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Fig.4. Functional domains mapped in the surface diagrams of HEV-LP, Amino acid residues involved in the cell-attachment (A; red) and in the recognition by NOB antibodies,
MAB1323 (B; blue) and MAB272 (C; green), were determined in the previous study (Yamashita et al,, 2009). (D) One of the potential N-glycosylation sites, Asn562 (yellow),

was lacated near the cell-attachment region and the epitope of MAB1323.

Several neutralizing or neutralizing-of-binding (NOB) antibod-
ies against the HEV capsid protein were reported (Emerson et al.,
2006; He et al., 2008; Schofield et al., 2000, 2003; Takahashi et al.,
2008a; Yamashita et al., 2009). The NOB antibodies inhibit cell-
attachment of HEV-LP/T=1. The linear epitopes were found in the
M and P domains (He et al., 2008; Schofield et al.,, 2000) while
the conformational epitopes were in the P domain (Yamashita et
al,, 2009), suggesting that the M and P domains play a role on
entry steps. Especially, the epitopes of the neutralizing antibody
reported by Schofield et al. (2000) and the NOB antibody MAB1323
by us (Yamashita et al., 2009) were mapped at the apical region of
the protruding spike, overlapping with the cell-attachment region
(Fig.4B). Thus, these antibodies could physically hamper the attach-
ment of HEV-LP/T= 1. Another NOB antibody MAB272 in our study
recognized the side surface of the P domain just over the M domain
(Yamashita et al, 2009) (Fig. 4C). The result might support an
involvement of the M domain in entry steps although it is unclear
the mechanism. Guu et al. (2009) found the structural similarity of
the HEV M domain to the endosialidase of bacteriophage K1F, which
binds to sialic acid molecules. Therefore, the M domain might be
involved in binding to another cell receptors.

7. Glycosylation of the HEV capsid protein

Because of a lack of the signal peptide-like sequence of the HEV-
LP capsid protein, it was not glycosylated in spite of containing the
three potential N-glycosylation sites, Asn137, Asn310 and Asn562.
In the 3D structure of HEV-LP/T=1, Asn137 is mapped adjacent to
the interface of the capsid pentamer and Asn310 is completely
hidden by the interface of the capsid subunit trimer. Therefore,

if it occurs at all, this modification at these sites will interfere
the assembly of at least HEV-LP/T=1. Interestingly, Asn562 was
located in the apical center of the protruding spike as well as the
cell-attachment region and antigenic sites of some neutralizing
antibodies (Fig. 4D). Sugar chain at Asn562 probably masks these
regions. Therefore, it is supposed that non-glycosylated form of the
capsid protein assembles into fully functional virus particle while
the glycosylated form works unknown functions other than particle
assembly.

8. A packaging model of a native T=3 virion

Viruses with a T=3 symmetry often produces T=1 small par-
ticles. Both particles are generally composed of identical capsid
subunit but of different copy numbers (T=3; 180 subunits, T=1:
60 subunits). Previous studies on plant tombusviruses indicated
that the N-terminal domain played an important role in switching
of transition from T=3 to T=1 symmetry (Hsu et al., 2006; Kakani
et al,, 2008). In this context, it is thought that HEV-LP/T=1 produc-
tion is caused by deletion of the N-terminal basic domain and the
native virion has a T=3 symmetry. A recent report by Xing et al.
(2010) strongly supported this concept. Upon infection in insect
cells with the recombinant baculovirus harboring the HEV cap-
sid protein with deletion of the only N-terminal 13 amino acids,
two kinds of particles, HEV-LP/T=1 and HEV-LP/T= 3, which were
composed of approximately 53kDa and 64kDa capsid proteins,
respectively, were yielded. They successfully illustrated cryoelec-
tron microscopy image of HEV-LP/T=3. The HEV-LP/T=3 had an
overall diameter of 410A. The HEV-LP/T=3 had a T=3 symme-
try and was composed of 180 copies of the capsid protein, which
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were grouped into three unique monomers (A, B and C monomers)
according to their geometric environments. Similar to many other
T=3 viruses, A and B subunits formed the dimer with bent con-
formation around the 5-fold icosahedral axis, while C monomers
formed the dimer with flat conformation at the 2-fold icosahedral
axis. Interestingly, the orientation of the P domain of the C-C dimer
of HEV-LP/T=3 relative to its M and S domains was approximately
90~ different to those of the A-B dimer of HEV-LP/T=3 and the
dimer of HEV-LP/T=1. The proline-rich hinge linking the P and M
domains was likely to contribute to this transition of the P domain
orientation.

9. Conclusion and subjects

HEV capsid polypeptides are currently undergoing clinical trials
as vaccine candidates (Shrestha et al., 2007; Zhu et al., 2010). Fur-
thermore, HEV-LP/T=1 may be available asa carrier for foreign DNA
(Takamuraetal.,2004) or epitopes (Niikura et al., 2002). Recent pro-
gresses in the structural studies on HEV particles will provide useful
information not only for evaluation of HEV life cycles such as assem-
bly, entry to cells and disassembly but also for the development
of such monovalent or polyvalent vaccines. However, several sub-
jects still remain in the structural study. First, the structure of the
whole capsid protein has not been resolved. Particularly, it is possi-
ble that the C-terminal amino acids deleted in the capsid protein of
HEV-LPs might integrates folding and functions of the protruding
spike. Another subject is that the existences of two types of viri-
ons, nonenveloped virions found in fecal samples and “enveloped”
virions found in serum samples, were suggested (Takahashi et al.,
2008b; Yamada et al., 2009). It was reported that the envelope
virus associated with the ORF3 protein and lipids, but the structure
is largely unclear. Further studies are required to evaluate these
subjects.
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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
JEH1 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-propanesulfonate;
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 dodecyl sulfate; TNTase, terminal nucleo-
tidyl transferase; UTR, untranslated region; nQOG, octyl-4{3-glucoside.

* Corresponding author at: Choju Medical Institute, Fukushimura Hospital, 19-4
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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 HCRG (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-HCl (pH
8.0), 500 mM NaCl, 0.1% Triton X-100, 0.1% 2-mercaptoethanol,
and 1 mM 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-HC! (pH 8.0),
500 mM NaCl, 1 mM EDTA, 5mM 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 pM ATP, 50 pM CTP, 5 M [a-
32plUTP, 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]JRNA 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 pM of ATP,
50 M CTP, 0.5 mM GTP, 5puM [a-?*PJUTP after preincubation in
05 mM GTP with and without 0.02% Triton X-100 at 29°C for
60 min. For Km and Vmax of CTP, 50, 25, 10, 8, 5, 3, or 1 uM of CTP,
50 WM ATP, 0.5mM GTP, and 5uM [e->?P)UTP, and for Km and
Vmax of UTP, 50, 25, 10, 8, 5, 3, or 1 pM of UTP, 50 pM ATP, 0.5 mM

GTP, 5 uM [«-**P]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 M [->?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'-[**p]
sym/sub (5-GAUCGGGCCCGAUC-3’) (Arnold and Cameron, 2000)
with 0.5 mM GTP, 50 uM ATP, 50 pM CTP, and 50 uM UTP, and sym/
sub with 0.5 mM GTP, 50 uM ATP, 50 pM CTP, and 5 pM [e->?P]-UTP
in the same experimental conditions as the above-described tran-
scription assay (Hong et al., 2001). [**P]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 1M 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 MnCly, 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; [o->P)UTP, [-*?P]ATP, [a->?P]GTP,
[o-3*P]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). HCRG (1b) RdRpwt
was activated by all the detergents tests, except octyl-p-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. HCRG (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 HCRG (1b) RdRpwt. At 0.5% nOG, the
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Fig. 1. The effect of detergents on HCV HCRG 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
(€); 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 HCRG (1b) RdRpwt
were compared, that of Triton X-100 was the highest (Fig. 2,
Table 1). Other non-ionic detergents and CHAPS activated HCRG
(1b) RdRpwt to an extent equal to about half of Triton X-100 activa-
tion. Although a non-ionic detergent, nOG barely activated HCRG
(1b) RdRpwt.

Because 0.02% Triton X-100 maximally activated HCRG (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) RARpwt activation ratio of different detergents.
Detergent CMC* in Minimal concentration of ~ Maximal activation

H,0 (%) maximal activation (%) (folds)®

Triton X-100 0.0155 0.02 16.64+0.56
NP-40 0.0179 0.005 83+0.18
Tween 20 0.0074 0.007 7.8+021
Tween 80 0.0016 0.001 8.0+0.22
Brij 35 0.1103 0.1 9.240.34
noG 0.672-0.730 0.1 214£035
CHAPS 0.492-0.615 0.1 9.140.60

7 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 Cont 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 [*2P]
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 HCRG (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 HCRG 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 HCRG
(1b) RdRpwt and JFH1 (2a) RdRpwt, it was concluded that Triton
X-100 dispersed HCRG (1b) RdRpwt, and that the higher-ordered

A

oligomers of HCRG (1b) RdRpwt were inactive, Triton X-100 might
also affect the interaction between HCRG (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 degraced (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)

B 1 N

JFHT wi

JFH1 J6CF
S$502H
1a ib 2a
B 12
Triton -
°r Triton +

Polymerase activity
(fmol/ 5 pmol RdRp/ 1.5 h)
(=]

T

RAMT HCR6

HCR6
wt H5028

L
JFHT wt

Cont JFH1

S502H

J6CF

1a 1b

2a

Fig. 3. Effect of 0.02% Triton X-100 on various HCV RNA polymerases. HCV H77 (1a), RMT { 1a), HCRG ( 1b) wt and H502S, NN (1b), Cant1 (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 la 1b 2a
Name H77 RMT HCR6 Cont NN JFH1 J6CF
Polymerase activity (folds)” 1.5+£0.17 1.74+0.11 16.6 4:0.56 7.14+0.38 1254048 1.14+028 20+£0.12
RNA template-binding activity (folds)” 3840.11 394018 964039 794041 6.9+0.16 2214014 344021

? Activation ratio of polymerase activity was calculated on the basis of the data represented in Fig. 3A.
Y 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 NacCl 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) RARpS502H
formed oligomers, and HCR6 (1b) RARpH502S was eluted in the 15-
kDa fraction, which was smaller than its monomeric gel-filtration
size. JFH1 (2a) RARpS502H 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,
JEHT (2a) RARpS502H RdRp activity decreased, while its RNA tem-
plate binding increased, in the presence of Triton X-100. HCRG
(1b) RdRpH502S 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) RARpH502S 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. '

20

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 HCRG (1b) RdRp
completely lost fidelity with Triton X-100.

Terminal nucleotidy! 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 [3?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 3034+ 15.1 pM and 6.21 £ 0.225/min, respectively (Fig. S3).

Activation ratio of filter binding (fold)

i

H77 wt BMT wt HCR6 HCR6

wit H502S

JFH1
8502H wt

Cont NN wt JFH1
wt wi

1a ib

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), HCRG ( 1b), NN (1b),
Cont (1b), JFH1 (2a), and J6CF (2a) RdRps with [*?P]JRNA templates (SL12-1S) were filtered through nitrocellulose mermbranes 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 HCRG ( 1h) RdRpwt was applied on
Superdex 200 gel filtration columns in 50 mM Tris-HCl (pH 7.5), 150 mM Nacl, 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 54.743.67uM and 2.524+0.108/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 NacCl) (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 Nacl (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 HCRG (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 Nacl, 3.5 mM MnCl,, 1 mM DTT, and 0.2% glycerol. JFH1 (2a) RARpS502H 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) RARpS502H gel filtrations were
precipitated with TCA and analyzed by western blot. Inset in B: Fraction C3-C8 of JFH1 (2a) RARpS502H in Triton X-100 were precipitated with TCA and analyzed by western
blot. Inset in C: Fractions C4 and D12 of HCRG (1b) RARpH502S 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 NacCl; 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
HCRG6 (1b) RdRpHS502S 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 125 W 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 «F and
aT 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 HCRG (1b) RdRps with and without Triton X-100,
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Fig. 7. Effect of substrate cancentrations 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 HCRG (1b) RARpwt in vitro transcription with (4) and without (—) 0.02% Triton X-100, The concentration of ATP, UTP, and CTP varied from 1 to 50 pM,
and that of GTP varied from 5 to 500 uM. B: Effect of nucleotide depletion on HCV HCRG (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 HCRG (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 [*?PJUTP by HCV HCR6 ( 1b) RAdRpwt 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 oT 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) RARpS502H 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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Production of Infectious Chimeric Hepatitis C Virus Genotype 2b
Harboring Minimal Regions of JFH-1
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To establish a cell culture system for chimeric hepatitis C virus (HCV) genotype 2b, we prepared a chimeric construct harboring the 5’
untranslated region (UTR) to the E2 region of the MA strain (genotype 2b) and the region of p7 to the 3' UTR of the JFH-1 strain (geno-
type 2a). This chimeric RNA (MA/JFH-1.1) replicated and produced infectious virus in Huh7.5.1 cells. Replacement of the 5 UTR of
this chimera with that from JEH-1 (MA/JFH-1.2) enhanced virus production, but infectivity remained low. In a long-term follow-up
study, we identified a cell culture-adaptive mutation in the core region (R167G) and found that it enhanced virus assembly. We previ-
ously reported that the NS3 helicase (N3H) and the region of NS5B to 3’ X (N5BX) of JFH-1 enabled replication of the J6CF strain (ge-
notype 2a), which could not replicate in cells. To reduce JEH-1 content in MA/JFH-1.2, we produced a chimeric viral genome for MA
harboring the N3H and N5BX regions of JEH-1, combined with a JEH-1 5’ UTR replacement and the R167G mutation (MA/
N3H+N5BX-JFH1/R167G). This chimeric RNA replicated efficiently, but virus production was low. After the introduction of four
additional cell culture-adaptive mutations, MA/N3H+N5BX-JFH1/5am produced infectious virus efficiently. Using this chimeric vi-
rus harboring minimal regions of JFH-1, we analyzed interferon sensitivity and found that this chimeric virus was more sensitive to
interferon than JEH-1 and another chimeric virus containing more regions from JEH-1 (MA/JFH-1.2/R167G). In conclusion, we estab-
lished an HCV genotype 2b cell culture system using a chimeric genome harboring minimal regions of JEH-1. This cell culture system
may be useful for characterizing genotype 2b viruses and developing antiviral strategies.

epatitis C virus (HCV) is a major cause of chronic liver disease

(5, 13), but the lack of a robust cell culture system to produce
virus particles has hampered the progress of HCV research (2). Al-
though the development of a subgenomic replicon system has en-
abled research into HCV RNA replication (15), infectious virus par-
ticle production has not been possible. Recently, an HCV cell culture
system was developed using a genotype 2a strain, JFH-1, cloned from
a fulminant hepatitis patient (14, 29, 32), thereby allowing investiga-
tion of the entire life cycle of this virus. However, several groups of
investigators have reported genotype- and/or strain-dependent ef-
fects of some antiviral reagents (6, 17) and neutralizing antibodies (7,
25). Therefore, efficient virus production systems using various ge-
notypes and strains are indispensable for HCV research and the de-
velopment of antiviral strategies.

The JFH-1 strain is the first HCV strain that can efficiently pro-
duce HCV particles in HuH-7 cells (29). Other strains can replicate
and produce infectious virus by HCV RNA transfection, but the effi-
ciency is far lower than that of JFH-1 (24, 31). In the case of
replication-incompetent strains, chimeric virus containing the JEH- 1
nonstructural protein coding region is useful for analyses of viral
characteristics (6, 9, 14, 23, 30, 31).

In this study, we developed a genotype 2b chimeric infectious
virus production system using the MA strain (accession number
AB030907) (19) harboring minimal regions of JFH-1 and cell
culture-adaptive mutations that enhance infectious virus
production.

MATERIALS AND METHODS

Cell calture. Huh7.5.1 cells (a kind gift from Francis V. Chisari) (32) and
Huh7-25 cells (1) were cultured at 37°C in Dulbecco’s modified Eagle’s

0022-538X/12/512.00 Journal of Virology p. 2143-2152

medium containing 10% fetal bovine serum under 5% CO, conditions.
For follow-up study, RNA-transfected cells were passaged every 2 to 5
days depending on cell status.

Full-length genomic HCV constructs. Plasmids used in the analysis
of genomic RNA replication were constructed based on pJFH1 (29) and
pMA (19). For convenience, an EcoRI recognition site was introduced
upstream of the T7 promoter region of pMA by PCR, and an Xbal recog-
nition site was introduced at the end of the 3" untranslated region (UTR).
To construct MA/JFH-1, the EcoRI-BsaBI (nucleotides [nt] 1 to 2570; 5’
UTR to E2) fragment of pMA was substituted into pJFH1 (Fig. 1A). Re-
placement of the 5" UTR was performed by exchanging the EcoRI-Agel
(nt 1 to 159) fragment. A point mutation in the core region (R167G) was
introduced into MA chimeric constructs by PCR using the following
primers: sense, 5'-TTA TGC AAC GGG GAA TTT ACC CGG TTG CTC
T-3'; antisense, 5'-GGT AAA TTC CCC GTT GCA TAA TTT ATC CCG
TC-3'. G167R substitution in the JFH-1 construct was performed by PCR
using the following primers: sense, 5'-ATT ATG CAA CAA GGA ACC
TAC CCG GTT TCC C-3'; antisense, 5'-GGT AGG TTC CTT GTT GCA
TAA TTA ACC CCG TC-3". Point mutations (L814S, R1012G, T11064A,
and V1951A) were introduced into MA chimeric constructs by PCR using
the following primers: L8148, 5'-GCT TAC GCC TCG GAC GCC GCT
GAA CAA GGG G-3' (sense) and 5'-AGC GGC GTC CGA GGC GTA
AGC CTG CTG CGG C-3" (antisense); R1012G, 5'-GAG GCT AGG TGG
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FIG 1 Replication and virus production by MA/JFH-1 chimeras in Huh7.5.1
cells. (A) Schematic structures of JFH-1, MA, and two MA/JFH-1 chimeras
(MA/JFH-1.1 and MA/JFH-1.2). The junction of JFH-1 and MA in the 5’ UTR
is an Agel site, and the junction of MA and JFH-1 in the NS2 region is a BsaBI
site. A, Agel; B, BsaBI; X, Xbal. (B to E) Chimeric HCV RNA replication in
Huh7.5.1 cells. HCV core protein level in cells (B) and culture medium (C) and
HCV RNA levels in medium (D) and infectivity of culture medium (E) from
HCV RNA-transfected Huh7.5.1 cells are shown. Ten micrograms of HCV
RNA was transfected into Huh7.5.1 cells, and cells and culture medium were
harvested on days 1, 2, and 3. n.d., not determined. Assays were performed
three times independently, and data are presented as means * standard devi-
ation. Dashed line indicates detection limit. wt, wild type.

GGAAGT TCT GCT CGG CCCT-3' (sense) and 5'-AGA ACT TCC CCA
CCT AGC CTC GCG GAA ACC G-3' (antisense); T1106A, 5'-CAG ATG
TAC GCC AGC GCA GAG GGG GAC CTC-3' (sense) and 5'-CTG CGC
TGG CGT ACA TCT GGG TGA CTG GTC-3' (antisense); and V1951A,
5'-GTG ACG CAG GCG TTAAGC TCA CTC ACA ATT ACC-3' (sense)
and 5'-TGA GCT TAA CGC CTG CGT CAC GCG CAG CGA G-3' (an-
tisense). To construct the MA chimeric virus harboring minimal regions
of JEH-1 (MA/N3H-+N5BX-JFH1), Clal (nt 3930), EcoT22I (nt 5294),
and BsrGI (nt 7782) recognition sites were introduced into pMA by site-
directed mutagenesis. The 5 UTR (EcaoRI-Agel), the region of the NS3
helicase (N3H; Clal-EcoT221), and the region of NS5B to 3" X (N5BX;
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BsrGI-Xbal) were then replaced with the corresponding regions from
JFH-1.

RNA synthesis, transfection, and determination of infectivity, RNA
synthesis and transfection were performed as described previously (12,
22). Determination of infectivity was also performed as described previ-
ously, with infectivity expressed as the number of focus-forming units per
milliliter (FFU/ml) (12, 22). When necessary, culture medium was con-
centrated 20-fold in Amicon Ultra-15 spin columns (100-kDa molecular-
weight-cutoff; Millipore, Bedford, MA) in order to determine infectivity.

Quantification of HCV core protein and HCV RNA. In order Lo esti-
mate the concentration of HCV core protein in culture medium, we per-
formed a chemiluminescence enzyme immunoassay (Lumipulse 11 HCV
core assay; Fujirebio, Tokyo, Japan) in accordance with the manufactur-
er’s instructions. HCV RNA from harvested cells or culture medium was
isolated using an RNeasy Mini RNA kit (Qiagen, Tokyo, Japan) or
QiaAmp Viral RNA Minikit (Qiagen), respectively. Copy number of HCV
RNA was determined by real-time quantitative reverse transcription-PCR
(qRT-PCR), as described previously (28).

HCV sequencing, Total RNA in culture supernatant was extracted
with Isogen-LS (Nippon Gene Co., Ltd., Tokyo, Japan). cDNA was syn-
thesized using Superscript III Reverse Transcriptase (Invitrogen, Carls-
bad, CA). cDNA was subsequently amplified with LA Taq DNA polymer-
ase (TaKaRa, Shiga, Japan). Four separate PCR primer sets were used (o
amplify the fragments of nt 130 to 2909, 2558 to 5142, 4784 to 7279, and
7081 to 9634 covering the entire open reading frame and part of the 5’
UTR and 3’ UTR of the MA strain. Sequences of amplified fragments were
determined directly.

Immunostaining. Infected cells were cultured on Multitest Slides
(MP Biomedicals, Aurora, OH) and were fixed in acetone-methanol (1:1,
vol/vol) for 15 min at —20°C. After a blocking step, infected cells were
visualized with anti-core protein antibody (clone 2H9) (29) and Alexa
Fluor 488 goat anti-mouse IgG (Invitrogen), and nuclei were visualized
with 4',6’-diamidino-2-phenylindole (DAPI).

Assessment of interferon sensitivity. Two micrograms of in vitro

transcribed RNA was transfected into 3 X 10¢ Huh7.5.1 cells. Four hours

after transfection, cells were placed in fresh medium or medium contain-
ing 0.1, 1, 10, 100, and 1,000 IU/ml of interferon «-2b (Intron A;
Schering-Plough Corporation, Osaka, Japan). Culture medium was then
harvested on day 3, and HCV core levels in the cells and in the medium
were measured.

Statistical analysis. Significant differences were evaluated by Stu-
dent’s 1 test. A P value of <0.05 was considered significant.

RESULTS
Transient replication and production of 2b/2a chimeric virus.
We first tested whether the MA strain (genotype 2b) (19) was able
to replicate and produce infectious virus in cultured cells. When
the in vitro transcribed RNA of MA was transfected into Huh7.5.1
cells, a highly HCV-permissive cell line, replication and virus pro-
duction were not observed (Fig. 1A to C). We then tested whether
2b/2a chimeric RNA harboring the structural region (5" UTR to
E2) of the MA strain and the nonstructural region (p7 to 3’ UTR)
of JFH-1 (Fig. 1A, MA/JFH-1.1) was able to replicate in the cells.
After MA/JFH-1.1 RNA transfection, time-dependent accumula-
tion of core protein in the cells (Fig. 1B) and culture medium (Fig.
1C) was observed, indicating that MA/JFH-1.1 RNA was able to
replicate in the cells autonomously. HCV RNA levels in the me-
dium were determined by qRT-PCR, and time-dependent in-
creases in HCV RNA level were also observed (Fig. 1D). Infectious
virus production was observed on day 3, but infectivity was 17.6-
fold lower than that of JFH-1 (Fig. LE).

In order to improve the level of infectious virus production, we
tested another chimeric construct, MA/JFH-1.2, which contained
an additional MA-to-JFH-1 replacement of the 5 UTR (Fig. 1A),
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FIG 2 Long-term culture of MA/JFH-1.1 and MA/JFH-1.2 RNA-transfected
cells. Ten micrograms of HCV RNA was transfected into Huh7.5.1 cells, and
cells were passaged every 2 to 5 days, depending on cell status, Culture medium
was collected after every passage, and HCV core protein levels were measured.
Transfection was performed twice for each chimeric RNA (1 and 2 for each
construct). (A) HCV core protein levels in culture medium from MA/JFH-1.1

and MA/JFH-1.2 RNA-transfected cells. (B) Immunostained cells at 3 days
after transfection (a to d), at 21 days after transfection (e to h), and at the time
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TABLE 1 HCV core protein levels and infectivity in culture medium
immediately after RNA transfection (day 3) and after long-term
culture (days 35 to 49)

Sample period and Sample Dy o HCV core Infectivity
virus no. ’ (fmol/liter)  (FFU/ml)
After transfection
MA/JFH-1.1 1 3 1.06 X 10° 5.00 X 10!
2 3 1.14 X 103 5.70 X 10!
MA/JFH-1.2 1 3 2.14 X 10° 7.30 X 10!
2 B 215 X 10° 9.30 X 10!
After long-term culture
MA/JFH-1.1 L 42 3.38 X 10° 1.62 X 10°
2 42 4,70 X 10° 3.23 X 10°
MA/JFH-1.2 1 35 227 X 10° 1.61 X 10°
2 49 4,93 X 10° 3.27 X 10°

“ For the long-term culture, the days are those of peak core protein levels.

as a 5" UTR replacement from J6CF (genotype 2a) to JFH-1 en-
hanced virus production of chimeric J6CF virus harboring the
region of NS2 to 3" X of JEH-1 (J6/JFH-1) (A. Murayama et al.,
unpublished data). The core protein accumulation levels with
MA/JEH-1.2 RNA-transfected cells were higher than those with
MA/JFH-1.1 (P < 0.05) (Fig. 1B). Similarly, core protein and
HCV RNA levels in the medium of MA/JFH-1.2 RNA-transfected
cells were higher than those of MA/JFH-1.1 (P < 0.05) (Fig. 1C
and D). Infectivity on day 3 was also higher than with MA/JFH-1.1
(P < 0.05) (Fig. 1E), indicating that the 5" UTR of JFH- 1 enhanced
virus production. However, infectivity of medium from MA/JFH-
1.2 RNA-transfected cells on day 3 remained 6.4-fold lower than
that of JFH-1 although HCV RNA levels in the medium were
similar to those of JFH-1 (Fig. 1D and E).

These results indicate that 2b/2a chimeric RNA is able to rep-
licate autonomously in Huh7.5.1 cells and produce infectious vi-
rus although infectivity remains lower than that of JFH-1.

Assembly-enhancing mutation in core region introduced
duringlong-term culture, Because MA/JFH-1.1 and MA/JFH-1.2
replicated efficiently but produced small amounts of infectious
virus, we performed long-term culture of these RNA-transfected
cells in order to examine whether these chimeric RNAs would
continue replicating and producing infectious virus over the long
term. We prepared two RNA-transfected cell lines for each con-
struct (MA/JFH-1.1 and MA/JFH-1.2) as both of these replicated
and produced infectious virus at different levels.

Immediately after transfection, core protein levels and infec-
tivity in culture medium were low (1.06 X 10° to 2.15 X 10°
fmol/liter and 5.00 X 10! to 9.30 X 10' FFU/ml, respectively)
(Fig. 2A and Table 1) although a considerable number of core
protein-positive cells were observed by immunostaining (Fig. 2B,
frames a to d). Subsequently, core protein levels in the culture
medium decreased gradually (Fig. 2A), and core protein-positive
cells were rare (Fig. 2B, frames e to h). However, at 30 to 40 days

of peak core levels (days 42 to 49). Infected cells were visualized with anti-core
protein antibody (green), and nuclei were visualized with DAPI (blue). (C)
Infection of naive cells by culture medium at an MOI of 0.001. (D) Immuno-
stained cells at 15 days after infection with medium at peak core protein levels
(Fig. 2A) at an MOIT of 0.001. Infected cells were visualized with anti-core
antibody (green), and nuclei were visualized with DAPT (blue).
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after transfection, core protein levels in the supernatants of all
chimeric RNA-transfected cells increased and reached 2.27 X 10°
to 4.93 X 10° fmol/liter (Fig. 2A and Table 1). Infectivity in the
culture medium also increased (1.61 X 105 to 3.27 X 103 FFU/ml)
(Table 1), and at this point, most of the cells were core protein
positive (Fig. 2B, frame i to 1).

As the infectivity of culture supernatant of MA/JFH-1 RNA-
transfected cells appeared to increase after long-term culture, we
compared viral spread by infection with these supernatants on day
3 (immediately after transfection) and for each peak in core pro-
tein levels (after long-term culture). When naive Huh7.5.1 cells
were infected with supernatant on days corresponding to a peak in
core protein levels at a multiplicity of infection (MOI) of 0.001,
core protein levels in the medium increased rapidly and reached
0.64 X 106 to 1.13 X 10¢ fmol/liter by day 15 after infection (Fig.
2C). Immunostained images showed that most cells were HCV
core protein positive on day 15 (Fig. 2D). When naive Huh7.5.1
cells were infected with supernatant from day 3 at an MOI of
0.001, core protein levels in the medium did not increase under
these conditions (Fig. 2C). These results indicate that both MA/
JFH-1 chimeric viruses (MA/JFH-1.1 and MA/JFH-1.2) acquired
the ability to spread rapidly after long-term culture.

As the characteristics of the MA/JFH-1 virus changed in long-
term culture, we analyzed the possible mutations in the viral ge-
nome from the supernatant at each peak in core protein levels
(Table 1, days at peak core levels). Nine- to 12-nucleotide muta-
tions were found in the viral genome from each supernatant, and
the detected mutations were distributed along the entire genome.
Among these mutations, a common nonsynonymous mutation
was found in the core region (Arg to Gly at amino acid [aa] 167,
R167G).

In order to test the effects of R167G on virus production, an
R167G substitution was introduced into MA/JFH-1.2 as MA/JFH-
1.2 replicated and produced infectious virus more efficiently than
MA/JFH-1.1. HCV core protein levels in cells and medium of
MA/JFH-1.2 with R167G (MA/JFH-1.2/R167G) were higher than
with MA/JFH-1.2 (P <0 0.05) (Fig. 3A and B). HCV RNA levels in
the medium of MA/JFH-1.2/R167G RNA-transfected cells were
also higher than with MA/JFH-1.2 (P < 0.05) (Fig. 3C). Infectious
virus production was also increased by the R167G mutation (P <
0.05) (Fig. 3D) and was 8.7-fold higher than that of JFH-1 RNA-
transfected cells on day 3 (P < 0.05) (Fig. 3D).

We then tested whether R167G was responsible for the rapid
spread observed in culture supernatant after long-term culture by
monitoring virus spread after infection of naive Huh7.5.1 with
culture medium taken 3 days after RNA transfection of MA/JFH-
1.2 and MA/JFH-1.2/R167G at an MOI of 0.005. Core protein
levels in medium from MA/JFH-1.2/R167G-infected cells in-
creased with the same kinetics as levels of JEH-1 (Fig. 3E), and the
population of core protein-positive cells was almost the same as
with JEH-1-infected cells (Fig. 3F), indicating that MA/JFH-1.2/
R167G virus spread as rapidly as JEH-1 virus. In contrast, we ob-
served no infectious foci in the MA/JFH-1.2 virus-inoculated cells
(Fig..3F). These data suggest that the R167G mutation in the core
region was a cell culture-adaptive mutation and that it enhanced
infectious MA/JFH-1.2 virus production.

In order to determine whether R167G enhances RNA replica-
tion or other steps in the viral life cycle, we performed a single-
cycle virus production assay (11) using Huh7-25 cells, a HuH-7-
derived cell line lacking CD81 expression on the cell surface (1),
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FIG 3 Effects of R167G on replication and virus production of MA/JFH-1.2 in
Huh?7.5.1 cells. Ten micrograms of HCV RNA was transfected into Huh7.5.1 cells, and
cells and medium were harvested on days 1, 2, and 3. HCV core protein levels in the
cells (A) and culture medium (B) and HCV RNA levels in the medium (C) and the
infectivity of culture medium (D) from HCV RNA-transfected Huh7.5.1 cells are
shown. n.d., not determined. Dashed line indicates the detection limit. Assays were
performed three times independently, and data are presented as means =+ standard
deviation, (E) HCV core protein levels in culture medium from cells infected with
medium at 3 days posttransfection at an MOT of 0.005. (F) Immunostained cells at 19
days postinfection. Infected cells were visualized with anti-core antibady (green), and
nuclei were visualized with DAPI (blue).

This cell line can support replication and infectious virus produc-
tion upon transfection of HCV genomic RNA but cannot be rein-
fected by progeny virus, thereby allowing observation of a single
cycle of infectious virus production without the confounding ef-
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fects of reinfection. R167G did not affect HCV core protein levels
in the chimeric RNA-transfected Huh7-25 cells (Fig. 4A), demon-
strating that R167G did not enhance RNA replication. Neverthe-
less, R167G increased HCV core protein levels in the medium
(P < 0.05 on days 2 and 3) and infectivity (Fig. 4B and C). These
results suggest that R167G did not affect RNA replication but
affected other steps such as virus assembly and/or virus secretion.

Virus particle assembly efficiency was then assessed by deter-
mining intracellular-specific infectivity from infectivity and RNA
titer in the cells, as reported previously (11). As shown in Fig. 4G,
R167G enhanced intracellular-specific infectivity of MA/JFH-1.2
virus 10.2-fold. Virus secretion efficiency was also calculated from
the amount of intracellular and extracellular infectious virus, but
R167G had no effect (Fig. 4G).

To confirm the effects of Argl67 in other HCV strains, we
tested its effects on JEH-1. Asaa 167 of JEH-1 is Gly, we replaced it
with Arg (G167R). HCV core protein levels in the cells were not
affected by G167R (Fig. 4D), and no effects on RNA replication
were confirmed. HCV core protein levels in the medium and in-
tectivity decreased after G167R mutation (Fig. 4E and F). As the
G167R mutation decreased intracellular infectious virus produc-
tion of JFH-1 to undetectable levels, we were unable to determine
the intracellular-specific infectivity and virus secretion efficiency
of JFH-1 G167R (Fig. 4G). These results indicate that Gly is fa-
vored over Arg at core position 167 for infectious virus assembly
in multiple HCV strains.

MA harboring the R167G mutation, 5' UTR, and N3H (NS3
helicase) and N5BX (NS5B to 3’ X) regions of JFH-1 replicated
and produced infectious chimeric virus. In order to establish a
genotype 2b cell culture system with the MA strain with minimal
regions of JFH-1, we attempted to reduce JFH-1 content in MA/
JEH-1.2. We previously reported that replacement of the N3H and
N5BX regions of JFH-1 allowed efficient replication of the J6CF
strain, which normally cannot replicate in cells (21). Thus, we
tested whether the N3H and N5BX regions of JFH-1 could also
support MA RNA replication.

We prepared two chimeric MA constructs harboring the 5’
UTR and N3H and N5BX regions of JFH-1, MA/N3H+N5BX-
JEH1 (Fig. 5A) and MA/N3H +N5BX-JEH1/R167G. After in vitro
transcribed RNA was transfected into Huh7.5.1 cells, intra-
cellular core protein levels of MA/N3H-+N5BX-JFHI and MA/
N3H+N5BX-JFH1/R167G RNA-transfected cells increased in a
time-dependent manner and reached almost the same levels as
with MA/JFH-1.2 RNA-transfected cells on day 5 (Fig. 5B). Extra-
cellular core protein and HCV RNA levels of MA/N3H-+N5BX-
JFHI1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected cells
also increased in a time-dependent manner (Fig. 5C and D). How-
ever, they were more than 10 times lower than with MA/JFH-1.2
RNA-transfected cells although intracellular core levels were com-
parable on day 5 (Fig. 5B to D).

We then tested whether the medium from MA/N3H+N5BX-
JEH1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected cells
was infectious. Infectivity of the medium from MA/N3H+N5BX-
JEH1 RNA-transfected cells was below the detection limit, and
that of MA/N3H+N5BX-JFH1/R167G RNA-transfected cells on
day 5 was very low (3.3 X 10! = 2.1 X 10" FFU/ml) (Fig. 5E). To
confirm infectivity, the culture media were concentrated, and
their infectivity was determined. Infected foci were observed after
infection with concentrated medium in MA/N3H+N5BX-JFH1/
R167G RNA-transfected cells (Fig. 5F), and infectivity was found
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FIG 4 Effects of R167G on replication and virus production of MA/JFH-1.2
and JFH-1 in Huh7-25 cells. Ten micrograms of HCV RNA was transfected
into Huh7-25 cells, and cells and medium were harvested on days 1, 2, and 3.
HCV core protein levels in cells (A and D) and in medium (B and E) were
measured, and infectivity of medium (C and F) was determined. n.d., not
determined. Dashed line indicates the detection limit. (G) Intracellular specific
infectivity and virus secretion efficiency of chimeric HCV RNA-transfected
cells. Intracellular and extracellular infectivity of day 3 samples was deter-
mined, and specific infectivity and virus secretion rate were calculated. Assays
were performed three times independently, and data are presented as means *+
standard deviation. NA, not available.
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FIG 5 Replication and virus production of MA/N3H+N5BX-JFH1/R167G in
Huh7.5.1 cells. (A) Schematic structures of JFH-1, MA, and MA/
N3H+N5BX-JFHI. The junction of JFH-1 and MA in the 5" UTR is an Agel
site; the junctions of MA and JFH-1 in the NS3 regions are Clal and EcoT221
sites, and the junction in the NS5B region is a BsrGl site. A, Agel; X, Xbal. (B to
G) Chimeric HCV RNA replication in Huh7.5.1 cells. Ten micrograms of HCV
RNA was transfected into Huh7.5.1 cells, and cells and medium were harvested
ondays 1, 3,and 5. HCV core protein levels in cells (B) and in medium (C) and
HCV RNA levels in medium (D) were measured, and infectivity of medium
(E) was determined. Assays were performed three times independently, and
data are presented as means * standard deviation. n.d., not determined.
Dashed line indicates the detection limit. (F) Immunostained cells. Huh7.5.1
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to be 7.27 X 10% £ 7.57 X 10! FFU/ml (Fig. 5G). No infected foci
were observed after infection of MA/N3H+N5BX-JFH1 RNA-
transfected cells, even when medium was concentrated (Fig. 5F),
although intracellular and extracellular core protein levels were
comparable to those with MA/N3H+N5BX-JFH1/R167G RNA-
transfected cells (Fig. 5B and C). These results indicate that re-
placement of the 5" UTR and N3H and N5BX regions in JFH-1
were necessary to rescue autonomous replication in the
replication-incompetent MA strain and for secretion of infectious
chimeric virus. However, the secretion and infection efficiencies
of the virus were low.

Cell culture-adaptive mutations enhanced infectious virus
production of MA/N3H+N5BX-JFH1/R167G. Because MA/
N3H+N5BX-JFH1/R167G replicated efficiently but produced
very small amounts of infectious virus, we performed a long-term
culture of the RNA-transfected cells in order to induce cell
culture-adaptive mutations that could enhance infectious virus
production, We prepared RNA-transfected cells using two con-
structs, MA/N3H+N5BX-JFH1 and MA/N3H+NSBX-JFH1/
R167G; both of these replicated efficiently, and MA/N3H+N5BX-
JFH1/R167G produced infectious virus at low levels while MA/
N3H+N5BX-JFHI did not. Immediately after transfection, the
HCV core protein levels in the medium of each RNA-transfected
cell culture peaked at 3.0 X 10° fmol/liter and declined thereafter.
However, the core protein level in the medium with MA/
N3H+NSBX-JFH1/R167G RNA-transfected cells continued to
increase and reached a peak of 2.7 X 10° fiol/liter 54 days after
transfection, at which point most cells were core protein positive
(Fig. 6B). The core protein level in the medium with MA/
N3H-+N5BX-JFH1 RNA-transfected cells did not increase and
core-positive cells were scarce on day 54 (Fig. 6B). We analyzed
the viral genome in the culture supernatants from day 54 for pos-
sible mutations and identified four nonsynonymous mutations in
the MA/N3H+NSBX-JFHI/R167G genome: L814S (NS2),
R1012G, (NS2), T1106A (NS3), and V1951A (NS4B). In order to
test whether these amino acid substitutions enhance infectious
virus production, L814S, R1012G, T1106A, and V1951A were in-
troduced into MA/N3H-+N5BX-JFH1/R167G, and the product
was designated MA/N3H+N5BX-JFH1/5am (where am indicates
adaptive mutation). On day 1, although HCV core protein levels
in the MA/N3H+N5BX-JFH1/5am RNA-transfected cells were
higher than those of MA/N3H-+N5BX-JFH1/R167G RNA-
transfected cells, they were still lower than those of MA/JFH-1.2/
R167G RNA-transfected cells; however, on days 3 and 5, they
reached a level comparable to that of MA/JFH-1.2/R167G RNA-
transfected cells (Fig. 6C). HCV core protein and HCV RNA levels
in the medium of MA/N3H-+N5BX-JFH1/5am RNA-transfected
cells were higher than those of MA/JFH-1.2/R167G RNA-
transfected cells (P < 0.05, Fig. 6D and 6E, respectively). MA/
N3H-+N5BX-JFH1/5am, containing the four additional adaptive
mutations, produced infectious virus at the same level as MA/
JEH-1.2/R167G on day 5 (Fig. 6F). These results indicate that the

cells were infected with concentrated medium from RNA-transfected cells on
day 5. Infected cells were visualized with anti-core antibody (green), and nuclei
were visualized with DAPI (blue). (G) Infectivity of concentrated culture me-
dium from HCV RNA-transfected cells. Culture medium was concentrated by
20 times. Infectivities of original and concentrated culture media were deter-
mined. Dashed line indicates detection thelimit.
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FIG 6 Cell culture-adaptive mutations enhanced infectious virus produc-
tion of MA/N3H+N5BX-JFH1/R167G. (A) Long-term culture of MA/
N3H+N5BX-JFH1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected
cells. Ten micrograms of HCV RNA was transfected into Huh7.5.1 cells,
and cells were passaged every 2 to 5 days, depending on cell status. Culture
medium was collected after every passage, and HCV core protein levels
were measured. HCV core protein levels in culture medium from MA/
N3H+N5BX-JFHI1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected
cells are presented. (B) Immunostained cells on days 5 and 54 after trans-
fection. Infected cells were visualized with anti-core antibody (green), and
nuclei were visualized with DAPI (blue). (C to F) Effect of four additional
cell culture-adaptive mutations on virus production. Ten micrograms of
HCV RNA was transfected into Huh7.5.1 cells, and cells and medium were
harvested on days 1, 3, and 5. HCV core levels in cells (C) and in medium
(D) and HCV RNA levels in medium (E) were measured, and infectivity of
medium (F) was determined. Assays were performed three times indepen-
dently, and data are presented as means * standard deviation. n.d., not
determined. Dashed line indicates the detection limit.
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FIG 7 Comparisons of interferon sensitivity between JFH-1, MA/JFH-1.2/
R167G and MA/N3H+N5BX-JFH1/5am. Two micrograms of HCV RNA was
transfected into Huh7.5.1 cells, and interferon was added at the indicated
concentrations at 4 h after transfection. HCV core protein levels in cells (A)
and in medium (B) on day 3 were measured, and data are expressed as percent
versus untreated cells (0 TU/ml). Assays were performed three times indepen-
dently, and data are presented as means =+ standard deviation.

four additional adaptive mutations enhance infectious virus pro-
duction and that MA/N3H+NSBX-JFH1/5am RNA-transfected
cells replicate and produce infectious virus as efficiently as MA/
JFH-1.2/R167G RNA-transfected cells.

Comparison of interferon sensitivity between JEH-1, MA/
JFH-1.2/R167G, and MA/N3H+N5BX-JFH1/R167G. Using the
newly established genotype 2b infectious chimeric virus, we com-
pared interferon sensitivity between the JFH-1, MA/JFH-1.2/
R167G, and MA/N3H-+N5BX-JFH1/5am viruses. JEH-1 or MA
chimeric viral RNA-transfected Huh?7.5.1 cells were treated with
0.1, 1, 10, 100, or 1,000 TU/ml interferon «-2b, and HCV core
protein levels in the cells and in culture media were compared.
Interferon decreased HCV core protein levels in the JFH-1 RNA-
transfected cells and in the medium in a dose-dependent manner,
and production was inhibited to 26.8% = 3.0% and 45.6% =
4.7%, respectively, of control levels (Fig. 7A and B, respectively).
In contrast, HCV core protein levels in cells and medium of
MA/JFH-1.2/R167G and MA/N3H-+NS5BX-JFH1/5am RNA-
transfected cells decreased more pronouncedly in a dose-
dependent manner (Fig. 7A and B, respectively). HCV core pro-
tein levels in cells and medium from MA/N3H+N5BX-JFH1/5am
RNA-transfected cells were lower than those from MA/JFH-1.2/
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