toll/IL-1R domain-containing adapter inducing IFN-@3-deficient
(TRIF at aa 372; Ferreon et al., 2005). These cleavages provoke
abrogation of the induction of the IFN pathway.

The translocase of the outer membrane (TOM) is responsible
for initial recognition of mitochondrial preproteins in the cyto-
sol (Baker et al., 2007; Neupert and Herrmann, 2007). The TOM
machinery consists of 2 import receptors, Tom20 and Tom?70, and,
along with several other subunits, comprises the general import
pore (Abe et al., 2000). Recently, Tom70 was found to interact with
MAVS (Liu et al., 2010). Ectopic expression or silencing of Tom70,
respectively, enhanced or impaired IRF3-mediated gene expres-
sion and IFN-f production. Sendai virus infection accelerated the
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Fig. 1. HCV induces overexpression of Tom70 but impairs Tom70-induced IFN synthesis. (A) RzM6 cells (HCV-) and RzM6-LC cells (HCV+) were transfected with siRNAs of
control (non-target siRNA#3: Thermo Fisher Scientific), HCV (R5: 5'-GUCUCGUAGACCGUGCAUCAuu-3'), DHCR24 (Nishimura et al., 2009), and Tom70 (Takano et al., 2011a).
Control cells were mock-transfected. Tom70 protein was detected with MAb2-243a (Takano et al., 2011a) and actin protein was detected as an internal control (lower
column). (B) HuH-7 cells were infected with HCV JFH-1 strain; Tom70 protein and actin protein were detected. (C) The HCV replicon cells (FLR3-1; Takano et al., 2011b) were
transfected with siRNAs (control, HCV (R7: 5-GUCUCGUAGACCGUGCACCAuu-3'), Tom70; 0.1, 0.3, 1, 3 nM) and HCV replication activity was measured with luciferase activity
using the Bright-Glo luciferase assay kit (Promega). Cell viability was measured using WST-8 (Dojindo) reagent. Ratio with those of control siRNA treatment was calculated.
Vertical bars were S.D. (D) HCV replicon cells (FLR3-1) were transfected with control, HCV (R7) and Tom70 siRNAs (0.1, 0.3 nM) and Tom70, NS5A and actin proteins were

detected.

Tom70-mediated IFN induction and the interaction of Tom70 with
MAVS. These recent findings indicated that Tom70 might be a crit-
ical mediator during IFN induction (Liu et al., 2010).

We previously observed that HCV induces Tom70 and is related
to the apoptotic response (Takano et al., 2011a). However, no syn-
ergistic effect was observed for IFN induction by Tom70 and HCV.
Therefore, in the present study, we have investigated the mecha-
nism of modification of the Tom70-induced IFN synthesis pathway
by HCV and clarified a finely balanced system regulated by viral
protein.

The expression of Tom70 protein was examined using west-
ern blotting and modification by HCV was characterized (Fig. 1A).

The level of Tom70 protein was increased in RzM6-LC cells com-
pared with that in RzM6-0d cells (Tsukiyama-Kohara et al., 2004).
The full-length HCV-RNA expression was induced by 4-hydroxy-
tamoxifen (100nM) and passaged for more than 44 days in
RzM6-LC cells, and HCV expression was not induced in RzM6-
0d cells. Silencing of HCV expression by siRNA (R5; Thermo
Scientific) abolished core protein expression, and decreased the
level of Tom70 protein expression in RzM6-LC cells (Fig. 1A).
Silencing of Tom70 by siRNA significantly decreased the level
of HCV core protein expression in RzM6-LC cells (Fig. 1A). The
siRNA against 3-beta-hydroxysterol-delta24 reductase (DHCR24)
slightly decreased the level of Tom70 protein. In contrast, the
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Fig. 2. Tom70-induced IFN synthesis was impaired by HCV. (A) RzM6-0d cells and LC cells were transfected with mock-vector, control pcDNA vector (vec.), or pcDNA-Tom70
expression vector, and the amount of IFN-B mRNA was measured by RTD-PCR and normalized to the amount of GAPDH mRNA using Gene expression assay kit (GE-Healthcare).
Poly(I-C) (GE Healthcare) (5 pg) was transfected with RNAi Max reagent (Invitrogen) and IFN-BmRNA was measured after 6 h of poly(I-C) treatment. Vertical bars indicate
S.D. *p<0.05. (B) HuH-7 cells were transfected with mock-vector, control vector, or Tom70 expression vector, and the amount of IFN-8 mRNA was measured by RTD-PCR

and normalized to the amount of GAPDH mRNA. Vertical bars indicate S.D. *p <0.05.

control siRNA did not have a significant effect on Tom70 protein
expression.

We next examined the effects of HCV JFH-1 (Wakita et al., 2005)
infection on Tom70 expression (Fig. 1B). Infection with HCV sig-
nificantly increased the level of Tom70 protein expression. We also
examine the role of Tom70in HCV replication (Fig. 1Cand D). Silenc-
ing of Tom70 by siRNA decreased the HCV replication in a dose
dependent manner.

Thus, HCV induces Tom70 expression, and Tom70 is involved in
viral replication.

It was recently shown that Tom70 recruits TBK1/IRF3 to mito-
chondria by binding to Hsp90 and inducing IFN-3 synthesis (Liu
et al., 2010). Therefore, we examined the effects of Tom70 overex-
pression on IFN synthesis and modification by HCV (Fig. 2). Level
of IFN-3 mRNA synthesis was quantitated by real-time detection
(RTD) PCR. Overexpression of Tom70 by transfection of pcDNA6-
Tom70 (Takano et al., 2011a) induced IFN-8 mRNA synthesis in the
absence of HCV after poly(I-C) treatment (RzM6-0d cells). How-
ever, the Tom70-mediated induction of IFN-3 mRNA transcription
was impaired in the presence of HCV (RzM6-LC cells) (Fig. 2A).
Overexpression of Tom70 induced IFN-3 mRNA synthesis in HuH-7
cells (Fig. 2B). Induction of IFN-3 mRNA was lower in HuH-7 cells
than HepG2 based RzM6 cells, which might be due to the defect in
IFN induction system in HuH-7 cells (Preiss et al., 2008).

We have further addressed the mechanism of impairment of
IFN-B mRNA transcription by HCV.

To identify the viral protein that was responsible for the induc-
tion of Tom70, we examined the Tom70 protein expression levels
in HCV core, E1, E2, NS2, NS3/4A, NS4B, NS5A, and NS5B protein-
expressing cells (data not shown), and Tom70 protein expression
level was highest in the NS3/4A-expressing cells than was observed
in cells expressing other proteins (Fig. 3A, data not shown), indi-
cating an effect of HCV NS3/4A protein on Tom70 expression.

The expression vector of Myc- and His-tagged Tom70 was
transfected into the empty control or NS3/4A-expressing cells
and immunoprecipitated with anti-Myc antibody (Suppl. Fig. 1A).
Results showed that Myc-Tom70 was precipitated in both cells
(right panel) and NS3 protein was specifically precipitated by

anti-Mycantibody in the NS3/4A-expressing cells (left panel). NS4A
protein could not be detected (data not shown).

We next stained the NS3/4A-expressing cells with anti-NS3 and
-Tom70 antibodies, and observed with confocal microscopy (Suppl.
Fig. 1B). The signal of NS3 protein was clearly merged with that of
Tom70, strongly supporting the possibility that the NS3 protein
co-localizes with the Tom70 protein.

To clarify the effect of Tom70 on NS3, we transfected NS3/4A-
expressing cells with the siRNA of Tom70 (Fig. 3A). Silencing of
Tom70 decreased the level of NS3 protein in cells, but did not
influence the levels of the MAVS and NF-kB proteins. These results
suggest the possibility that Tom70 may increase the stability of NS3
protein in cells.

Tom70 reportedly interacts with MAVS during viral infection
(Liu et al., 2010). Therefore, we examined the MAVS protein in cells
expressing either the control empty or NS3/4A lenti-virus vector
(Fig. 3B). Cleavage of MAVS (indicated as AMAVS) was observed
in NS3/4A protein-expressing cells, as was reported previously
(Meylan et al.,, 2005). Overexpression of Tom70 did not have a
significant effect on the MAVS expression level and did not pre-
vent MAVS cleavage by NS3. IRF-3 phosphorylation was suppressed
in NS3/4A-expressing cells and was not influenced by Tom70
overexpression. The induction of IFN-3 was impaired in NS3/4A-
expressing cells, even in the presence of Tom70 overexpression
(Fig. 3C). These data may indicate that MAVS exists upstream of
Tom70 and that cleavage of MAVS by NS3/4A impaired the down-
stream signaling activation of IRF-3 phosphorylation (Suppl. Fig.
2).

Mitochondria provide a substantial platform for the regulation
of IFN signaling. The MAVS adapter protein is a member of the
family of RIG-I like receptors (RLRs), which links the mitochon-
dria to the mammalian antiviral defense system (Seth et al., 2005).
Proteomic studies have demonstrated that MAVS interacts with
Tom70 (Liu et al., 2010). This interaction was accelerated by Sendai
virus infection and synergized with ectopic expression of Tom70
to significantly increase the production of IFN-8 (Liu et al., 2010).
The results of the present study revealed that infection with HCV
induced Tom70 expression, but the presence of HCV impaired IFN
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or mock-transfected (non) as a control. NS3, Tom70, phosphorylated IRF-3, MAVS, and actin proteins were examined by western blot. (C) IFN-B mRNA was measured by
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Poly(I-C) was treated, as described in the legend of Fig. 2.

induction. It has been reported that the C-terminal transmembrane
domain (TM) of MAVS interacts with the N-terminal transmem-
brane domain of Tom70 (Liu et al., 2010). The HCV NS3 protein
cleaves MAVS at residue 508 (Meylan et al., 2005), which should
impair the interaction of MAVS and Tom70. This may attenuate
the downstream signaling pathway (TBK-IRF3) and the induction
of IFN synthesis (Suppl. Fig. 2). In our study, the level of NF-kB pro-
tein was not significantly influenced by Tom70 in the presence or
absence of NS3. This may indicate that other pathways, such as TLR3
and downstream pathways, might compensate to maintain the NF-
kB protein expression level in the absence of the MAVS-Tom70
signaling pathway.

Infection with HCV induced expression of Tom70, but the acti-
vation of the IFN signaling pathway was abrogated by the HCV NS3
protease. These findings indicate that recovery of the MAVS-Tom70
pathway may be a means to increase the efficacy of IFN therapy
against HCV infection.

Recently, we observed that overexpression of Tom70 increased
the resistance to the TNFa-induced apoptotic response (Takano

et al.,, 2011a), indicating that Tom70 overexpression might con-
tribute to the apoptotic resistance of HCV-infected cells and the
establishment of persistent HCV infection. Thus, Tom70 might be a
novel target for the regulation of HCV infection.
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ABSTRACT

Recently, we found that sphingomyelin bound and activated hepatitis C virus (HCV) 1b RNA polymerase
(RdRp), thereby recruiting the HCV replication complex into lipid raft structures. Detergents are commonly
used for resolving lipids and purifying proteins, including HCV RdRp. Here, we tested the effect of detergents
on HCV RdRp activity in vitro and found that non-ionic (Triton X-100, NP-40, Tween 20, Tween 80, and Brij
35) and twitterionic {CHAPS) detergents activated HCV 1b RdRps by 8-16.6 folds, but did not affect 1a or 2a
RdRps. The maximum effect of these detergents was observed at around their critical micelle concentrations.
On the other hand, ionic detergents (SDS and DOC) completely inactivated polymerase activity at 0.01%. In
the presence of Triton X-100, HCV 1b RdRp did not form oligomers, but recruited more template RNA and in-
creased the speed of polymerization. Comparison of polymerase and RNA-binding activity between JFH1
RdRp and Triton X-100-activated 1b RdRp indicated that monomer RdRp showed high activity because
JFH1 RdRp was a monomer in physiological conditions of transcription. Besides, 502H plays a key role on olig-
omerization of 1b RdRp, while 2a RdRps which have the amino acid S at position 502 are monomers. This
oligomer formed by 502H was disrupted both by high salt and Triton X-100. On the contrary, HCV 1b RdRp
completely lost fidelity in the presence of 0.02% Triton X-100, which suggests that caution should be exer-

cised while using Triton X-100 in anti-HCV RdRp drug screening tests.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) belongs to the family Flaviviridae and has a
positive-stranded RNA genome (Lemon et al., 2007). HCV chronically
infects more than 130 million people worldwide (Wasley and Alter,
2000), and infection often induces liver cirrhosis and/or hepatocellu-
lar carcinoma (Kiyosawa et al., 1990; Saito et al,, 1990). The 9.6-kb-
long HCV RNA genome has a long open reading frame encoding a
polyprotein of approximately 3,010 amino acids, which is processed
into at least 10 viral proteins (NH,-C-E1-E2-p7-NS2-NS3-NS4A-
NS4B-NS5A-NS5B-COOH) by host and viral proteases (Grakoui et al.,
1993; Hijikata et al., 1993). The 5’-untranslated region (UTR) contains

Abbreviations: CHAPS, 3-[(3-cholanidopropyl )dimethylammonio}-1-propanesuifonate;
CMC, critical micelle concentration; DOC, sodium deoxycholate; HCV, hepatitis C virus; IRES,
internal ribosome entry site; KGlu, monopotassium glutamate; PMSF, phenylmethanesulfo-
nyl fluoride; RdRp, RNA polymerase; SDS, sodium dodecy] sulfate; TNTase, terminal nucleo-
tidyl transferase; UTR, untranslated region; nOG, octyl-B-glucoside.

* Corresponding author at: Choju Medical Institute, Fukushimura Hospital, 19-4
Azanakayama, Noyori-cho, Toyohashi, Aichi 441-8124, Japan. Tel.: +81 532 46 7511;
fax: +81 532 46 8940.

E-mail address: toyoda_tetsuya@yahoo.co.jp (T. Toyoda).

0378-1119/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.gene.2012.01.044

the internal ribosome entry site (IRES) (Tsukiyama-Kohara et al,,
1992). The 3’-UTR contains a poly pyrimidine “U/C" tract, a variable
region, and 98-base X-region (Tanaka et al,, 1996).

HCV RNA replication depends on the association between the
viral protein and raft membranes (Shi et al, 2003; Aizaki et al,
2004), where NS5B RNA polymerase (RdRp) localizes by binding
to sphingomyelin (Sakamoto et al., 2005). HCV RdRp is a key en-
zyme involved in the transcription and replication of the viral ge-
nome, and an important target of antivirals. Recently, we found
that sphingomyelin bound to and activated HCV 1b RdRp, thereby
recruiting the HCV replication complex into lipid raft structures
(Weng et al, 2010).

Detergents are commonly used for solubilizing proteins from the
lipid-containing components. Some restriction enzymes, reverse
transcriptases, and Taq polymerases are stabilized by Triton X-100
or NP-40 (Weyant et al., 1990), while some other polymerases are ac-
tivated by detergents (Thompson et al.,, 1972; Wu and Cetta, 1975;
Hirschman et al., 1978). Triton X-100 is used for purification of HCV
RdRp (Weng et al.,, 2009). Oligomerization of HCV RdRp is important
for its activity (Qin et al., 2002; Clemente-Casares et al, 2011). We
have developed an in vitro HCV de novo transcription system by
using soluble RdRp and the complementary sequence of the 5/-HCV
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genome RNA (SL12-1S template) (Kashiwagi et al., 2002a; Kashiwagi
et al.,, 2002b; Weng et al,, 2009; Murayama et al., 2010; Weng et al,,
2010). In this paper, we analyzed the effect of detergents on the activity
and oligomerization of HCV RdRp, and found that non-ionic (Triton
X-100, NP-40, Tween 20, Tween 80, and Brij 35) and twitterionic (3-
[(3-cholanidopropyl)dimethylammonio]-1-propanesulfonate [CHAPS])
detergents activated HCV 1b RdRp. In addition, we analyzed the mecha-
nism of RdRp activation by detergents and the relationship between
RdRp oligomerization and its activity.

2. Materials and methods
2.1. Mutant HCV RdRp

The H502S mutation of HCR6 (1b) RdRp and the S502H mutation
of JFH1 (2a) were introduced using an in vitro mutagenesis kit
(Stratagene). Oligonucleotide sequence information is available upon
request.

2.2. Purification of HCV RdRp from bacteria

HCV HCR6wt (1b) (Weng et al., 2009), NN (1b) (Watashi et al.,
2005), Con1 (1b) (Binder et al., 2007), JFH1wt (2a) (Weng et al.,
2009), J6CF (2a) (Murayama et al., 2007), H77 (1a) (Blight et al.,
2003), RMT (1a), HCR6 (1b) H502S, and JFH1 (2a) H502S RdRps
with a C-terminal 21-amino acid deletion were purified from bac-
teria as previously described with some modifications (Weng et
al., 2009, 2010; Murayama et al., 2010). Briefly, HCV RdRps were
eluted from Ni-NTA agarose (Qiagen) with 20 mM Tris-HC! (pH
8.0), 500 mM NaCl, 0.1% Triton X-100, 0.1% 2-mercaptoethanol,
and 1mM phenylmethanesulfonyl fluoride (PMSF) containing
250 mM imidazole after the column was washed with 5 mM imid-
azole. HCV RdRps were further purified through a Superdex
200 pg column (GE Healthcare) in 20 mM Tris-HCl (pH 8.0),
500 mM NaCl, 1 mM EDTA, 5 mM DTT, 10% glycerol, and 1 mM
PMSF to remove contaminating nucleic acids (Fig. S1). The puri-
fied HCV RdRps were stored at —80 °C.

2.3. De novo HCV RdRp assay

HCV RdRp assay in the absence of primers was performed as
described previously (Weng et al.,, 2009; Murayama et al., 2010).
Briefly, following a 30-min pre-incubation period without ATP,
CTP, or UTP, 100 nM HCV RdRp were incubated in 50 mM Tris-
HCl (pH 8.0), 200 mM monopotassium glutamate (KGlu), 3.5 mM
MnCl,, 1 mM DTT, 0.5 mM GTP, 50 uM ATP, 50 uM CTP, 5 M [a-
32pJUTP, 200nM 184-nt model RNA template (SL12-1S)
(Kashiwagi et al., 2002a; Weng et al, 2009; Murayama et al,
2010), 100 U/ml human placental RNase inhibitor, and the indicat-
ed amount of detergent at 29 °C for 90 min. [>?P]RNA products
were separated in a 6% polyacrylamide gel containing 8 M urea.
The resulting autoradiograph was analyzed with a Typhoon Trio
Plus image analyzer (GE Healthcare) for the radio activity of
184-nt transcription products.

2.4. Kinetic analysis of HCV RdRp with and without Triton X-100

Kinetic analysis (measurement of Km and Vmax) was performed
as previously published with and without 0.02% Triton X-100
(Kashiwagi et al,, 2002b; Weng et al.,, 2009). For Km and Vmax of
ATP, HCV RdRp was incubated in 50, 25, 10, 8, 5, 3, or 1 uM of ATP,
50 uM CTP, 0.5 mM GTP, 5uM [a-3?P]UTP after preincubation in
0.5 mM GTP with and without 0.02% Triton X-100 at 29 °C for
60 min. For Km and Vmax of CIP, 50, 25, 10, 8, 5, 3, or 1 uM of CTP,
50 uM ATP, 0.5 mM GTP, and 5pM [@-32PJUTP, and for Km and
Vmax of UTP, 50, 25, 10, 8, 5, 3, or 1 uM of UTP, 50 uM ATP, 0.5 mM

GTP, 5 uM [a->2P]CTP were used, respectively. For Km and Vmax of
GTP, HCV RdRp was incubated in 500, 250, 100, 50, 25, 10, or 5 uM
of GTP, 50 uM ATP, 50 pM CTP, 5 uM [a->?PJUTP with and without
0.02% Triton X-100 without GTP preincubation.

2.5. Terminal nucleotidyl transferase (TNTase) assay

TNTase assay was performed with the heat denatured 5'-]3?p]
sym/sub (5’-GAUCGGGCCCGAUC-3’) (Arnold and Cameron, 2000)
with 0.5 mM GTP, 50 uM ATP, 50 uM CTP, and 50 pM UTP, and sym/
sub with 0.5 mM GTP, 50 pM ATP, 50 uM CTP, and 5 uM [a->2P]-UTP
in the same experimental conditions as the above-described tran-
scription assay (Hong et al., 2001). [32P]RNA products were separated
in a 15% polyacrylamide gel containing 8 M urea.

2.6. RNA filter-binding assay

RNA filter-binding assays were performed as previously described
(Weng et al., 2009). Briefly, 100 nM of HCV RdRp and 100 nM [3?P]
RNA template (SL12-1S) were incubated with the indicated amount
of detergent in 25l of 50 mM Tris-HCl (pH 7.5), 200 mM KGlu,
3.5 mM MnCl,, and 1 mM DTT at 29 °C for 30 min. After incubation,
the solutions were diluted with 0.5 ml TE and filtered through nitro-
cellulose membranes (0.45 pm; Millipore). The filter was washed 5
times with TE, and the bound radioisotope was analyzed using the
Typhoon Trio Plus image analyzer after being dried.

2.7. Western blot

Western blot analysis using a rabbit anti-HCV RdRp antibody was
performed, as described previously (Kashiwagi et al., 2002b).

2.8. Gel filtration

The purified HCR6 (1b), J6CF (2a), and JFH1 (2a) RdRps (50 pmol)
were applied on a Superdex 200 pg column in 50 mM Tris-HCl (pH
7.5), 200 mM KGlu or 150 mM Nacl, 3.5 mM MnCl,, 1 mM DTT, and
0.2% glycerol with or without 0.1% Triton X-100.

2.9. Reagents

PMSF, Triton X-100, Tween 20, Tween 80, NP-40, Brij 35, octyl-3-
glucoside (nOG), CHAPS, sodium deoxycholate (DOC), and sodium
dodecyl sulfate (SDS) were obtained from Amresco; nucleotides were
purchased from GE Healthcare; [a-2P]JUTP, [a->2P]ATP, [o->?P]GTP,
[@-32P|CTP, and [y->2P]ATP were from New England Nuclear.

2.10. Statistical analysis

Significant differences were determined using the Student's t-test.
3. Results
3.1. Effect of detergents on primer-independent HCV RdRp activity

First, we examined the effect of detergents on the primer-
independent HCV RdRp activity in vitro (Fig. 1). HCR6 (1b) RdRpwt
was activated by all the detergents tests, except octyl-B-glucoside
(nOG), but JFH1 (2a) RdRpwt was not. The activation curves of
HCR6 (1b) RdRpwt by these detergents plateaued at certain concen-
trations: 0.002 or 0.004% Triton X-100, 0.001% NP-40, 0.005% Tween
20, 0.001% Tween 80, 0.001% Brij 35, and 0.1% CHAPS. HCR6 (1b)
RdRp activity decreased at concentrations greater than 1% Triton X-
100, and 30% Triton X-100 completely inhibited HCR6 (1b) RdRpwt
activity (Fig. 1A, right panel). With an activation ratio of about 2 at
0.1%, nOG weakly activated HCR6 (1b) RdRpwt. At 0.5% nOG, the
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Fig. 1. The effect of detergents on HCV HCR6 and JFH1 RNA polymerases. Wild-type HCR6 (1b) and JFH1 (2a) RdRps were assayed with 0.000004, 0.00004, 0.0004, 0.004, 0.01, 0.02,
0.04, 0.06, 0.08, and 0.1% Triton X-100 (A, left panel); 0.0001, 0.0002, 0.0004, 0.0008, 0.001, 0.005, 0.1, and 0.5% NP-40 (B); 0.0001, 0.001, 0.003, 0.005, 0.007, and 0.01% Tween 20
(C); 0.0001, 0.0002, 0.0004, 0.0008, 0.001, and 0.005% Tween 80 (D); 0.0001, 0.0002, 0.0004, 0.0008, 0.001, 0.005, 0.01, 0.1, and 1% Brij 35 (E); 0.001, 0.005, 0.01, 0.05, and 0.1% nOG
(F); or 0.0001, 0.001, 0.005, 0.01, 0.1, 0.1, and 1% CHAPS (G). The effect of high concentration of Triton X-100 on HCR6 (1b) RdRpwt is shown in A (right panel). Inset: Polymerase
activation ratio at a lower concentration of NP-40 (B), and Brij 35 (E). Mean and standard deviation (error bar) of the polymerase activation ratio were calculated from 3 indepen-
dent experiments. The solid line indicates the activation ratio of HCR6 (1b) RdRpwt, and the broken line indicates that of JFH1 (2a) RdRpwt.

activation ratio of HCR6 (1b) RdRpwt was 0.3. At 1% of CHAPS, the ac-
tivity of HCR6 (1b) RdRpwt was increased by 3.6 folds. The detergent
concentration that most activated HCR6 (1b) RdRpwt was approxi-
mate to the critical micelle concentration (CMC; Table 1).

When the activation ratios of detergents on HCR6 (1b) RdRpwt
were compared, that of Triton X-100 was the highest (Fig. 2,
Table 1). Other non-ionic detergents and CHAPS activated HCR6
(1b) RdRpwt to an extent equal to about half of Triton X-100 activa-
tion. Although a non-ionic detergent, nOG barely activated HCR6
(1b) RdRpwt.

Because 0.02% Triton X-100 maximally activated HCR6 (1b)
RdRpwt, we compared its activation effect on other HCV RdRps
(Fig. 3, Table 2). JFH1 (2a) RdRpwt showed the strongest RdRp activ-
ity, which is in accordance with previous reports (Weng et al., 2009;

Table 1
CMC and HCV HCR6 (1b) RdRpwt activation ratio of different detergents.

Detergent CMC® in Minimal concentration of =~ Maximal activation
H20 (%) maximal activation (%) (folds)®
Triton X-100  0.0155 0.02 16.6+0.56
NP-40 0.0179 0.005 8340.18
Tween 20 0.0074 0.007 7.8+0.21
Tween 80 0.0016 0.001 8.04£0.22
Brij 35 0.1103 0.1 924034
nOG 0.672-0.730 0.1 214035
CHAPS 0.492-0.615 0.1 9.1+0.60

2 Modified from “TECHNICAL RESOURCE" (Pierce).
b Calculated from Fig. 2.

Murayama et al., 2010; Schmitt et al., 2011). The RdRp activities of 1b
HCR6 and NN activated by Triton X-100 were similar to that of JFH1
RdRpwt in the absence of detergents (Fig. 3B), whereas the RdRp
activity of Triton X-100-activated 1b Con1 was about half of that
of wild-type JFH1. Neither 1a nor 2a RdRps were activated by Triton
X-100.

3.2. RNA template binding with Triton X-100

Next, we compared the template RNA-binding activity of 1a, 1b,
and 2a RdRps in the presence of Triton X-100 by using the [3?P]
SL12-1S model RNA template (Kashiwagi et al., 2002a; Weng et al.,
2009, 2010; Murayama et al,, 2010) in order to examine the transcrip-
tion steps activated by Triton X-100 (Fig. 4, Table 2). Template RNA
binding was the first step of transcription. The RNA-binding activity
of JFH1 RdRpwt was the highest without Triton X-100 (data not
shown) (Weng et al., 2009). Different from RdRp activity, the RNA-
binding activity of all HCV RdRps was somehow activated by 0.02%
Triton X-100. The RNA-binding activity of 1b RdRps was increased
by 7-10 folds with Triton X-100.

3.3. Gel filtration of 1b and 2a RdRps

Proteins are generally soluble in detergents. Because HCR6 (1b)
RdRpwt showed similar polymerase activity with Triton X-100 as
JFH1 (2a) RdRpwt without Triton X-100, we compared the oligomer-
ization state of these RdRps. The oligomerization state of HCR6 (1b)
and JFH1 (2a) RdRps under transcription (physiological) conditions
(200 mM KGlu or 150 mM NaCl) was analyzed by gel filtration on
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Fig. 2. Activation effect of HCV HCR6 polymerase with detergents at CMC. HCV HCR6 (1b) RdRpwt was assayed at CMC in the presence of Triton X-100 (0.02%), Brij 35 (0.1%), Tween
20 (0.007%), Tween 80 (0.001%), NP40 (0.005%), nOG (0.1%), CHAPS (0.1%), DOC (0.001%), and SDS (0.001%). The activation ratio (fold) is indicated in Table 2. Mean and standard
deviation (error bar) of the polymerase activity relative to that without detergent were calculated from 3 independent experiments.

Superdex 200 (Figs. 5 and 6). HCR6 (1b) RdRpwt was eluted from the
void volume fraction to the 158-kDa fraction without Triton X-100
(Fig. 5A), which meant that HCR6 (1b) RdRpwt formed random oligo-
mers. It was eluted in the 38-kDa fraction with 0.1% Triton X-100
(Fig. 5B), which indicated that it was smaller than its monomer gel
filtration size (Fig. S1D). However, JFH1 (2a) RdRpwt was eluted in
the slightly larger fraction (80 kDa) than other HCV RdRps with or
without Triton X-100, which indicated the monomer size (Figs. 5C
and D, S1F). From the gel filtration and transcription data of HCR6
(1b) RdRpwt and JFH1 (2a) RdRpwt, it was concluded that Triton
X-100 dispersed HCR6 (1b) RdRpwt, and that the higher-ordered

A

oligomers of HCR6 (1b) RdRpwt were inactive. Triton X-100 might
also affect the interaction between HCR6 (1b) RdRpwt and Super-
dex200 gel matrix because it was eluted in the smaller molecular
weight fractions with Triton X-100 than the monomer gel-filtration
size in 0.5 M NaCl (76 kDa, Fig. S1D). Western blot analysis indicated
that these RdRp were not degraded (Figs. 5A and B, inset).

Qin et al. found that amino acids 18E and 502H interacted with
each other to form the HCV 1b RdRp oligomer/dimer (Qin et al,,
2002). Only 2a RdRps harbor the amino acid S at position 502, con-
trary to other genotype forms of RdRps, which harbor the amino
acid H at that same position (Table S1). Therefore, we first examined

Relative polymerase activity (fold)
>
T

sk
6 -
4 -
2 -
0 1 1 1 1 1 1
H77 RMT Con1 JFH1 wt JFH1 J6CF
S502H
1a 2a
B 12
Triton -
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(fmol/ 5 pmol RdRp/ 1.5 h)
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T
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H77 HCR6 Cont
H5028 S502H
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Fig. 3. Effect of 0.02% Triton X-100 on various HCV RNA polymerases. HCV H77 (1a), RMT (1a), HCR6 (1b) wt and H502S, NN (1b), Con1 (1b), JFH1 (2a) wt and S502H, and J6CF (2a)
RdRps were assayed in the presence or absence of Triton X-100. A: Activation ratio (fold) of RNA polymerase activity. B: Polymerase activity (fmol of NMP/5 pmol RdRp/1.5 h) in the
presence or absence of Triton X-100. Mean and standard deviation (error bar) of the polymerase activity were calculated from 3 independent experiments.
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Table 2

Relative activation ratio of HCV RdRp by Triton X-100.
Genotype 1a 2a
Name H77 RMT HCR6 Con1 NN JFH1 J6CF
Polymerase activity (folds)? 1.5+0.17 1.74+0.11 16.640.56 7.14+0.38 1254048 1.14+0.28 2.0+0.12
RNA template-binding activity (folds)P 3.8+0.11 39+0.18 9.6+0.39 79+£041 6.940.16 224014 344021

2 Activation ratio of polymerase activity was calculated on the basis of the data represented in Fig. 3A.
5 Activation ratio of RNA template-binding activity was calculated on the basis of the data represented in Fig. 4A.

another 2a RdRp, J6CF (2a) RdRp, by gel filtration (Fig. 5E). J6CF (2a)
RdRp was also eluted as a monomer in 150 mM NaCl buffer without
Triton X-100. These gel filtration data was in agreement with the
intermolecular interaction and random oligomerization of HCV
RdRp caused by 18E and 502E (Qin et al., 2002). Amino acid 18E is
shared by HCV RdRps of all 6 genotypes (Table S1) (Clemente-
Casares et al.,, 2011). Therefore, in order to confirm the importance
of 502H for oligomerization of HCV RdRp, S502H and H502S muta-
tions were introduced into JFH1 (2a) and HCR6 (1b) RdRps, respec-
tively, and analyzed by gel filtration (Fig. 6). JFH1 (2a) RdRpS502H
formed oligomers, and HCR6 (1b) RdRpH502S was eluted in the 15-
kDa fraction, which was smaller than its monomeric gel-filtration
size. JFH1 (2a) RdRpS502H was eluted around the 50-kDa position
with Triton X-100. The RdRp dimers (Qin et al., 2002) were not
found in any of our gel filtration profiles. Western blot analysis indi-
cated that the proteins were not degraded (Fig. 6, inset).

The effect of these mutations in RdRp and RNA template-
binding activity with and without Triton X-100 was examined
(Figs. 3 and 4). JFH1 (2a) RdRpS502H RdRp activity was lower
than that of the wild-type in the absence of Triton X-100. Differ-
ent from the Triton X-100 activation effect on HCR6 (1b) RdRpwt,
JFH1 (2a) RdRpS502H RdRp activity decreased, while its RNA tem-
plate binding increased, in the presence of Triton X-100. HCR6
(1b) RARpH502S RdRp activity was similar to that of the wild-
type, but less activated by Triton X-100 than by the wild-type.
RNA template-binding activity of HCR6 (1b) RdRpH502S was acti-
vated 2.3 times by Triton X-100.

The 502 mutation data indicated that 502H is important for oligo-
merization of 1b RdRp molecules in the transcription (physiological
salt) condition. Triton X-100 prevented the oligomerization of 1b
RdRps by 502H. Moreover, For HCR6 (1b) RdRpwt, the 38-kDa gel fil-
tration molecules (Fig. 5B), which might correspond to the monomer,
were more active than the oligomer molecules.

3.4. Fidelity of HCV RdRp with Triton X-100

Finally, we aimed to calculate the kinetic constants (Km and
Vmax) of HCR6 (1b) RdRp in the presence of 0.02% Triton X-100 be-
cause the activation ratio of the polymerase activity was higher than
that of RNA binding of HCR6 (1b) RdRp. When nucleotide concentra-
tion was low, the amount of product without Triton X-100 decreased;
this data can be used to draw Lineweaver-Burk plot (Weng et al,,
2009). However, with Triton X-100, the product amount did not de-
crease according to the decrease of each nucleotide (Fig. 7A). More-
over, each of the nucleotide substrates was removed from the
standard HCV in vitro transcription condition (Fig. 7B). Although
ATP, CTP or UTP were removed from the reaction buffer, HCV HCR6
(1b) RdRp transcribed the same 184-nt products with Triton X-100,
which disappeared without Triton X-100. When GTP was removed,
no products were observed with or without Triton X-100 because
HCV RdRp required GTP for its structure (Bressanelli et al.,, 2002).
These kinetic experiments indicated that HCV HCR6 (1b) RdRp
completely lost fidelity with Triton X-100.

Terminal nucleotidyl transferase (TNTase) activity has been some-
times detected in HCV 1b RdRp preparations (Behrens et al., 1996;
Ranjith-Kumar et al, 2001; Ranjith-Kumar et al, 2004; Vo et al,
2004). TNTase activity was not detected in our system, in which the
model RNA template contains a CCC-3’ at the 3’-end (Kashiwagi et al.,
2002b; Weng et al,, 2009). Nevertheless, we examined whether TNTase
activity was detected with Triton X-100 using sym/sub, which has GpG-
primed transcription activity, but we failed to observe any de novo
initiation activity (Hong et al., 2001). No mobility shift was shown by
5'-[32P]sym/sub or sym/sub incubated with [*?P]UTP on polyacrylamide
gel electrophoresis (PAGE) (Figs. 7C and D), indicating that no TNTase
activity was detected in our system with or without Triton X-100.

Apparent Km and Vmax of HCR6 (1b) RdRp with Triton X-100 for
GTP was 303 +15.1 uM and 6.21 4 0.225/min, respectively (Fig. S3).

20

Activation ratio of filter binding (fold)
>
T

JFH JFH1 J6CF

H77 wt RMT wt HCR6 HCR6
wt H502S wt S502H wt
1a 1b 2a

Fig. 4. Effect of 0.02% Triton X-100 on the RNA template-binding activity of HCV RNA polymerases. One hundred nanomolars each of HCV H77 (1a), RMT (1a), HCR6 (1b), NN (1b),
Con1 (1b), JFH1 (2a), and J6CF (2a) RdRps with [3*PJRNA templates (SL12-1S) were filtered through nitrocellulose membranes after incubation with or without Triton X-100. Mean
and standard deviation (error bar) of the RNA filter binding activation (folds) were calculated from 3 independent experiments.
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Fig. 5. Superdex 200 gel filtration of HCV HCR6 (1b), JFH1 (2a), and J6CF (2a) wild-type RNA polymerase with or without 0.1% Triton X-100. HCV HCR6 (1b) RdRpwt was applied on
Superdex 200 gel filtration columns in 50 mM Tris-HCl (pH 7.5), 150 mM NacCl, 3.5 mM MnCl,, 1 mM DTT, and 0.2% glycerol without (A) or with 0.1% Triton X-100 (B). HCV JFH1
(2a) RdRpwt was applied without (C) or with 0.1% Triton X-100 (D), and J6CF (2a) RdRp was applied without Triton X-100 (E) on the same columns. The elution position of the
standard molecular weight markers is indicated below the graph. The molecular weight of the peak fraction is indicated in each graph. Inset in A: The fractions of the void volume—
158 kDa (1) and those of lower molecular weight fractions (2) of HCR6 (1b) RdRpwt gel filtration without Triton X-100 were precipitated with TCA and analyzed by western blot.
Inset in B: Fraction C8 of HCR6 (1b) RdRpwt with Triton X-100 was precipitated with TCA and analyzed by western blot. The position of HCR6 (1b) RdRpwt is indicated by an ar-
rowhead. The position of the pre-stained size marker is indicated on the left side of the blots.

Km and Vmax of HCR6 (1b) RdRp without Triton X-100 for GTP was
calculated as 54.7+£3.67pM and 2.5240.108/min, respectively
(Weng et al., 2009).

4. Discussion

Non-ionic (Triton X-100, NP-40, Tween 20, Tween 80, and Brij 35)
and twitterionic (CHAPS) detergents activated HCV 1b RdRp by
7.2-16.6 folds when used at their CMC, but did not affect 1a or 2a
RdRps (Figs. 1-3, Table 2). In turn, ionic detergents (SDS and DOC)
completely inactivated polymerase activity at 0.01%. CMC is the min-
imum concentration at which a detergent forms micelles; above that
concentration, a detergent exists as a large molecular weight com-
plex. The CMC signifies the strength at which a detergent binds to
proteins, i.e., low values indicate strong binding, whereas high values
indicate weak binding. It is also an indication of the hydrophilicity of a
detergent. Triton X-100, NP-40, and Brij 35 at CMC activated Moloney
leukemia virus reverse transcriptase by interacting with the hydro-
phobic domain (Thompson et al., 1972). The activation mechanism
of HCV RdRp by these detergents may be similar. However, the deter-
gent interaction domain of HCV RdRp remains to be identified.

Triton X-100 is commonly used for purification of HCV RdRp from
the bacteria and insect cells expressing this protein (Lohmann et al.,

1997; Luo et al., 2000; Cramer et al., 2006; Weng et al., 2009). HCV
1b RdRp without the C-terminal hydrophobic region expressed in
bacteria formed a large molecule complex in 0.1% Triton X-100 or
0.5% CHAPS with a low-salt buffer (<50 mM NaCl) (Qin et al., 2002;
Wang et al., 2002). Under low-salt conditions, HCV RdRp was gel fil-
trated in void volume as a complex with contaminating nucleic
acids, because HCV RdRp binds to RNA during purification without
high-salt (0.5 M NaCl) stripping (Figs. S1 and S2). Therefore, the pres-
ence of HCV 1b RdRp in the void volume fraction of gel filtration by
Wang et al. (Wang et al.,, 2002) could rather represent the complex
of HCV RdRp with contaminating nucleic acids. Nevertheless, they
also found monomers of HCV 1b RdRp in the gel filtration buffer con-
taining 0.5% CHAPS, which activated polymerase activity (Fig. 1G).
Detection of the monomeric HCV 1b RdRps by gel filtration in a buffer
containing Triton X-100 and CHAPS has also been reported by other
groups (Qin et al, 2002; Wang et al, 2002). HCR6 (1b) RdRpwt
formed oligomers in physiological conditions without Triton X-100.
In the presence of Triton X-100, HCR6 (1b) RdRpwt was eluted as
the monomer which gel-filtration size was smaller than its size in
0.5 M Nadl (Fig. S1D) or calculated from its amino acid composition
(64 kDa). HCV 2a (JFH1 and J6CF) RdRps formed a monomer in the
same buffer without Triton X-100. Gel filtration analysis of 502 mu-
tants of JFH1 (2a) and HCR6 (1b) RdRps have confirmed that 502H
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Fig. 6. Superdex 200 gel filtration of HCV JFH1 (2a) and HCR6 (1b) 502 mutant RNA polymerases. JFH1 (2a) S502H (A), and HCR6 (1b) H502S RdRps (C) were applied on Superdex
200 gel filtration columns in 50 mM Tris~HCl (pH 7.5), 150 mM Na(l, 3.5 mM MnCl,, 1 mM DTT, and 0.2% glycerol. JFH1 (2a) RdRpS502H was also applied with 0.1% Triton X-100
(B). Inset in A: The fractions of the void volume—158 kDa (1), those of lower molecular weight fractions (2), fractions C12, and D12 of JFH1 (2a) RdRpS502H gel filtrations were
precipitated with TCA and analyzed by western blot. Inset in B: Fraction C3-C8 of JFH1 (2a) RdRpS502H in Triton X-100 were precipitated with TCA and analyzed by western
blot. Inset in C: Fractions C4 and D12 of HCR6 (1b) RdRpH502S were precipitated with TCA and analyzed by western blot. The position of HCV RdRp is indicated by an arrowhead.

The position of the pre-stained size marker is indicated on the left side of the blots.

is important for the intermolecular interaction of HCV 1b RdRp (Qin
et al., 2002). HCV RdRps without the C-terminal hydrophobic domain
were soluble in high-salt buffer (>300 mM NaCl; Fig. S1) (Ferrari et
al., 1999). The shift to the delayed elution of gel-filtration of HCR6
(1b) RdRpwt and JFH1 (2a) RdRp S502H with Triton X-100, and
HCR6 (1b) RARpH502S may come from the interaction of the RdRps
with Superdex200 gel matrix induced by the mutations and Triton
X-100.

Our data of HCV RdRp oligomerization at 502H (Fig. 6) are in
agreement with those by Qin et al. (Qin et al,, 2002), but are contra-
dictory to those obtained by more sensitive methods (fluorescence
resonance energy transfer [FRET] and yeast two-hybrid system)
(Wang et al, 2002; Clemente-Casares et al., 2011). Interactions be-
tween a charged amino acid (His) and an aromatic residue (Trp)
(Fernandez-Recio et al., 1997; Matthews et al., 1997; Takeuchi et al.,
2003), or His-Glu interactions (Marti and Bosshard, 2003), are often
found in proteins. JFH1 (2a) RdRpwt did not form dimers
(Chinnaswamy et al., 2010). 502H may interact with 125W in oF

(Clemente-Casares et al., 2011), but not with 18E (Qin et al., 2002).
This interaction is dissociated both with high-salt (Fig. S1) and with
Triton X-100 (Figs. 5 and 6). Taken together, 502H of HCV 1b RdRp
is important for oligomer formation in transcription (physiological
salt) conditions. Besides the oligomerization using 502H, the oF and
oT helixes of HCV RdRp, which were proposed to be involved in olig-
omerization (Clemente-Casares et al,, 2011), may also be involved in
oligomerization of the molecules in transcription condition. The 502
mutations in HCR6 (1b) and JFH1 (2a) RdRps are likely to affect the
structure of the template channel by affecting the helix structures of
the thumb domain (Bressanelli et al., 2002; Chinnaswamy et al,
2008) because the polymerase and RNA template binding activity of
these mutant RdRps was not activated by Triton X-100 (Figs. 3 and
4). These findings indicate the importance around amino acid 502H
for HCV 1b RdRp structure. However, these data contradict to the pre-
vious reports (Qin et al., 2002; Clemente-Casares et al., 2011).
Comparing the polymerase and template RNA-binding activity of
JFH1 (2a) and HCR6 (1b) RdRps with and without Triton X-100,

- 330 -



86 L. Weng et al. / Gene 496 (2012) 79-87

A ATP uTP cTp

GTP B

Triton: - + +

Triton: -+~ +- +-+

S5~ DepletedNTRA C U G

nts

5-GAUCGGGCCCGAUC-3' > 14

5-[32P]JGAUGGGCCC-3'-» 1

Triton

Fig. 7. Effect of substrate concentrations on in vitro transcription of HCR6 (1b) wild-type RNA polymerase, and TNTase activity in the presence of Triton X-100. A: Effect of nucle-
otide concentration on HCV HCR6 (1b) RdRpwt in vitro transcription with (+) and without (—) 0.02% Triton X-100. The concentration of ATP, UTP, and CTP varied from 1 to 50 uM,
and that of GTP varied from 5 to 500 uM. B: Effect of nucleotide depletion on HCV HCR6 (1b) RdRpwt in vitro transcription with (+) and without (—) 0.02% Triton X-100. The po-
sition of 184-nt products is indicated by an arrowhead (A and B). C: TNTase activity of HCV HCR6 (1b) RdRpwt. 5'-[*2P]sym/sub was transcribed by HCV HCR6 (1b) RdRpwt with
(+) and without (—) 0.02% Triton X-100. D: TNTase activity of HCV HCR6 (1b) RdRpwt. sym/sub was transcribed with [32PJUTP by HCV HCR6 (1b) RdRpwt with (+) and without

(—) 0.02% Triton X-100. The position of 10-nt sym/sub and 14-nt is indicated on the left.

RdRp which formed oligomer using 502H did not show high polymer-
ase activity (Figs. 3-6). The inactive oligomer may be a part of the rea-
son why a small fraction, less than 1%, of the purified HCV BK RdRp
which belonged to 1b participated productively in transcription in
vitro (Carroll et al., 2000). Taking together the data obtained by
FRET (Clemente-Casares et al., 2011) and yeast two-hybrid systems
(Wang et al., 2002), dynamic intermolecular interactions may occur
under transcription conditions through the aT helix where amino
acid 502 is located. The reason why only 1b RdRp was activated
with Triton X-100 although RNA binding of all the RdRps tested was
enhanced with Triton X-100, is not clear.

In case of JFH1 (2a) RdRp, the interaction with Triton X-100 may
be different from that of HCR6 (1b) RdRp because it was not activated
with Triton X-100 (Figs. 1 and 3), and because its gel-filtration profile
was not affected with Triton X-100 (Fig. 5). This may be the reason of
the inhibition of polymerase activity of JFH1 (2a) RdRpS502H by Tri-
ton X-100 although it was also disrupted to monomer (Figs. 3 and 6).

Triton X-100 activated only HCV 1b RdRp (Figs. 3 and 4). The
closed conformation of HCV RdRp is required for de novo initiation
(Chinnaswamy et al., 2008). With and without Triton X-100, JFH1
(2a) RdRpwt showed as high polymerase activity as HCR6 (1b)
RdRpwt did with Triton X-100 (Fig. 3B). The very closed conforma-
tion of JFH1 (2a) RdRp is proposed to facilitate de novo initiation
and high polymerase activity (Simister et al, 2009). Triton X-100
may also help the conformational change of HCR6 (1b) RdRp to the
very closed conformation like that of JFH1 (2a) RdRp during tran-
scription initiation.

HCV RdRp was co-purified with nucleic acids (Figs. S1 and S2). The
contaminating nucleic acids were removed from HCV RdRp by high
salt treatment. The contaminating nucleic acids carry proteins that
have affinity to them, which misleads HCV in vitro transcription
data. They also oligomerize HCV RdRp by crosslinking them. In a sim-
ilar way, the contaminating nucleic acids in HCV RdRp preparations
may mislead the binding data of HCV RdRp with other proteins.

From the activation kinetics of the detergents (Fig. 1, Table 1), the
polymerase activation of 1b RdRp is likely to depend on the micelle
formation of the detergent and on the direct interaction between
RdRp and the detergents. The reason why the non-ionic detergent
nOG did not activate the HCV RdRp is not known (Figs. 1 and 2).

The interaction mechanism of Triton X-100 and HCV 1b RdRp may
be similar as that of sphingomyelin and HCV 1b RdRp because their
activation kinetics were similar and the activated genotype was the
same (Weng et al, 2010). Sphingomyelin activated only HCV 1b,
but did not activate 1a or 2a RdRps. Both the activation curve of
sphingomyelin and that of Triton X-100 showed the linear increase
of polymerase activity. Then, sphingomyelin reached plateau at 20
molecules, and Triton X-100 reached plateau around its CMC.

Data about TNTase activity of HCV RdRp are controversial
(Behrens et al, 1996; Ranjith-Kumar et al., 2001, 2004; Vo et al.,
2004). In our system, TNTase activity was not detected with or with-
out Triton X-100 (Figs. 7C and D).

GTP binds to HCV RdRp both as substrate and as a component of
RdRp (Bressanelli et al., 2002). The apparent Km for GTP with Triton
X-100 indicated that the substrate affinity dropped as low as to lose
fidelity (Table 1, Figs. 7A and B). Triton X-100 may have affected the
substrate-binding although its mechanism is not clear. HCV 1b full-
length RdRp transcription activity obtained with CHAPS (Wang et
al, 2002) might be that without fidelity as shown with Triton X-
100. Detergents should not be used while screening substrate inhibi-
tors of HCV RdRp. These data indicate that caution should be exer-
cised while using detergents in anti-HCV RdRp drug screening tests.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.gene.2012.01.044.
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