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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
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. Intreduction

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-cholanidopropy!)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; RARp, RNA polymerase; SDS, sodium dodecyl 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.
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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 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-HCl (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, 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 uyM ATP, 50 uM CTP, 5uM [o-
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]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 M CTP, 0.5mM GIP, 5uM [a->?P]JUTP after preincubation in
0.5mM 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,
50uM ATP, 0.5 mM GTP, and 5puM [o-3?PJUTP, and for Km and
Vmax of UTP, 50, 25, 10, 8, 5, 3, or 1 uM of UTP, 50 pM 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 uM CTP, 5 pM [o-32PJUTP 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 ypM ATP, 50 pM CTP, and 50 uM UTP, and sym/
sub with 0.5 mM GTP, 50 uM ATP, 50 uM CTP, and 5 pM [o->2P]-UTP
in the same experimental conditions as the above-described tran-
scription assay (Hong et al., 2001). [*2P]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 [32p]
RNA template (SL12-1S) were incubated with the indicated amount
of detergent in 25ul of 50 mM Tris-HCl (pH 7.5), 200 mM KGlu,
3.5 mM Mn(Cl,, 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 ym; 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-32PJUTP, [o-32P]ATP, [a-32P|GTP,
[a-32P|CTP, and [y-3?P]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-3-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

—157—



L Weng et al. / Gene 496 (2012) 79-87 81

A Triton X-100 20F B NP-40
18 181 :g -
16 16} - s
14 14} 14 6
12 12k 12 4
10 10 10F 20 .. Beeereennieseseseeenerernneeed |
8 8k 8t o 0
6 6 6t 0 0.001 0002 0003 0004 0005
4k 4L 4
2 2 -
PY el sl Rt adaathalir Safhetafiat 2 1 . : . P f : h ,
0 0.02 0.04 0.06 0.08 o1 oooor o001 0.1 10 1000 0 002 004 006 008 0.1
—
k=]
2 C Tween20 D Tween-80
2 18 18
S 16F 16}
c 14r 14+
L 12t 12
fg 10 F 10}
g 8r i |
© &} (18
Q 4L 4t
(7]
O 2k B 254 e Beesennene e e e e e e e naee g L
[ 0 1 1 1 1 0 i 1 1 2
E o 0.002 0004 0006 0008 0.0 0 0.001 0002 0003 0.004 0005
©
a (ga CHAPS

Detergent concentration (%)

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) RdRpwit.

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 83+0.18
Tween 20 0.0074 0.007 78+0.21
Tween 80 0.0016 0.001 804022
Brij 35 0.1103 0.1 92+034
n0G 0.672-0.730 0.1 21+£035
CHAPS 0.492-0615 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 [32P]
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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Polymerase activation ratio(fold)
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CHAPS
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DOC 8DS
Zwitter- lonic detergent
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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

20
18}
16
14

Relative polymerase activity (fold)

ol
sl
6l
4k
2F =
0 1 1 i 1 i 1 I

H77 RMT HCR6 HCR6 Con1 JFH1 wt JFH1

wt H5028 S8502H
1a ib 2a

Triton -
Triton +

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

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)* 154017 174011 16.6+0.56 714038 1254048 1.1+028 2.0+0.12
RNA template-binding activity (folds)® 3.8+0.11 3.9+40.18 9.6+039 794041 6.9+0.16 224014 344021

? Activation ratio of polymerase activity was calculated on the basis of the data represented in Fig. 3A.
b 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) RARpH502S 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) RARpS502H 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) 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.

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 [32P]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 4 15.1 M and 6.21 4 0.225/min, respectively (Fig. S3).

Activation ratio of filter binding (fold)

oL

H77 wt HCR6 HCR6

wt H5028

RMT wt

1a 1b

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 nitroceliulose 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 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) RdRpwrt 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 biots.

Km and Vmax of HCR6 (1b) RdRp without Triton X-100 for GTP was
calculated as 54.7+3.67uM 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 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 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 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 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 HCR6 (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 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 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 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,
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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 yiM,
and that of GTP varied from 5 to 500 pM. 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/-[*?P]Jsym/sub was transcribed by HCV HCR6 (1b) RARpwt with
(+4) and without (—) 0.02% Triton X-100. D: TNTase activity of HCV HCR6 (1b) RdRpwt. sym/sub was transcribed with [*2PJUTP 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 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
RARp (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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Most acute hepatitis C virus (HCV) infections become chronic and some
progress to liver cirrhosis or hepatocellular carcinoma. Standard therapy
involves an interferon (IFN)-c-based regimen, and efficacy of therapy has
been significantly improved by the development of protease inhibitors.
However, several issues remain concerning the injectable form and the side
effects of IFN. Here, we report an orally available, small-molecule type I IFN
receptor agonist that directly transduces the IFN signal cascade and
stimulates antiviral gene expression. Like type I IFN, the small-molecule
compound induces IFN-stimulated gene (ISG) expression for antiviral
activity in vitro and in vivo in mice, and the ISG induction mechanism is
attributed to a direct interaction between the compound and IFN-o receptor
2, a key molecule of IFN-signaling on the cell surface. Our study highlights
the importance of an orally active IFN-like agent, both as a therapy for
antiviral infections and as a potential IFN substitute.
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Hepatitis C virus (HCV) infection affects 170 million people worldwide!, and most
acute HCV infections become chronic, with some progression to liver cirrhosis or
hepatocellular carcinoma. HCV has a plus-strand RNA genome that encodes both
structural proteins and the nonstructural (NS) proteins 2, 3, 4A, 4B, 5A and 5B.
Current standard therapy against chronic HCV infection includes the use of host
factor-targeting pegylated interferon (PEG-IFN)-a and ribavirin?, which is effective
in only 50% of patients chronically infected with HCV genotype 13. The main
causes of this low rate of efficacy may be (i) single—nucleotidé polymorphisms
(SNPs) in the upstream region of the IL28B gene and (ii) low compliance with the
therapy, which must be administered subcutaneously. Regarding the first cause—
SNPs-—the host factors that are important in the early response to therapy remain
unknown. However, recent studies report that genetic variants near IL28B, which
encodes IFN-A3 (interleukin 28B), correlate with the response to treatment of
chronic hepatitis C infection using IFN-o/ribavirin combination therapy*”’. Patients
with an rs12979860 SNP genotype of CC are reported to have a stronger
response to IFN therapy (up to an 80% sustained virological response (SVR) rate
with the combined therapy) than those with TC or TT genotypes®. Regarding the
lack of compliance, the current therapy using recombinant IFN is a weekly
injectable formulation that is unstable, requires refrigeration, and is expensive
and complex to administer. Furthermore, therapy is often poorly tolerated as a
result of the presence of many adverse effects, including flu-like symptoms,
hematological abnormalities and adverse neuropsychiatric events, any of which
may require early discontinuation®. These side effects may result in dose

modifications that lead to less-than-optimal responses.

Recent trends in drug development focus on drugs targeted against viral proteins
such as NS 3/4A serine protease, RNA helicase, NS4B, NS5A, and NS5B RNA-
dependent RNA polymerase®. Very recently, two NS3/4A protease inhibitors,

telaprevir and boceprevir, have been approved as new anti-HCV agents. Adding
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such an inhibitor to the standard therapy in the ADVANCE! and the SPRINT-2!!
trials achieved significantly higher SVR rates, but the issue still remains that
using these inhibitors without injectable IFN possibly yields clinical resistance!2,
To overcome this problem and alleviate the low compliance outlined above, an
orally available IFN would be valuable because the dosing regimen is less

complex.

IFNs induce the expression of a subset of IFN-stimulated genes (ISG)'3, some of
which show antiviral activity or are involved in lipid metabolism, apoptosis,
protein degradation and inflammation*. IFNs are not only effective against HCV
infection, but are also essential for innate immunity. Broadly speaking, type I
IFNs (IFN-o and -B) bind to their receptor, causing the phosphorylation and
activation of JAK1 and Tyk2, which is followed by the phosphorylation of signal
transducers and activators of transcription (STATs) and subsequent ISG
expression. To activate the JAK/STAT pathway, IFN-o requires the IFN-o/f
receptor, which consists of 2 subunits, IFN-o receptor (IFNAR) 1 and IFNAR2.
These IFNAR subunits together form a heterodimer upon IFN stimulation. This
association of IFNAR2 and IFNAR1 is required to mediate the antiviral,
antiproliferative, and apoptotic effects of type I IFNs*>7 because the dimerization
of IFNARs induces the phosphorylation of the receptor-associated tyrosine
kinases, JAK1 and Tyk2, and the phosphorylated JAK kinases then phosphorylate
STAT1 and STAT2. In turn, phosphorylated STAT1 and STAT2 bind to IRF9 to
form the transcriptional activator IFN-stimulating gene factor 3 (ISGF3) that

induces the expression of a subset of 1SGs'3.

Using quantitative high-throughput screening (HTS), we identified in this study a
novel small molecule that acts like IFN by directly interacting with the type I IFN
receptor to drive ISG expression. Our results indicate that oral administration of

the small-molecule IFN agonist stimulates 1SG expression in mice, and that the
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ISG expression from this small-molecule IFN provides antiviral activity, indicating

that the compound may be a potential therapeutic IFN substitute.

Res_ults

Identification of antiviral small-molecule IFN agonists by high-throughput
chemical library screening.

HCV replicon cells, which were established ten years ago®® using a cell line that
expresses the HCV genotype 1b subgenomic replicon®, possess a luciferase gene as a
reporter optimized for use in a robust HTS system. The HTS system provides in-depth
analysis of primary screening results, including detailed information regarding
potency, efficacy and structure-activity relationships. IFNs show strong inhibition
using this system and have been used as a positive control in the assay. Many
compounds, including HCV protease inhibitors and HCV polymerase nucleoside/non-
nucleoside analogs, have been assessed and are being developed for clinical testing.
Analysis of data from the combination of target/counterscreen HTS, data from other
assays measuring cellular toxicity, in vitro sphingolipid biosynthesis and HCV
enzymatic activity (including protease and polymerase) allowed us to select

compounds with potentially novel modes of action from the primary screen.

A secondary IFN signal assay, using a luciferase reporter gene which was located
downstream of the IFN-stimulated response element (ISRE), eliminated assay-related
false-positive compounds. Of the remaining anti-HCV replicon compounds, one of the
most active was an imidazonaphthyridine with the structural formula 8-(1, 3, 4-
oxadiazol-2-yl)-2, 4-bis (trifluoromethyl) imidazo [1, 2-a] [1, 8] naphthyridine
(RO4948191, hereinafter RO8191) (Fig. 1a). This compound strongly suppressed HCV
replicon activity at 72 h in a dose-dependent manner (Fig. 1b, left graph) without
inducing host cell toxicity, as measured by the WST-8 (Fig. 1b, right graph) and
CellTiter-Glo assays (data not shown). The ICs, (50% inhibitory concentration) of the
compound in an anti-HCV replicon assay was 200 nM. The compound suppressed viral
replication within 24 h and showed even more effective inhibition, without cytotoxicity,

after 7 days (Supplementary Fig. 1). In addition, the HCV RNA replicon levels
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significantly decreased after incubation with the compound for 72 h, as determined by
real-time reverse transcription (RT)-polymerase chain reaction (PCR) analysis (Fig.
1c). Immunostaining showed that levels of the proteins HCV NS3 and NS4A, which
are localized mainly in the perinuclear region of the replicon cells, were also reduced
after RO8191 treatment for 24 h (Fig. 1d). This treatment also resulted in the
disappearance of viral proteins such as NS3, NS4A/B, and NS5A/B, as shown by
western blot analysis (Fig. 1e). The luciferase activity of HCV subgenomic genotype 2
replicon cells (JFH1, data not shown) and, surprisingly, the HCV viral titer of JFH1% in

a Huh-7/K4 cell line were also reduced by RO8191 treatment (Fig. 1f).

RO8191 induces IFN signals, ISGs expression and JAK/STAT

phosphorylation.

To clarify whether RO8191 shows inhibitory activity against another RNA virus, we
tested its action in encephalomyocarditis virus (EMCV)-infected A549 cells. RO8191
showed a cell-protective activity against EMCV infection similar to that of IFN-o (Fig.
2a). Because IFN-o is the most common host cell factor to exert its antiviral activity
against HCV?"* by inducing ISG expression'®, we compared the gene expression
profiles of IFN-a and RO8191 by conducting a global-scale DNA microarray analysis to
identify genes, especially I1SGs®, that were regulated by RO8191. As expected,
RO8191 increased the expression of some ISGs (Supplementary Fig. 2 and
Supplementary Table 1). DNA microarray analysis showed that RO8191 induced the
expression of IP-10 (CXCL10), known as an ISG, RO8191 did not induce the genes
encoding inflammatory cytokines and chemokines (Supplementary Fig. 3a). And, a
reporter gene assay was performed using an NF-«B reporter gene. We transiently
transfected the reporter gene to HCV-naive HuH-7 cells, and then treated them with
RO8191 or TNF-a. In Huh-7 cells, NF-xB reporter gene was activated by TNF-«
treatment, but not by RO8191 (Supplementary Fig. 3b). These results indicate that

R0O8191 specifically induces the IFN-relevant gene expressions.
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Real-time RT-PCR analysis also revealed that RO8191 induced many ISGs similar to
those expressed in IFN-a-treated cells (Fig. 2b and Supplementary Table 2),
suggesting that the antiviral mechanism of RO8191 depends on ISG expression. In
addition to HCV replicon cells, we tested the compound in several cancer cell lines and
normal human primary hepatocytes (Hc cells). Real-time RT-PCR analysis showed that
RO8191 induced ISG expression in cultured cell lines and human primary hepatocytes
(Supplementary Table 3 and Supplementary Fig. 4). These results suggest that
RO8191 induces an IFN signal, and that the application in clinical of RO8191 is not

limited to suppressing HCV infection.

As mentioned earlier, type I IFNs phosphorylate JAK kinases and STAT proteins by
inducing a heterodimerization of both IFNAR1 and IFNARZ, and the complexes thus
formed transduce signals from IFN. Since RO8191 induces ISGs in a similar profile to
IFN-a, we examined the phosphorylation of IFN signaling molecules. Immunoblotting
analysis was performed to detect phosphorylated tyrosine (Tyr) and serine (Ser)
residues of the STATs and JAK kinases using cell lysate that was treated with
50~5000 times the HCV replicon ICsps of RO8191, IFN-a, IFN-B, and IFN-y (type II
IFN). The degree to which both RO8191 and IFN-B phosphorylated STAT1, STAT5, and
STAT6 was similar, as shown in Fig. 2¢, and the phosphorylation level of STAT2 by
RO8191 was quite similar to that of IFN-a. Interestingly, STAT3 and JAK1 were more
strongly phosphorylated by RO8191 than by IFN-a, -B, or -y. On the other hand, Tyk2
was phosphorylated by type I IFNs, but not by IFN-y or RO8191, indicating that Tyk2
is dispensable for RO8191 activity (Fig. 2c). Taken together, the phosphorylation
profile of STAT proteins by RO8191 is generally similar to that of type I IFNs, and the
phosphorylation profiles of STAT1-3, 5, 6, and JAK1 in HCV replicon cells treated with
RO8191 or type I IFNs suggest a common mechanism that differs from the

mechanism in cells treated with type II IFN.

In addition to imiquimod, an IFN inducer and a Toll-like receptor (TLR) 7 agonist®,
small-molecule ligands recognized by TLRs and RIG-I-like receptors are known to

induce ISG expression by inducing IFN?*. The chemical structure of RO8191 is similar
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to imiquimod so we examined whether RO8191 has a mechanism of activity like
imiquimod. However, imiquimod did not affect HCV replicon cells (Supplementary Fig.
5a) and, moreover, did not stimulate STAT1 phosphorylation, whereas R0O8191
caused prolonged STAT1 activation (for up to 8 h post-treatment; Supplementary Fig.
5b). Next, RO8191 is actually a small-molecule and we could not exclude the
possibility that the antiviral activity might be induced through TLRs. To confirm that,
we tested ISG induction using TIr3, 4, 7 and 9 knockout (KO) mouse embryo
fibroblasts (MEF)?***%%, We treated the MEFs with RO8191 or murine IFN-oA for 8 h
and both induced Oas1lb mRNA in wild type and Tir-KO MEFs (Supplementary Fig. 5c),
demonstrating that RO8191 induces ISG expressions independently of TLRs. To
exclude the possibility that RO8191 acts by inducing type I IFN, we examined its
effects in Vero cells that lack the IFN gene locus®~°. Whereas imiquimod did not show
IFN-like effects in Vero cells, RO8191 and IFN-o induced the ISRE activation
(Supplementary Fig. 5d), indicating that RO8191 acts independently of the inducing

IFN and is quite distinct from imiquimod.

RO8191 exerts antiviral activity dependent on IFNAR2/JAK1, but is
independent of IFNAR1/Tyk2.

IFNs require IFN receptor subunits for their activity, and we hypothesized that
R0O8191 uses the IFN receptor to exert anti-HCV activity. To determine the
contributions of IFNAR1 and IFNAR2 toward the anti-HCV replicon activity of RO8191,
we suppressed the expression of these receptors using specific siRNA and treated the
cells with RO8191 or IFN-o. The knockdown efficiency was determined using RT-PCR
in the HCV replicon cells transfected with each siRNA, as shown in Supplementary Fig.
6. As expected, a knockdown of each receptor subunit decreased the antiviral activity
of IFN-a. (Fig. 3a and b, Supplementary Fig. 7a and b). IFNAR2 knockdown attenuated
the antiviral activity of RO8191 (Fig. 3b and Supplementary Fig. 7b) but, interestingly,
IFNAR1 knockdown did not change the antiviral activity (Fig. 3a and Supplementary
Fig. 7a), suggesting that RO8191 is independent of IFNARL. To address whether IFN-
o feceptor contributes to RO8191 signaling, we evaluated RO8191 using Ifnarl-KO

MEF cells®’. We treated Ifnarl-KO MEFs with 50 uM RO8191 or 1,000 IU/mL of murine
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IFN-oA for 8 h and analyzed the expression of murine Oas1b mRNA using real-time
RT-PCR. Murine IFN induced murine Oaslb mRNA only in wild type MEFs, not in
Ifnari-KO MEFs, although RO8191 induced Oasib in both wild type and Ifnarl-KO
MEFs (Supplementary Fig. 8). Therefore, RO8191 induces IFN-like activity even in

Ifnarl-KO MEFs.

Since IFNAR2 kn’ockdown reduced RO8191 activity, we focused on and analyzed the
IFNAR2 function using RO8191. First, U5A cells, which do not respond to IFN-o
because of the lack of IFNAR2 expression®?, were treated with RO8191. Although
RO8191 and IFN-o did not induce OAS1 expression in the US5SA cells, IFNAR2-
overexpressing USA cells were successfully complemented, and this conferred
susceptibility to both RO8191 and IFN-a (Fig. 3c and d). RO8191 also induced the
OAS1 gene in HT1080 and 2fTGH cells, the parental cell lines of U5A cells
(Supplementary Table 3, lowest and second lowest rows). Second, to elucidate
whether RO8191 directly interacts with IFNAR2, we obtained a recombinant IFNAR2
extracellular domain (ECD) protein (N-terminal half of the protein, amino acids from
Ile27- Lys243). The protein was Subjected to surface plasmon resonance (SPR)
spectroscopy using a Biacore system to directly evaluate the binding activity of the
recombinant protein with its possible ligands, RO8191 and IFN-o. The IFNAR2 ECD
protein was fixed on the surface of the CM7 sensor chip by amine coupling, and PEG-
IFN-o02a and RO8191 were injected as analytes. We comparatively analyzed 0.31 and
0.63 uM of RO8191, and both concentrations showed similar binding affinities of 480.5
and 484.5 nM, respectively (Fig. 3e), whereas a chemically derivatized compound of
RO8191 that cannot inhibit HCV replication did not bind to IFNAR2 ECD (data not
shown). The SPR results were consistent with 1:1 binding and showed an interaction
between RO8191 and the IFNAR2 ECD protein in a dose-dependent manner,
indicating that the compound and IFNAR2 may directly interact on the cell surface.
We performed an additional Biacore experiment using RO0O8831, a chemically
derivatized inactive compound of RO8191, and the compound did not bind to IFNAR2
ECD (data not shown). In addition to the anti-replicon activity, the phosphorylation of

STAT1 by RO8191 was also repressed by IFNAR2 knockdown (Fig. 3g), but the
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knockdown of IFNAR1 did not inhibit the STAT1 phosphorylation (Fig. 3f), indicating
that RO8191 requirés IFNAR2 but not IFNAR1 to achieve activity. Similarly, the
knockdown of JAK1 attenuated the activity of RO8191 and IFN-o (Fig. 4a and
Supplementary Fig. 9a), while, in contrast, Tyk2 and JAK2 were not required for
RO8191 activity (Fig. 4b, Supplementary Fig. 9b and c). The phosphorylation of
STAT1 by RO8191 was also inhibited by a knockdown of JAK1 (Supplementary Fig.
10a), but not by a knockdown of Tyk2 (Supplementary Fig. 10b), indicating JAK1
essentiality for the antiviral activity of RO8191. To confirm Tyk2-independency, we
used U1A (Tyk2-deficient) cells and the parental cell, 2fTGH®, and treated them with
50 uM RO8191 or 100 IU/mL IFN-a for 8 h to analyze the expression of OAS1. As
expected from previous reports®, IFN-a induced the OAS1 expression only in 2fTGH
cells but not in U1A cells; however, RO8191 induced the expression in both 2fTGH and
U1A cells significantly (Supplementary Fig. 11). Thus, RO8191 activates ISGs in a
JAK1-dependent and Tyk2-independent manner; on the other hand, IFN-o depends on
both factors. Next, we conducted a knockdown of the transcription factors related to
type I IFNs activity, STAT1, STAT2 and IRF-9, to clarify whether RO8191 required
these factors for antiviral activity. As expected, STAT1-siRNAs partially blocked IFN-y
activity (Supplementary Fig. 9d), which is mediated by STAT1 homodimers®. STAT1
was significantly phosphorylated by both RO8191 and IFN-a (Fig. 2c); however, the
STAT1 knockdown affected neither RO8191 nor IFN-o activity (Fig. 4c and
Supplementary Fig. 9d). We also analyzed the impact of STAT1 knockdown on OAS1
induction by R08191, and found OASI1 induction by RO8191 was inhibited
(Supplementary Fig. 12). STAT2 and IRF9 knockdown attenuated the inhibitory
activity of both RO8191 and IFN-a (Fig. 4d and e and Supplementary Fig. 9e and f).
In summary, RO8191 only binds to IFNAR2 and activates JAK1, STATs, and IRF9,

thereby exhibiting type I IFN-like activity (Fig. 4f).

RO8191, an IFNAR2 agonist, stimulates IFN signals in mice.

To evaluate whether RO8191 could be a cdlinical lead for drug development, we

studied the effects of RO8191 on IFN signaling in mice. The compound or vehicle was
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orally administered to mice and, 24 h after treatmént, the liver was removed and
examined. The antiviral genes Oasi1b, Mx1, and Pkr were significantly induced in the
livers of mice treated with RO8191 (Table 1). As expected, gene homologs that were
induced in the livers of HCV patients treated with PEG-IFN-a2b® were also induced in
mouse liver (Ifit3, Isgl5, Mda5, Rig-I, Socsl and Statl; Table 1). In addition, genes
that had previously been reported to be induced by IFN-B in mouse liver®” were also
induced in the livers of RO8191-treated mice (Cxcl10, Ifit3, Isg15, Socsl and Usp18;
Table 1,). We also measured inflammatory cytokine and chemokine expressions, and
RO8191 did not significantly induce the expression of these genes (Supplementary
Table 4). To evaluate anti-HCV activity of RO8191 in vivo, RO8191 was orally
administered to HCV-infected humanized liver mice®. The results of this humanized
liver rﬁice study showed that RO8191 reduced HCV titer in vivo (Supplementary Fig.
13). These data show that RO8191 stimulates IFN signaling and is an orally available

agent in mice.

Discussion

In this study, we identified a small-molecule IFN receptor agonist, RO8191, by
quantitative HTS of a chemical library. This compound showed antiviral activity
against both HCV and EMCV, suggesting a broad spectrum of target viruses. To learn
more about the possible mechanism of action of IFN signal induction by RO8191, we
investigated IFN-induced signaling and ISG induction by the small-molecule
compound in vitro and in vivo. A comparison of microarray expression profiles in HCV
replicon cells stimulated by IFN-a or RO8191 indicates that the IFN signal was induced
not only by IFNs, but also by the small-molecule compound (Fig. 2b and
Supplementary Fig. 2). Thus, this compound is an IFN-o-like small molecule, but the
mechanism of the RO8191 antiviral activity remained unknown. Therefore, we
examined the JAK/STAT activation pathway, which includes key players in the IFN

signaling cascade.

Like type I IFNs, RO8191 significantly phosphorylates and activates STATs, in

particular, STAT1 and STAT2 (Fig. 2c). Intriguingly, in HCV replicon cells, STAT1

10
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