any chemical substance [12]. A highly reactive carbene induced by
UV irradiation reacts with CsA, resulting in the production of
immobilized CsA in a nonspecific manner. By using the
photoaffinity method, we successfully immobilized CsA on resins
and performed phage display screening. This method cloned a
CsA associated helicase-like protein, which we termed CAHL, and
this protein was shown to interact with HGCV replication
machinery. Our result presents an example for the chemical
biological method that could facilitate to reveal a mechanism of
viral-cellular interaction.

Results

Phage display screening with immobilized CsA isolated
CsA associated helicase-like protein, CAHL

To explore CsA binding proteins, we applied a chemical biology
approach. In general, small molecule is necessary to be chemically
modified such as biotinylated to be immobilized on solid surface
for isolation of binding proteins. However, due to the structural
complexity of CsA, it is technically challenging to chemically
modify a certain residue of GsA. Therefore, we took advantage of
photoaffinity coupling method, which we previously developed
[12]. The highly reactive carbene induced by UV irradiation
reacted with CsA, resulting in the production of immobilized CsA
on solid surface in a nonspecific manner (Fig. 1A). We performed
phage display screening with multiple cycles that consist of
binding, washing, recovery and amplification (Fig. 1B). We used
phage particles randomly displayed 12 amino acids as a library
[13]. Through the screening cycles, the ratios of eluted phage
particles associated with CsA-immobilized resins comparing to
input were dramatically increased (Fig. 1C). We randomly picked
up 22 single phage clones from the sixth panning elution (Table
S1). Five out of the 22 phage clones were identical, and we called it
phage #13. In order to validate the binding specificity of the
phage, we amplified phage #13 and measure the ratio of cluted
phage titer with CsA and mock resins, which were treated with
MeOH to block photoaffinity reaction. The ratio of the phage
#13 was 3.75, whereas randomly picked up phage was 1.00.
These results indicated that the phage #13 specifically associated
with CsA-immobilized resins.

CAHL has an RNA-dependent ATP hydrolysis activity
Phage #13 was predicted to display amino acids, LVFGTLLG-
QLRA, in the carboxyl terminus of its phage-coat protein, which is
responsible for interaction with CsA. We searched the protein
database to find proteins that showed similarities to the
LVFGTLLGQLRA sequence. As a result of the search, we found
a protein with a sequence identical to LLGQLRA, encoded by a
gene accession number NM_022828 in the NCBI database.
NM_022828 is predicted to encodes 1430 amino acid protein that
has a couple of conserved domains, such as DEXHc helicase,
RNA-dependent ATPase and ankyrin repeat (Fig. 2A; Fig S1).
LLGQILRA sequence is located in the middle region of the protein
(amino acids 940-946), where is no known conserved motf is
found (Fig. 2A). Since it has not been reported on its biological
functions, hereafter we refer to the NM_022828 as CsA-associated
helicase-like protein, CAHL. To confirm the interaction between
CAHL and CsA, we prepared a recombinant C-terminal protein
of CAHL (named CAHL-C) that consisted of amino acids 761 to
1430 (Fig. 2B) including LLGQLRA motif, and performed surface
plasmon resonance (SPR) analysis. It was difficult to use a full-
length CAHL for in vitro pull-down assays since obtaining enough
amount of full-length CAHL for SPR was technically challenging
due to high insolubility. Considering that CsA binding sequence
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Figure 1. Immobilization of CsA and phage display screening.
(A) A schematic diagram of CsA immobilization on photoaffinity resins.
(B) Procedure of phage display screening. (C) Relative enrichment of
phage particles. Relative enrichment was determined by the relation-
ship between phage titer of elution from a CsA immobilized resins and
input.

doi:10.1371/journal.pone.0018285.g001

found by the phage display screening is located C-terminus of
CAHL, we used CAHL-C protein. A specific binding response
with CsA was observed (KD =1.2x10”7 M), whereas those with
FK506, which is an immunosuppressant and has no HCV-
inhibitory activity, were significantly weak (KD=25x10° M)
(Fig. 2C). Since CAHL was predicted to be RNA-dependent
ATPase based on conserved domains (Fig. 2A), we measured the
ATPase activity of CAHL in the presence and absence of RNA. As
shown in Fig.2D, RNA-dependent ATP hydrolytic activity of
CAHL-C was clearly observed, and this activity was suppressed in
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Figure 2. Cloning of CsA associated helicase-like protein (CAHL) by phage display screening. (A) Schematic representation of CAHL
protein. R3H (cd02325), DEXHc (cd00269), ANK (cd00204), HELICc (smart00490), HA2 (pfam04408) and YTH (pfam04146) motifs were found by a CD
search (http://www.ncbi.nim.nih.gov/Structure/edd/wrpsb.cgi). Underline indicates a region of the LLGQRA amino acid sequence identical to the CsA-
associated sequence displayed on phage #13. (B) Purified recombinant CAHL-C protein was confirmed by SDS-PAGE analysis (arrow). Asterisk
indicates degraded products. (C) A kinetic plot and binding isotherm for binding of CsA (closed circle) and FK506 (opened square) to CAHL-C sensor
chips in concentrations ranging from 0.25 to 2.5 mM. The estimated KD value of interaction between CAHL-C and CsA or FK506 was 1.2x1077 or
2.5x107° M, respectively. (D) RNA-dependent ATP hydrolytic activities of CAHL. Filled and open circles indicate ATP hydrolytic activities of CAHL in
the presence (closed circle) or absence (opened circle) of total RNA extracted from liver cells, respectively. (E) CsA inhibitory effects on ATP hydrolytic
activities of CAHL. Filled and open circles indicate ATP hydrolytic activities with CsA (closed circle) or FK506 (opened circle), respectively.

doi:10.1371/journal.pone.0018285.g002

a dose-dependent manner when CsA, but not FK506 (Fig. 2E). A
difference of inhibitory effects of CsA and FK506 on CAHL-C
hydrolytic activity is more than 2-orders of magnitude. Consid-
ering that the difference of ADs of CsA and FK506 values
measured by SPR, CsA association with CAHL would signifi-
cantly affect on the activity. These results indicate that CAHL had
RNA-dependent ATPase activity and was specifically inhibited by
GCsA.

CAHL is localized in ER and its expression is up-regulated
by TNF-a treatment

Since biological functions of CAHL were unknown, we
investigated the biological background of the CAHL gene. We
first performed RINA blotting analysis and RT-PCR using normal
human tissues and tumor cells. As shown in Fig. 3A, CAHL-
transcripts with approximately 1.6 kbp were detected in both
human hepatoma Huh-7 cells and MH-14 cells, which do not and

@ PLoS ONE | www.plosone.org

do carry the HCV subgenome replicon, respectively, whereas
much less was detected in normal liver tissues. RT-PCR analysis
revealed that in other normal tissues (though not testis) little or no
expression of CAHL was observed as compared the house-keeping
gene G6PDH, whereas clear expression of it was detected in all the
tumor cell lines examined (Fig. 3B). Since the CAHL expression
was very little in the normal liver tissues, a question was arisen:
how is CAHL expression regulated? It is possible that CAHL
could be induced by inflammation caused by virus infections. To
test the hypothesis, we observed whether CAHL expressions are
induced by inflammatory signals. Indeed, CAHL in normal liver
cells was upregulated in the presence of a proinflammatory
cytokine, tumor necrosis factor (TINF)-o with dose dependent
manner (Fig. 3C), suggesting that CAHL can express to some
extent in the liver under chronic hepatitis. Next, we observed
CAHL subcellular localization in Huh-7 and MH-14 cells using an
anti-CAHL antibody (Fig. 3D). Fluorescence derived from CAHL
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doi:10.1371/journal.pone.0018285.g003

demonstrated that CAHL was co-localized with KDEL protein as
a marker for endoplasmic reticulum (ER) in both the presence
(MH-14 cells) and absence (Huh-7 cells) of the HCV subgenome,
indicating that CAHL could localize in ER with HCV
independent manner. Moreover, it was observed that CAHL also
colocalized with HCV-derived proteins such as NS3, NS4A,
NS4B, NS5A and NS5B localized in ER (Fig. 52). Thus, these data
strongly suggested that CAHL would localize in ER.

Association of CAHL, NS5B and CyPB

Since CAHL interacts CsA, which has inhibitory effects to
HCV replication, it is interesting to investigate the molecular
interactions of CAHL and HCV-derived molecules involving the
replication machinery. Intriguingly, the purified full-length CAHL
fused to GST was coprecipitated with NS5B but not NS3, NS4B
or NS5A protcein, as shown in Fig. 4A. To determine a regions of

@ PLoS ONE | www.plosone.org

NS5B responsible for binding with CAHL, various dissected NS5B
proteins were subjected to pull-down assays, resulting in that two
separated regions (I-200 aa or 401-520 aa) of NS5B were
sufficient for the interaction with CAHL (Fig. 4B). In addition to
the CAHL and NS5B interaction, we found interaction between
CAHL and CyPB, but not CyPA (Fig. 4C). The interaction of
CAHL and CyPB was disrupted with presence of CsA, whereas
the association of CAHL with NS5B was not (Fig. 4D). These
results suggest that trimer complex consisting of CAHL, CyPB and
NS5B could form.

CAHL has a main role in HCV-replication via NS5B

The finding that CAHL structurally associated with the CyPB/
NS5B complex in cell-free assessment prompted us to examine
whether this trimer complex could act for HCV genome
replication  wivo. First, five small interference RNAs (siRNA)
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doi:10.1371/journal.pone.0018285.g004

specific for the CAHL gene (si-1, -2, -3, -4, and -5) were individually
transfected into MH-14 cells to examine RNA sequence induced
effectively down-regulation. When si-3 siRINA was transfected into
cells, the endogenous CAHL gene expression reduced approxi-
mately 90% compared with si-control (treatment with siRNA for
non-target gene) (Fig. S3), and among them, si-3 induced down-
regulation of CAHL gene expression most effectively. Subsequently,
we applied short hairpin RNA (shRNA) technology to stably
knockdown CAHL gene expression in MHI14 cells. We cloned
DNA oligo coding the effective siRNA against CAHL gene into
pLKO.I-puro shRNA vector. Lentivirus packed with shRINA
against CAHL (sh-CAHL) or non-targeting shRINA (sh-control)
were introduced into MH14 cells, and then these cells were cultured
in the presence puromycin. As a result, we successfully obtained
stably CAHL gene knockdown cell line, which reduced approxi-
mately to 6-fold compared with sh-control (Fig. 5A). In these sh-
CAHL cells, HCV RNA was decreased approximately to 4-fold less
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than that in the sh-control cells (Fig. 5B). Furthermore, ectopic
expression of CAHL increased the HCGV replication level in a dose-
dependent manner (Fig. 5C). These results suggest that CAHL
positively plays in HCV replication.

To investigate the outcome of the interaction of CAHL with
NS5B/CyPB, we performed RINA binding activity assay using sh-
CAHL cells. NS5B is a viral RNA-dependent RNA polymerase
and possesses RINA binding activity [11]. Indeed, NS5B formed a
complex on RNA-immobilized sepharose together with CyPB and
CAHL (lane 4 in Fig. 6A). However, shRNA-mediated depletion
of endogenous CAHL dissociated CyPB from the NS5B/RNA
complex (lane 6 in Fig. 6A), indicating that CAHL mediates the
association of CyPB with NS5B/RNA. Moreover, when CsA was
added to sh-CAHL cells, both CAHL and CyPB were dissociated
from RNA (lane 6 in Fig. 6B). Thus, the possibility is suggested
that the promotion of CyPB-NS5B complex association by CAHL
is related with the stimulatory role of CAHL in HCV replication.
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Figure 5. Establishment stably CAHL knockdown cell. (A)
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examined by quantitative real time RT-PCR. (B) The same samples of
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number of the HCV genome by quantitative real time RT-PCR. (C) Cured
MH-14 cells were transfected with LMH14 RNA reporter together with
the expression plasmid for CAHL or the corresponding empty vector. At
four days post-transfection, luciferase activities were measured. These
results (A-C) represent the means of three independent experiments.

doi:10.1371/journal.pone.0018285.g005
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Discussion

Phage display, invented by Smith and Petrenko, is a versatile
method for the detection of small molecule-binding proteins [14].
The technique can also be used to identify binding sites within the
target protein itself. The combination of screening a library of
phage-displayed peptides and analysis of affinity-selected peptides
is anticipated to become a powerful tool for identifying drug-
binding sites [15-19]. Screening phage display libraries generally
entails immobilizing the drug onto a solid surface [20]. In the
conventional method of phage display, small molecules should be
converted into biotinylated derivatives and immobilized on a
streptavidin-coated matrix. Conventional immobilization requires
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the presence of desirable functional groups within the drug
molecule as well as a multistep process to prepare the biotinylated
derivatives. In contrast to biotinylation, photoimmobilization
makes it possible to covalently immobilize drugs on a solid surface
without the need for derivatization. We and Kanoh et al. have
reported the affinity purification of proteins using affinity matrices,
in which small molecules are photoimmobilized by photoreaction
[12,21]. Because the photoreaction proceeds in a functional
group-independent manner, the molecules are immobilized onto
the solid surface in a nonoriented fashion. Thus, photoimmobi-
lization can be a useful tool for the comprehensive analysis of
drug-binding proteins.

Using this method, we identified CAHL as a novel target
protein for CsA. CsA is a natural compound showing multiple
biological activities, including an immunosuppressive function,
anti-chaperone activity, inhibition of transporter activity and anti-
viral activity against human immunodeficiency virus and HCV.
Thus far, p-glycoprotein and formyl peptide receptor, as well as
CyPs, were reported as binding proteins for CsA [22], which
enabled elucidation of the mechanism of the CsA-induced
immunosuppressive function, anti-chaperone activity and anti-
transporter activity, respectively. Although CyPA promotes HCV
replication [11,23,24], we cannot fully explain the whole mode of
action of GCsA against HCV. CyPB is also reported to regulate
HCYV replication. It was reported that the HCV replicon showing
resistance against the CsA-mediated anti-HCV effect possessed
mutations in the coding region for NS5A and NS5B [25,26],
indicating that NS5B was one of the determinants for the
sensitivity to CsA. However, some such mutations within the
NS5B coding region were dropped outside the region interacting
with CyPA and CyPB [11,24], leading to the possibility that
another cellular protein which is targeted by CsA, binds to NS5B
and regulates HCV replication. The CAHL-NS5B regulation
machinery is consistent with this idea. Deletion analysis for NS5B
demonstrated that two separate regions (1-200aa and 401-520aa)
of NS5B are likely to be involved in the interaction with CAHL.
These regions are different from the NS5B domain interacting
with GyPB (521-591aa) [11], suggesting that NS5B would interact
with both CyPB and CAHL at the same time. Indeed, the
mutations that induced resistant to CsA, the 1432V in NS5B reside
inside the regions interacting with CAHL (1-200 aa and 401-520
aa) [26], supported the relevance of CAHL in HCV genome
replication. As another aspect, it is interesting that two CsA target
molecules interact with each other and NS5B. Although we do not
know in detail the implication of the interaction of these two CsA
target molecules, CyPB and CAHL, there is a similar example
already known: two FK506-binding proteins, P-glycoprotein (P-
gp) and FKBP42, associate with each other [27]. In this situation,
FKBP42 modulates P-gp function. We do not know in detail how
these two target molecules of CsA, CyPB and CAHL both regulate
NS5B function, which is a future subject of the study. Currently, a
CsA derivative shows remarkable anti-HCV effect in chronic
HCV-infected patients in the phase II clinical trial, and its mode of
action needs to be fully clarified [28]. Our data suggest a new link
of CAHL, in addition to CyP family, with CsA derivative’s anti-
HCV activity.

Cellular RNA helicases have been reported to be involved in
HCV genome replication. DDX3 and DDX6 activate HCV
genome replication through yet unknown mechanism [29,30].
RNA helicase p68 (DDXS5) interacts with NS5B and supports
HCV genome replication in a transient transfection assay [31].
Although the mechanism through which each RNA helicase
regulates HCV genome replication may be different, the
requirement of cellular RNA helicases for HCV genome
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replication is interesting for understanding HCV-cellular factors
interaction.

CAHL expression in normal liver cells was much less than that
in HCV infectious cells such as Huh-7 and MH-14. This is
enigmatic since it is not clear how HCV replication start without
CAHL, which positively plays HCV replication, at very beginning
of HCV infection in normal liver cells. It was reported that a
proinflammatory cytokine, TNF-o gene expression in hepatocytes
and mononuclear cells derived from HCV carrier increased
compared with healthy control [32]. As we here demonstrated
CAHL induced by TNF-o, CAHL can express to some extent in
the liver under chronic hepatitis C. We also show the association
of CAHL with HCV replication. Taken together, CAHL may
form a positive feedback loop for HCV replication: CAHL gene
expression is induced by TNF-o that is highly upregulated by
HCV infection, and CAHL in turn promotes HCV replication.
Despite the low expression of CAHL in normal tissues, CAHL
may have strong potential as a pharmaceutical target protein. In
addition to CsA, isolation of specific inhibitors to the interaction of
CAHL and NS5B could allow us to provide effective drug for
HCV treatment.

In conclusion, we took advantage of strategy of chemical biology
to isolate a cellular factor, CAHL, as CsA associated helicase-like
protein, which would form trimer complex with CyPB and NS5B
of HCV. These findings not only shed a light on new HCV
treatment but also brought about great values of chemical biology
to elucidate biological mechanisms of small-molecule and protein
interactions.

Materials and Methods

Preparation of CsA-immobilized resins

CsA was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). CsA-immobilized resins were prepared on
photoaffinity resins as described previously [12]. Photoaflinity
resins treated with UV irradiation in the absence of CsA were used
for negative control.

Phage display screening

10 mg of CsA-immobilized resin was incubated in 1 ml of TBS
(50 uM Tris-HCI [pH 8.0] and 150 mM NaCl) for 12 hours or
longer before use. Phage screening conditions were performed as
previously described [20]. For each panning step, 50 ul of CsA-
immobilized resin slurry was added to 1 ml of the T7 phage
(>10"" pfu) followed by incubation for 8 hours at 4°C. After
incubation, the bead slurry was washed 10 times by adding 1 ml of
TBST (50 mM Tris-HCI [pH = 8.0], 150 mM NaCl, 0.1% Tween
20). To clute phage particles associated with resins, 100 pl of
Escherichia coli (ODggo = 0.6) was added, and incubated for 10 min
at 37°C. The phage infected E. coli were transferred into 1 ml of £.
coli (ODgop =0.6) and grown until lysed for three hours at 37°C
with shaking. For titer check, 10 pl of infected E. coli was used.

RNA preparation and plasmid construction

To isolate the CAHL gene, we used total RNA derived from
human liver. DNA cloning of the CAHL gene was carried out
using a SMART-cDNA isolation kit following the manufacturer’s
instructions (Clontech Laboratories, CA, USA). In some cases,
CAHL c¢DNA was reconstructed with pcDNA 3.1 myc-HisA
(Invitrogen Corp., CA, USA) for overexpression experiments.

Surface plasmon resonance assay

SPR analysis was performed on a BIAcore 3000 (Biacore AB,
Uppsala, Sweden). The bacterially expressed CAHL-C was
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immobilized covalently on a hydrophilic carboxymethylated
dextran matrix on a CM5 sensor chip (Biacore AB) using a
standard amine coupling reaction in 10 mM CH;COONa
[pPH =4.0]. Binding analyses were carried out in HBS-EP buffer
(10 mM HEPES [pH=7.4], 150 mM NaCl, 3.4 mM EDTA,
0.005% surfactant P20) containing 8% DMSO at a flow rate of
20 ul/min. Appropriate concentrations of CsA were injected over
the flow cell. GyPA or CyPB was not used as a positive control
because of two reasons: 1) those CyPs can be used for a positive
control as CsA-CyP binding, but not for CsA-CAHL binding, and
2) FK506 doesn’t bind CyPs, so that it is difficult to compare
association behaviors between FK506 and CsA. The bulk effects of
DMSO were subtracted using reference surfaces. To derive
binding constants, data were analyzed by means of global fitting
using BIAevaluation version 3.1 (Biacore AB).

Preparation of recombinant protein

CAHL-C c¢DNA encoding C-terminal 761 to1430 amino acids
was constructed into pET2la prokaryotic expression vector
(Merck, Darmstadt, Germany), which has a His-tag. pET21-
CAHL-C construct was transformed into E.cofi BL21(DE3) strain.
After overnight induction with 0.1 mM IPTG at 20°C, recombi-
nant CAHL-C was purified by nickel column chromatography
with HisTrap (Amersham biosciences, Uppsala, Sweden) accord-
ing to a manufacturer’s procedure. To concentrate and exchange
the buffer, purified CAHL-C was concentrated up to 40 times with
PBS by using Amicon Ultra 30 (Millipore, EMD, Germany).

ATPase assay

ATPase activity was measured as described by Okanami ¢t al.
[33]. Briefly, CAHL-C protein (500 ng) was incubated in 50 pl of
helicase/ATPase buffer containing 1 pl of [y-**PJATP (1 Ci/
umol) in the presence or absence of 100 ng of total RNA derived
from liver at 30°C for 30, 60, and 180 min. An aliquot (10 pl) was
removed at the appropriate time and added to 200 ml of a solution
containing 50 mM HCI, 5 mM HzPO, and 7% activated
charcoal. After the charcoal was precipitated by centrifugation
to remove unreacted ATP, 10 pl of the supernatant was subjected
to Cerencov counting to quantitate released [**P]phosphate.

Northern blot analysis and reverse transcription PCR (RT-
PCR) analysis

Tumor cell-derived total RNA was prepared using an RNeasy
Mini Kit (QIAGEN Inc., Hilden, Germany) according to the
manufacturer’s instructions and then reverse-transcribed to cDNA
with Transcriptor First Strand c¢cDNA Synthesis Kit (Roche
Applied Science, Mnnheim, Germany). A reverse-transcribed
single strand DNA library of normal tissues was purchased from
Clontec, Inc. (CA, USA). In Northern blot analysis, RNA samples
were loaded to formaldehyde agarose gels and transferred onto a
Hybond N membrane (GE Healthcare UK Ltd., Buckingham-
shire, England). After UV-crosslinking, the membrane was hybrid-
ized with *?P-labeled (Rediprime II, GE Healthcare) gene-specific
probe, regions of CAHLgg3 4431 and human G6PDHyss.0016 and
exposed to film for autoradiography. Measurement of CAHL gene
expression by polymerase chain reaction (PCR) was performed
using GoTaq Flexi DNA Polymerase (Promega, Co. WI, U.S.A)
and primer sets: forward primer, 5'-GACGGGAAAGGAT-
TGGTCAA-3" and reverse primer, 5'-CATCACTTCGTGCT-
TTTT-3" for detection of CAHL, and forward primer, 5'-
GACGAAGCGCAGACAGCGTCATGGCA-3" and reverse
primer, 5'-GCTTGTGGGGGTTCACCCACTTG-3' for detec-
tion of G6PDH. ’
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Quantitative real-time RT-PCR analysis

Total RNAs reverse-transcribed to cDNA were prepared as
described above. Measurement of gene expression by quantitative
analysis was performed using the LightCycler system (Roche
Applied Science). Primers and hybridization probes were synthe-
sized by Nihon Gene Research Laboratory Inc. (Sendai, Japan).
Quantitative real time RT-PCR analyses of human glucose-6-
phosphate dehydrogenase (GGPDH) and cyclosporin A associated
helicase-like protein (CAHL, NM_022828) gene expression were
performed using the LightCycler® FastStart DNA MasterPLUS
SYBR Green I system (Roche Applied Science) with the following
primer sets: forward primer, 5'-CTGCGTTATCCTCACCTTC-
3’ and reverse primer, 5'-CGGACGTCATCTGAGTTG-3' for
detecton of human G6PDH; forward primer, 5'-GTGT-
CTGGACCCCATCCTTA-3'and reverse primer, 5'-CCCAT-
CACTTCGTGCTTTTT-3'for detection of CAHL. Gene ex-
pression analysis of the HCV genome was performed using the
LightCycler® FastStart DNA Master HybProbe system (Roche
Applied Science) with the following primer set and probe: forward
primer, 5'-CGGGAGAGCCATAGTGG-3' and reverse primer,
5-AGTACCACAAGGCCTTTCG-3', and the fluorogenic
probe, 5'-CTGCGGAACCGGTGAGTACAC-3'. PCR amplifi-
cation of the housekeeping gene, GEPDH, was performed for each
sample as control for sample loading and to allow normalization
among samples. To determine the absolute copy number of the
target transcripts, the fragments of G6PDH or target genes
amplified by PCR using the above described primer set were
constructed with pCR4®-TOPO® cloning vector (Invitrogen). The
concentrations of these purified plasmids were measured by
absorbance at 260 nm and copy numbers were calculated from
concentration of samples. A standard curve was created by
plotting the threshold cycle (Ct) versus the known copy number for
cach plasmid template in the dilutions. The copy numbers for all
unknown samples were determined according to the standard
curve using LightCycler version 3.5.3 (Roche Applied Science). To
correct for differences in both RNA quality and quantity between
samples, each target gene was first normalized by dividing the
copy number of the target by the copy number of G6PDH, so that
the mRNA copy number of the target was the copy number per
the copy number of G6PDH. The initial value was also corrected
for the amount of G6PDH indicated as 100% to evaluate the
sequential alteration of the mRNA expression level.

Cell culture and transfection of siRNA and cDNA

The human tumor cell lines of breast adenocarcinoma MDA-
MB-231, lung adenocarcinoma A-549, colon adenocarcinoma
WiDr, hepatocellular carcinoma Huh-7, breast cancer SKBR3,
cervical carcinoma HeLa, esophagus cancer KE-4, colon adeno-
carcinoma SW480, lung cancer Lu65, and esophagus squamous
cell carcinoma TE-8 were obtained from Health Science Research
Resources Bank (Sendai, Japan). These cells were cultured in
Dulbecco’s modified Eagle’s medium (Huh-7, SKBR3, HeLa, KE-
4, and SW4380 cells), RPMI 1640 (A-549, WiDr, TE-8, and Lu65
cells) (SIGMA-ALDRICH, MO, USA), and Leibovitz’s L15
(MDA-MB-231 cells) (Invitrogen) supplemented with 10% fetal
bovine serum, MEM nonessential amino acids (Invitrogen),
200 unit/ml penicillin (Invitrogen), 200 pg/ml streptomycin
(Invitrogen) and 2 mM L-glutamine (Invitrogen). MH-14 cells
carrying the HCV subgenomic replicon [34] were cultured in the
DMEM medium supplemented with 10% fetal bovine serum,
MEM nonessential amino acids (Invitrogen), 200 unit/ml penicil-
lin (Invitrogen), 200 pg/ml streptomycin (Invitrogen), 2 mM L-
glutamine (Invitrogen) and 300 pg/ml G418 (Invitrogen). Five
small interfering RNA (siRNA) duplexes containing 3'dTdT over
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the hanging sequence were synthesized (Sigma-Aldrich, St. Louis,
MO). These sequences were: si-1; 5'-GGACAUUCGCAUU-
GAUGAG-3', si-2; 5'-CCUGUAAUUUGACUCAUAA-3’, si-3;
5'- GCCUUGGAUGUAAAUCUCUUU -3/, si-4; 5'- GGAG-
CUUUCAGUGACCAUA -3', si-5; 5'-GGUCAAAUAAUA-
GUAGGAA-3'. A non-targeting siRNA (Sigma-Aldrich) was used
as control. Plasmid and siRNA transfection was performed
described previously [35]. In siRNA study, total RINAs from
transfected cells were harvested after transfection for 5 days and
examined mRNA copy number of CAHL by quantitative real-
time RT-PCR.

Establishment of stable CAHL-knockdown cell by shRNA

Based on the siRNA data, we applied short hairpin RINA
(shRNA) technology platform (Sigma MissionRNA7) to stably
knockdown CAHL gene expression in MHI14 cells. DNA oligo
coding the effective siRNAs against each MH14-CAHL gene (5'-
CCGGGCCTTGGATGTAAATCTCTITCTCGAGAAAGAG-
ATTTACATCCAAGGCTTTTTTG -3') (sh-CAHL) was cloned
into pLKO.1-puro shRNA vector. Plasmid DNA including non-
targeting shRINA as control (sh-control) was transfected into
MH14 cells along with Lentiviral Packaging Mix consisting of an
envelope and packaging vector (Sigma-Aldrich) to produce
lentivirus packed with shRINA cassettes using the standard
procedure. After transfection, cells were cultured in the presence
of 10 pug/ml puromycin.

Indirect immunofluorescence analysis

Anti-CAHL polyclonal antibody serum was generated in rabbits
immunized with CAHL1237.1251, ILHPKRGTEDRSDQS, ac-
cording to our lab protocol [35]. Anti-NS3, NS4B, and NS5B, and
NS5A were kindly provided from Dr. Kohara at The Tokyo
Metropolitan Institute of Medical Science, Japan and Dr.
Takamizawa at Osaka University, Japan, respectively. Cells were
fixed with ice-cold acetone for 1 min, and then stained with anti-
CAHL and anti-KDEL mAb (Santa Cruz Biotechnology, CA,
USA) for ER antibodies followed by Alexa Fluor 488-conjugated
goat anti-rabbit IgG and 594-conjugated goat anti-mouse IgG
(Invitrogen), respectively, and visualized using a Bio-Rad
MRC1024ES laser confocal scanning microscopy system (Bio-
Rad Laboratories, CA, USA).

Immunoblot analysis
Immunoblot analysis was performed essentially as described
previously [11,36].

RNA-protein binding precipitation assay
RNA-protein binding precipitation assay was essentially per-
formed as described [11]. Briefly, to permeabilize plasma
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A number of novel phenanthridinone derivatives were examined for their inhibitory effect on hepatitis C
virus (HCV) replication in Huh-7 cells harboring self-replicating subgenomic viral RNA replicons with a
luciferase reporter (LucNeo#2). The activity of compounds was further confirmed by inhibition of viral
RNA copy number in different subgenomic and full-genomic replicon cells using real-time reverse tran-

KEY‘{VQrdS-' scription polymerase chain reaction. Among the compounds, 4-butyl-11-(1,1,1,3,3,3-hexafluoro-2-
Flavivirus hydroxypropan-2-yl)-7-methoxy-[ 1,3]dioxolo[4,5-c]phenanthridin-5(4H)-one (HA-719) was found to
li{lfevn anthridinone be the most active with a 50% effective concentration of 0.063 £ 0.010 uM in LucNeo#2 cells. The com-

Replicon cell pound did not show apparent cytotoxicity to the host cells at concentrations up to 40 pM. Western blot
JFH1 analysis demonstrated that HA-719 reduced the levels of NS3 and NS5A proteins in a dose-dependent
fashion in the replicon cells. Interestingly, the phenanthridinone derivatives including HA-719 were less
potent inhibitors of JFH1 strain (genobtype 2a HCV) in cell-free virus infection assay. Although biochem-
ical assays revealed that HA-719 proved not to inhibit NS3 protease or NS5B RNA polymerase activity at
the concentrations capable of inhibiting viral replication, their molecular target (mechanism of inhibi-
tion) remains unknown. Considering the fact that most of the anti-HCV agents currently approved or
under clinical trials are protease and polymerase inhibitors, the phenanthridinone derivatives are worth
pursuing for their mechanism of action and potential as novel anti-HCV agents.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitic C virus (HCV) infection is a worldwide problem. More
than 130 million individuals are infected with this virus, and 3-4
million are newly infected every year. In general, HCV infection
proceeds to chronic infection [1], which often induces liver cirrho-
sis and hepatocellular carcinoma [2] liver transplantation is the
only way to rescue patients with the end-stage liver disorders
caused by HCV infection [3]. Protective vaccines are not available
so far, and pegylated interferon (PEG-IFN) and the nucleoside ana-
log ribavirin are the standard treatment for HCV infection [4-6].
However, many patients cannot tolerate the serious side effects
of PEG-IFN and ribavirin. Therefore, the development of novel
agents with better efficacy and tolerability is still mandatory.

* Corresponding author. Fax: +81 99 275 5932.
E-mail address: m-baba@m2.kufm.kagoshima-u.ac.jp (M. Baba).
! Present address: School of Pharmacy, Tokyo University of Pharmacy and Life
Sciences, Tokyo 192-0392, Japan.

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.10.153

HCV is an enveloped virus belonging to the hepacivirus genus of
the family Flaviviridae [7,8]. The viral genome consists of positive
sense single RNA coding a polyprotein cleaved by viral and host
proteases into four structural and six non-structural proteins.
Non-structural proteins are involved in the replication of HCV gen-
ome [9]. The discovery of effective anti-HCV agents was greatly
hampered by the lack of cell culture systems that allowed robust
propagation of HCV in laboratories. However, the development of
HCV RNA replicon systems [10] and recent success in propagating
infectious virus particles in vitro have provided efficient tools for
screening new antiviral agents against HCV replication [11,12].
Furthermore, replicons containing a reporter gene, such as lucifer-
ase and green fluorescence protein, have provided fast and repro-
ducible screening of a large number of compounds for their
antiviral activity [13-15].

Currently, two NS3 protease inhibitors, teraprevir and bocepre-
vir, have been licensed and a considerable number of novel anti-
HCV agents are under clinical trials [16,17]. Most of them are directly
acting inhibitors of NS3 protease or NS5B polymerase. However, the
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emergence of HCV mutants resistant to most of these agents has also
been reported [18]. To circumvent the drug-resistance, it seems nec-
essary to use more than two directly acting drugs targeting different
molecules for inhibition of viral replication [ 19]. Thus, in addition to
the protease and polymerase inhibitors, novel compounds witha un-
ique mechanism of action are highly desired.

We have recently identified some compounds with a novel phe-
nanthridinone structure as moderate inhibitors of HCV replication
[20]. This prompted us to synthesize a number of phenanthridi-
none derivatives and investigate their anti-HCV activity. After opti-
mization of chemical structures, we have obtained the compounds
that exert anti-HCV activity in the nanomolar range. Interestingly,
these compounds did not inhibit the enzymatic activity of NS3 pro-
tease or NS5B RNA polymerase at the concentrations capable of
inhibiting HCV replication in replicon cells.

2. Materials and methods
2.1. Compounds

More than 100 phenanthridinone derivatives were synthesized
and used in this study. The synthesis of these compounds has been
described previously [20,21]. Cyclosporin A (CsA) was purchased
from Sigma-Aldrish. All compounds were dissolved in dimethyl
sulfoxide (DMSO) (Nacalai Tesque) at a concentration of 20 mM
or higher to exclude the cytotoxicity of DMSO and stored at
~20 °C until use.

2.2. Cells

Huh-7 cells were grown and cultured in Dulbecco’s modified
Eagle medium with high glucose (Gibco/BRL) supplemented with
10% heat-inactivated fetal bovine serum (Gibco/BRL), 100 U/ml
penicillin G, and 100 pg/ml streptomycin. Huh-7 cells containing
self-replicating subgenomic HCV replicons with a luciferase repor-
ter, LucNeo#2 [22], were maintained in culture medium containing
1 mg/ml G418 (Nakarai Tesque). The subgenomic replicon cells
without reporter #50-1 and the full-genomic replicon cells
NNC#2 [23] were kindly provided by Dr. Hijikata (Kyoto Univer-
sity, Kyoto, Japan). These cells were also maintained in culture
medium containing 1 mg/ml G418.

2.3. Anti-HCV assays

The anti-HCV activity of the test compounds was determined in
LucNeo#2 cells by the previously described method with some
modifications [24]. Briefly, the cells (5 x 10° cells/well) were cul-
tured in a 96-well plate in the absence of G418 and in the presence
of various concentrations of the compounds. After incubation at
37 °C for 3 days, the culture medium was removed, and the cells
were washed twice with phosphate-buffered saline (PBS). Lysis
buffer was added to each well, and the lysate was transferred to
the corresponding well of a non-transparent 96-well plate. The
luciferase activity was measured by addition of the luciferase re-
agent in a luciferase assay system kit (Promega) using a lumino-
meter with automatic injectors (Berthold Technologies).

The activity of the test compounds was also determined by the
inhibition of HCV RNA synthesis in LucNeo#2, #50-1, and NNC#2
cells [23,25]. The cells (5 x 10° cells/well) were cultured in a 96-
well plate in the absence of G418 and in the presence of various
concentrations of the compounds. After incubation at 37 °C for
3 days, the cells were washed with PBS, treated with lysis buffer
in TagMan® Gene Expression Celi-to-CT™ kit (Applied Biosystems),
and the lysate was subjected to real-time reverse transcription
polymerase chain reaction (RT-PCR), according to the

manufacturer’s instructions. The 5-untranslated region of HCV
RNA was quantified using the sense primer 5'-CGGGAGAGCCA-
TAGTGG-3', the antisense primer 5-AGTACCACAAGGCCTTTCG-3,
and the fluorescence probe 5'-CTGCGGAACCGGTGAGTACAC-3/
(Applied Biosystems).

The inhibitory effect of the test compounds on the replication of
a genotype 2a strain was evaluated by the infection of Huh-7.5.1
cells, kindly provided by Dr. Chisari at Scripps Institute, with
cell-free JFH-1 virus, as previously described [11]. At 48 h after
virus infection, the cells were treated with SideStep Lysis and Sta-
bilization Buffer (Agilent Technologies), and the lysate was sub-
jected to real-time RT-PCR for quantification of HCV RNA [25].

2.4. Cytotoxicity assay

Huh-7 cells (5 x 103 cells/well) were cultured in a 96-well plate
in the presence of various concentrations of the test compounds.
After incubation at 37 °C for 3 days, the number of viable cells
was determined by a dye method using the water soluble tetrazo-
lium Tetracolor One® (Seikagaku Corporation), according to the
manufacturer’s instructions. The cytotoxicity of the compounds
was also evaluated by the inhibition of host cellular mRNA synthe-
sis. The cells were treated with lysis buffer in the kit, as described
above, and the cell lysate was subjected to real-time RT-PCR for
amplification of a part of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) RNA using a TagMan® RNA control reagent (Applied-
Biosystems).

2.5. Immunoblotting

LucNeo#2 cells (5 x 10° cells/well) were cultured in a 96-well
plate in the presence of various concentrations of the test com-
pounds. After incubation at 37 °C for 4 days, the culture medium
was removed, and the cells were washed with PBS and treated with
lysis buffer (RIPA Buffer®, Funakoshi). The protein concentration of
the lysate was measured by Bradford protein assay method (Bio-
Rad). Then, the lysate was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The primary anti-
bodies used for protein detection were anti-NS3 (Thermo Scien-
tific), anti-NS5A (Acris Antibodies), and anti-GAPDH (Santa Cruz
Biotechnology) mouse monoclonal antibodies.

2.6. Protease and polymerase inhibition assays

The effect of the test compounds on NS3 protease activity was
determined by a fluorescence resonance energy transfer-based as-
say using SensoLyte® 520 HCV Assay Kit (AnaSpec), according to
the manufacturer’s instructions. The inhibition assay for NS5B
polymerase was performed at 37 °C for 60 min in a 384-well plate.
A reaction mixture (30 pl/well) contains 20 mM Tris-HCI (pH 7.6),
10 mM MgCl,, 20 mM NaCl, 1 mM dithiothreitol, 0.05% Tween 20,
0.05% pluronic F127, 1 uM [*H]GTP (0.1 uCi/well) plus cold GTP,
5nM poly(rC), 62.5nM biotinylated dG;,, 45 nM recombinant
NS3 protease, and various concentrations of the compounds. The
reaction was stopped by streatavidin scintillation proximity assay
beads in 0.5M ethylenediaminetetraacetic acid. The plate was
counted with a microbeta reader on the following day.

3. Results

When a number of phenanthridinone derivatives were examined
for their antiviral activity in LucNeo#2 cells, three phenanthridinone
derivatives, 5-butyl-2-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-
y1)-3,8-dimethoxyphenanthridin-6(5H)-one (KZ-16), 4-butyl-11-
(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)-[ 1,3 ]dioxolo[4,5-c]
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phenanthridin-5(4H)-one (HA-718), and 4-butyl-11-(1,1,1,3,3,
3-hexafluoro-2-hydroxypropan-2-yl)-[1,3 ]dioxolo[4,5-c]phenan-
thridin-5(4H)-one (HA-718), and 4-butyl-11-(1,1,1,3,3,3-hexa-
fluoro-2-hydroxypropan-2-yl)-7-methoxy-[1,3]dioxolo[4,5-c]
phenanthridin-5(4H)-one (HA-719) (Fig. 1) proved to be highly
potent and selective inhibitors of HCV (genotype 1b) replication.
KZ-16, HA-718, and HA-719 reduced luciferase activity and viral
RNA copy number in LucNeo#2 cells in a dose-dependent fashion
(Fig. 2A—C). However, they did not affect the viability of Huh-7.5.1
cells at concentrations up to 40 uM (Fig. 2D). When the cytotoxicity
of the compounds was evaluated by the copy number of GAPDH
mRNA in the host cells, a similar result was obtained (data not
shown).

Table 1 summarizes the anti-HCV activity of KZ-16, HA-718, and
HA-719 in different (genotype 1b) replicon cells and in Huh-7 cells
infected with cell-free JFH1 (genotype 2a) virus. The highest activity
was achieved by HA-719 followed by KZ-16 and HA-718. The ECsg of
KZ-16, HA-718, and HA-719 were 0.13 £0.04, 0.23 £0.06, and
0.063 + 0.010 pM, respectively,in LucNeo#2 cells, when determined
by the luciferase reporter activity. The 50% cytotoxic concentrations
- (CCsp) of all compounds were >40 pM. Therefore, the selectivity indi-
ces (SI), based on the ratio of CCsq to ECsg, 0of KZ-16, HA-718, and HA-
719 were >307, >173, and >634, respectively. The anti-HCV activity
of these compounds was confirmed by reduction of the viral RNA
copy number in different replicon cells. However, they were less po-
tent inhibitors of genotype 2a HCV (JFH1) replication in cell-free
virus infection assay. Furthermore, the phenanthridinone deriva-
tives were much less active in Huh-7 cells transfected with JFH1 rep-
licons than in genotype 1b replicon cells (data not shown).

Immunoblot analysis was conducted to confirm that phenanth-
ridinone derivatives were inhibitory to the expression of NS3 and
NS5A proteins of HCV. As shown in Fig. 3, HA-719 strongly inhibited
NS3 and NS5A expression in LucNeo#2 cells in a dose dependent
fashion without affecting the expression of the host cellular protein
GAPDH. The compound achieved 93% and 86% inhibition of NS3 and

HA-719

Fig. 1. Chemical structures of phenanthridinone derivatives.

NS5A, respectively, at a concentration of 0.5 M, indicating that
HA-719 is a potent inhibitor of HCV protein expression as well as
viral RNA synthesis. Immunoblot analysis was also conducted for
another phenanthridinone derivative, 2-(2-benzyloxy-1,1,1,3,3,3-
hexafluoropropan-2-yl)-5-butyl-3-methoxyphenanthridin-6(5H)-one
(KZ-37), of which anti~-HCV activity was weaker than HA-719.KZ-37
also proved inhibitory to NS3 and NS5A expression in a dose-
dependent fashion (data not shown).

In our attempt to elucidate the mechanism of action of the com-
pounds, HA-719 was examined for their ability to inhibit the enzy-
matic activity of genotype 1b NS3 protease and NS5B polymerase
in cell-free assay systems. Little, if any, inhibition of NS3 protease
activity was observed for HA-719. Its 50% inhibitory concentration
(ICsp) for the protease was 5.7 uM (data not shown), which was
much higher than its EC5, for HCV replication in replicon cells
(0.063-0.44 uM). HA-719 did not show any inhibitory effect on
NS5B polymerase activity at concentrations up to 20 pM (data
not shown). Furthermore, KZ-37, of which ECso for HCV replication
was 2.1-4.8 uM, was inactive against these two enzymes at a con-
centration of 20 uM (data not shown). Thus, it is unlikely that the
phenanthridinone derivatives suppress HCV replication by inhibit-
ing the activity of either NS3 protease or NS5B polymerase.

4, Discussion

In this study, we have demonstrated that novel phenanthridi-
none derivatives are potent and selective inhibitors of HCV replica-
tion in vitro. Our previous study on the synthesis and antiviral
activity of phenanthridinone derivatives demonstrated that some
of them exhibited selective but moderate activity against HCV rep-
lication in replicon cells [20,21]. After optimization of chemical
structures, we succeeded in obtaining a series of potent and selec-
tive derivatives (Fig. 1). Among them, the most active one was HA-
719, a novel phenanthridinone derivative with a dioxole structure.

Previous studies of HCV replicon cell systems indicated that most
replicons had cell culture-adaptive mutations, which arose during
the selection process with G418 and enhanced replication efficiency
[26-29]. Self-replicating subgenomic RNA replicons could be elimi-
nated from Huh-7 cells by prolonged treatment with IFN, and a high-
er frequency of cured cells could support the replication of
subgenomic and full-genomic replicons [30]. The replication effi-
ciency decreased with increasing amounts of transfected replicon
RNA, indicating that viral RNA or proteins are cytopathic or that host
cell factors in Huh-7 cells limit RNA amplification [31]. Therefore,
both viral and cellular factors are considered to be important deter-
minants for the efficiency of HCV replication in cell cultures, which
may be able to explain the difference in ECsy values of the
compounds among the subgenomic replicon cells used in this study
(Table 1). Similarly, the difference in ECsg values in subgenomic and
full-genomic replicon cells might be due to the difference of HCV
RNA length or the difference of the host cells [32]. In fact, shorter
RNA is known to replicate more efficiently than longer one [33].

The activity of phenanthridinone derivatives against the geno-
type 2a strain JFH1 was weaker than that against genotype 1b (Ta-
ble 1). Although the assay systems were not the same (replicon cell
assay for genotype 1b versus cell-free virus infection assay for
genotype 2b), the compounds were much less active against geno-
type 2a (Table 1 and data not shown). Such difference in drug-sen-
sitivity between genotype 1b and genotype 2a was previously
reported and attributed to the genetic heterogeneity within the
HCV genome [23]. In addition, the anti-HCV activity of compounds
had been optimized in the genotype 1b replicon cells. HCV is clas-
sified into 6 genotypes that are further separated into a series of
subtypes [34,35]. Among the genotypes, genotype 1b virus is epi-
demiologically predominant in Japan, and 65 and 17% of the cases
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Fig. 2. Inhibitory effect of phenanthridinone derivatives on the replication HCV RNA replicons in LucNeo#2 cells and the proliferation of Huh-7 cells. LucNeo#2 cells were
cultured in the presence of various concentrations of (A) KZ-16, (B) HA-718, or (C) HA-719. After incubation for 3 days, the cells were subjected to luciferase assay (closed
diamond) and real-time RT-PCR (open diamond) to measure replicon-associated luciferase activity and RNA copy number, respectively, as parameters of HCV replication. (D)
For the cell proliferation assay, Huh-7 cells were cultured in the presence of various concentrations of KZ-16 (closed diamond), HA-718 (open diamond), or HA-719 (closed
square). After incubation for 3 days, the number of viable cells was determined by a tetrazolium dye method. Data represent means + SD for triplicates experiments.

Experiments were repeated at least twice, and a representative result is shown.

Table 1 )
Anti-HCV activity of phenanthridinone derivatives.
Compound ECso (M) CCs0 (1M)
Virus genotype 1b 2a
Cell LucNeo#2 #50-1 NNC#2 Huh-7.5.1 Huh-7
Assay Luciferase Real-time RT-PCR Tetrazolium
KzZ-16 0.13+0.04 0.28 +0.01 040+0.12 0.40 +0.14 26+09 >40
HA-718 0.23 +0.06 0.68 +0.02 0.97 £0.56 0.90 + 0.44 14+5 >40
HA-719 0.063 £0.010 0.14£0.01 0.25+0.05 0.44 £0.20 49+2.2 >40
CsA 0.24+0.05 0.16 £ 0.01 0.18 £0.03 N.D. 0.58 +0.01 123

ECso: 50% effective concentration; CCsq: 50% cytotoxic concentration. N.D.: not determined.
Antiviral assay against the genotype 2a HCV was evaluated by the infection of Huh-7.5.1 cells with cell-free JFH-1 virus (see Section 2).
Except for the results in NNC#2 cells, all data represent means +SD for three independent experiments. The data in NNC#2 cells represent means # ranges for two

independent experiments.

of HCV-related chronic hepatitis were caused by genotype 1b and
genotype 2b, respectively [36].

At present, the target molecule of our phenanthridinone deriv-
atives for inhibition of HCV replication remains unknown.
Although it cannot be completely excluded that the compounds
are inhibitors of NS3 protease or NS5B polymerase, biochemical as-
says revealed that HA-719 proved not to inhibit the activity of
these enzymes at the concentrations capable of inhibiting viral
replication. Therefore, the compounds may interact with another
non-structural protein essential for viral replication, such as NS3

helicase and NS5A. In fact, a highly active inhibitor targeting
NS5A has recently been identified [37]. Alternatively, the phe-
nanthridinone derivatives may inhibit HCV replication through
the interaction with host cellular factors deeply involved in HCV
replication process [38—40]. It was reported that P34, a phenanth-
ridinone derivative, had immunomodulatory activities and was
protective against autoimmune diabetes [41], liver cancer [42],
and stroke [43]. These studies suggested that the effects of P34
were attributed to the inhibition of poly(ADP-ribose) polymerase
(PARP). Therefore, HA-719 was tested for its inhibitory effect on
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Fig. 3. Inhibitory effect of HA-719 on the expression of HCV proteins in LucNeo#2
cells. The cells were cultured in the presence of various concentrations of the
compound. After incubation for 4 days, the cells were subjected to electrophoresis
and immunoblot analysis for expression of (A) NS3 and (B) NS5A proteins. The band
images were quantified by an image scanner and densitometer. Experiments were
repeated at least twice, and a representative result is shown.

PARP activity and found to be inactive (data not shown). It was re-
ported that some phenanthridinone derivatives had anti-human
immunoedeficiency virus (HIV) activity through the inhibition of
viral integrase [44]. However, our compounds did not show selec-
tive inhibition of HIV replication in cell cultures (data not shown).
Further studies, including the establishment of drug-resistant rep-
licons, are in progress to determine the mechanism of action of the
phenanthridinone derivatives.

In conclusion, our results clearly demonstrate that the novel
phenanthridinone derivatives, especially HA-719, are highly potent
and selective inhibitors of HCV replication in vitro. Although fur-
ther studies, such as determination of their target molecule and
pharmacological properties in vivo, are required, this class of com-
pounds should be pursued for their clinical potential in the treat-
ment of HCV infection.
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Background: Cyclophilins (CyPs) are cellular proteins that are essential to hepatitis C virus (HCV) replication.
Since cyclosporine A was discovered to inhibit HCV infection, the CyP pathway contributing to HCV replica-
tion is a potential attractive stratagem for controlling HCV infection. Among them, CyPA is accepted to inter-
act with HCV nonstructural protein (NS) 5A, although interaction of CyPB and NS5B, an RNA-dependent RNA
polymerase (RdRp), was proposed first.

Methods: CyPA, CyPB, and HCV RdRp were expressed in bacteria and purified using combination column
chromatography. HCV RdRp activity was analyzed in vitro with purified CyPA and CyPB.

Results: CyPA at a high concentration (50 higher than that of RdRp) but not at low concentration activated
HCV RdRp. CyPB had an allosteric effect on genotype 1b RdRp activation. CyPB showed genotype specificity
and activated genotype 1b and J6CF (2a) RdRps but not genotype 1a or JFH1 (2a) RdRps. CyPA activated
RdRps of genotypes 1a, 1b, and 2a. CyPB may also support HCV genotype 1b replication within the infected
cells, although its knockdown effect on HCV 1b replicon activity was controversial in earlier reports.
Conclusions: CyPA activated HCV RdRp at the early stages of transcription, including template RNA binding.
CyPB also activated genotype 1b RdRp. However, their activation mechanisms are different.

General significance: These data suggest that both CyPA and CyPB are excellent targets for the treatment of

HCV 1b, which shows the greatest resistance to interferon and ribavirin combination therapy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV?), which belongs to the Flaviviridae family,
has a positive-strand RNA genome, and its replication is regulated by
viral and cellular proteins [1]. The genome encodes a large precursor
polyprotein that is cleaved by host and viral proteases to generate
at least 10 functional viral proteins: core, envelope 1 (E1), E2, p7,
nonstructural protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and NS5B
[2]. NS5B is an RNA-dependent RNA polymerase (RdRp) [3-5].

Abbreviations: BSA, bovine serum albumin; CsA, cyclosporine A; CyP, cyclophilin; DTT,
dithiothreitol; E, envelope; EDTA, ethylenediaminetetraacetic acid; GST, glutathione
S-transferase; HCV, hepatitis C virus; NS, nonstructural protein; PPI, peptidyl prolyl cis/
trans-isomerases; Peg-IFN, pegylated interferon-ot; PMSF, phenylmethanesulfonylfluoride;
RT-PCR, reverse transcription polymerase chain reaction; RdRp, RNA-dependent RNA poly-
merase; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis;
SVR, sustained virological response; APPI, PPI knockout; wt, wild type
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HCV frequently establishes a persistent infection that leads to
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma [6,7].
More than 170 million individuals worldwide are infected with HCV
[8], and the challenge of developing HCV treatment continues. First,
combination therapy with pegylated interferon o (Peg-IFNa) and
ribavirin led to a sustained virological response (SVR) in approxi-
mately 55% of patients infected with any HCV genotype and 42-46%
of patients with genotype 1 [9,10]. However, many patients could
not tolerate the serious adverse effects. Triple therapy consisting of
an NS3/NS4A protease inhibitor (boceprevir or telaprevir), Peg-IFN
(a-2a or a-2b), and ribavirin was then introduced, and it has become
the standard regimen for genotype 1 infection. SVR improved signifi-
cantly (from 63% to 75%), and the treatment duration decreased from
12 to 6 months {11,12]. However, triple therapy is more toxic than
combination therapy {13].

Nonimmunosuppressant cyclosporine A (CsA) analogues/CyP
inhibitors such as DEBIO-025 (Alisporivir) [14], NIM811 [15], and
SCY-635 [16] are also the most expected candidates for use as
anti-HCV drugs because their resistance selection is rare compared
with other direct-acting antiviral agents, and the HCV resistant to
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CyP inhibitors acquired mutations that allowed for reduced depen-
dence on CyPs [17,18].

CyP was originally discovered as a cellular factor with high affinity for
CsA [19]. CyPs comprise a family of peptidyl prolyl cis/trans-isomerases
(PPI) that catalyze the cis-trans interconversion of peptide bonds
amino terminal to proline residues, facilitating protein conformation
changes {20]. CyPs are potential antiviral targets because CyPA was
found to play a critical role in human immunodeficiency virus-1 infection
{21,22]. The role of human CyPs as cellular cofactors in HCV replication
was first suggested upon discovery of the anti-HCV effect of CsA
[23-26]. Although the completion of a binding assay and the mapping
of resistance initially suggested that NS5B was a viral target for CsA
[27-29], recent papers have pointed to CyPA and NS5A as the central
virus-host interaction involved in HCV replication [30-36]. Despite this
unfavorable evidence, we analyzed the effect of CyPA and CyPB on HCV
RdRp of various genotypes in vitro and found differences in genotype
specificity and the mechanism of HCV RdRp activation.

2. Materials and methods
2.1. Purification of HCV RdRp

HCV RNA RdRps with C-terminal 21 amino acid deletion of 1a
(H77 and RMT), 1b (HCR6, NN, and Con1), and 2a (JFH1 and J6CF)
were expressed in E. coli Rosetta/pLysS and purified as described
previously [37-40]. The purified HCV RdRps (5 uM, >95% pure)
were stocked in 20 mM Tris-HCI (pH 8.0), 500 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol (DTT),
5% glycerol, and 1 mM phenylmethanesulfonylfluoride (PMSF) at
— 80 °C. The yield of HCV RdRps is approximately 1.7 mg from a 1-L
bacterial culture. The purified HCV RdRps were as shown in Fig. S1 of
Weng et al. {38]. The protein purities were determined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis analysis (SDS-PAGE),
using Image] 1.46 (http://rsbweb.nih.gov/ij/).

2.2. Construction of CyP-expressing plasmids

Human CyPA and CyPB were cloned from total RNA extracted from
293T cells, using a reverse transcription-polymerase chain reaction
(RT-PCR) kit (Takara, Dalian, China) as published previously [29].
After being digested with BamHI and EcoRl, they were cloned into
the same site of pGEX-6P-3 (GE Healthcare, Bucks, UK), resulting in
pGEXCyPA and pGEXCyPB, respectively. CyPBAPPI, the enzymatic in-
active mutant of CyPB, was PCR cloned into pGEX-6P-3 from
pCMV-CyPBAPPIFL [29], resulting in pGEXCyPBAPPL. CyPAAPPI was
produced by the introduction of the R55A and F60A mutations using
a QuickChangell Site-Directed Mutagenesis Kit (Stratagene, St. Clara,
CA, USA) and primers (5'-GTTCCTGCTTTCACGCCATTATTCCAGGGG
CCATGTGTCAGGGTG-3’ and 5’-CACCCTGACACATGGCCCCTGGAATAA
TGGCGTGAAAGCAGGAAC-3').

2.3. Purification of CyPs

E. coli Rosetta were transformed using pGEXCyPA,
PGEXCyPAAPPI, pGEXCyPB, and pGEXCyPBAPPIL. GST-tagged CyPA,
CyPB, CyPAAPP], and CyPBAPPI were induced with 1 mM isopropyl
B-p-1-thiogalactopyranoside at 18 °C for 4 h. The bacteria were
harvested and stocked at — 20 °C. After thawing on ice, the bacteria
were lysed in 4 packed cell volumes of phosphate-buffered saline,
0.1% Triton X-100, 1 mM EDTA, T mM DTT, and 1 mM PMSF. After
being clarified by centrifugation at 10,000 xg for 30 min at 4 °C and
filtered through a 0.45-um nitrocellulose filter, the extract was incu-
bated with Glutathione Sepharose 4B (GE Healthcare) for 30 min at
4 °C. After the resin was washed with 50 mM Tris-HCl (pH 8.0),
500 mM NaCl, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF, the
GST-CyP was eluted using 50 mM Tris-HCl (pH 8.0), 500 mM Nadl,

1 mM EDTA, 1 mM DTT, 10 mM reduced glutathione, and 1 mM
PMSF, followed by gel filtration through a Superdex 200 column
(GE Healthcare) in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM
EDTA, 1 mM DTT, and 10% glycerol. The eluted GST-CyP were diluted
to 50 mM NaCl and applied to a MonoQ (GE Healthcare) in 20 mM
Tris-HCl (pH 9.0), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 10%
glycerol. GST-CyPB and GST-CyPBAPPI were chromatographed
using a continuous NaCl gradient of 50-1000 mM. The purified
CyPs were stocked at — 20 °C.

2.4. In vitro HCV transcription with CyPs

In vitro HCV transcription with CyPs was done as previously
described [37-40]. Briefly, the indicated amounts of the CyPs were in-
cubated in 50 mM Tris-HCI (pH 7.5), 200 mM monopotassium gluta-
mate, 3.5 mM MnCl,, 1 mM DTT, 0.5 mM GTP, 200 nM of a 184-ntin
vitro transcribed model RNA template (SL12-1S), 100 U/mL of human
placental RNase inhibitor, and 100 nM HCV RdRp at 29 °C for 30 min.
After preincubation, RdRp was incubated for an additional 90 min
with 50 uM ATP, 50 uM CTP, or 5 pM [a->2PJUTP. The RNA products
were analyzed using 6% PAGE containing 8 M urea after being purified
by phenol/chloroform extraction and ethanol precipitation. The amount
of RNA products was analyzed using Typhoon Trio (GE Healthcare).

2.5. RNA filter-binding assay with CyPA and CyPB

An RNA filter-binding assay with CyPA and CyPB was performed as
previously described [37,38,40]. Briefly, [32P}-SL12-1S was incubated
in 25 YL of 50 mM Tris-HCI (pH 7.5), 200 mM monopotassium gluta-
mate, 3.5 mM MnCl,, 1 mM DTT, and 5 pmol of HCV RdRp with
375 pmol (75x) of CyPA and 25 pmol (5x) of CyPB at 29 °C for
30 min.

2.6. Chemicals and radioisotopes

[a-3?PJUTP (800 Ci/mmol, 40 mCi/mL) was purchased from
PerkinElmer Life Sciences (Waltham, MA, USA). The nucleotides
were purchased from GE Healthcare. The human placental RNase
inhibitor T7 RNA polymerase and PrimeSTAR HS DNA polymerase
were purchased from Takara. The bacteria were purchased from
Novagen (Merck Chemicals, Darmstadt, Germany).

2.7. Statistical analysis

The statistical data were evaluated using Student's t test, with
p<0.05 indicating statistical significance.

3. Results
3.1. Purification of CyPA and B

First, glutathione S-transferase (GST)-tagged CyPA, CyPB, the PPI
inactive CyPA (CyPAAPPI), and CyPB (CyPBAPPI) were purified
using Glutathione Sepharose 4B affinity chromatography. CyPA and
CyPAAPPI were further purified through a Superdex 200 column
(Fig. S1). After the Superdex 200 gel filtration, to remove the contam-
inating nucleic acids, CyPB and CyPBAPPI were further purified
through MonoQ anion exchange chromatography by a continuous
Na(l gradient of 50-1000 mM because CyPB has a strong affinity for
nucleic acids. Each was eluted with 210-385 mM Na(l (Fig. S2). The
purification scheme and purified CyPs are shown in Fig. 1. The yields
of CyPA and CyPAAPPI were approximately 3 mg from a 1-L bacterial
culture. CyPA and CyPAAPPI were >95% pure and stocked at 5 mg/mL
in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM EDTA, 1 mM DTT,
and 10% glycerol. CyPB and CyPBAPPI were stocked at 5 mg/mL in
20 mM Tris-HCl (pH 9.0), 500 mM NaCl, 1 mM EDTA, 1 mM DTT,
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Fig. 1. Cyclophilin purification. The purification schemes of cyclophilin A (CyPA) and the peptidyl proly! isomerase-inactive mutant protein of CyPA (CyPAAPPI) (A), cyclophilin B
(CyPB) and CyPBAPPI (B), and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (C) with 5 pmol each of purified glutathione S-transferase (GST; 28.3 kDa),
GST-CyPA (44.9 kDa), GST-CyPAAPPI (44.7 kDa), GST-CyPB (52.1 kDa), and GST-CyPBAPPI (52 kDa) were separated through 10% SDS-PAGE and stained with Coomassie brilliant
blue. The sizes of the molecular weight standards (M) are indicated on the right side of the gel. Their final elution profiles are shown in Figs. S1 and S2.

and 10% glycerol. The yields of CyPB and CyPBAPPI were approxi-
mately 1 mg from a 1-L bacterial culture. The purities of CyPB and
CyPBAPPI were >95% and >90%, respectively.

3.2. HCV 1b and JFH1 (2a) transcription in vitro with CyPA and CyPB

The dose-response effects of CyPA and CyPB were examined using
an in vitro transcription system of HCR6 (1b) and JFH1 (2a) RdRp
wild type (wt). CyPA and CyPB were added to the optimal HCV in
vitro transcription condition while the RNA synthesis was in the log
phase {4,37]. RdRp (100 nM) was incubated with 0, 50 (ratio to
RdRp: 0.5x), 100 (1x), 200 (2x), 500 (5x), and 1000 nM (10x)
CyPA and CyPB, GST, or bovine serum albumin (BSA) in GTP (the ini-
tiating nucleotide) and an RNA template for 30 min, followed by
elongation with ATP, CTP, and UTP for 90 min. CyPA enhancement
was further tested using 2 (20x), 5 (50x), 7.5 (75x), and 10
(100x) puM because the enhancement effect of CyPA under 1 M
(10x) was unclear. Fig. S3 shows the autoradiography of HCV HCR6
(1b) and JFH1 (2a) RdRpwt with CyPA and CyPB, the graphs of
which were drawn using the data from 3 independent experiments
. (Fig. 2).

The CyPA activation of both RdRps showed 2 reaction speeds. The
first-order ratio of CyPA to HCR6 (1b) RdRpwt<50x is fitted as a linear
regression curve, the equation for which is y=0.07x (CyPA-to-RdRp
ratio) +0.7. The linear regression curve fitting of the ratio >50x is
y=0.4x (CyPA-to-RdRp ratio)—17 when calculated from 3 points.
That of CyPA to JFH1 (2a) RdRpwit is fitted to a similar linear regression,
y=0.09x (CyPA-to-RdRp ratio) + 0.9 (the CyPA-to-RdRp ratio<50x).
HCVR6 (1b) and JFH1 (2a) RdRps were activated by 100x CyPA to
25-+0.2- and 19- &+ 1-fold, respectively.

The CyPB activation of HCR6 (1b) RdRpwt occurred in a
dose-dependent manner and fitted a sigmoid curve, and the enhance-
ment effect reached a plateau (9.4 x) at the ratio of 5x. Neither GST
nor BSA enhanced HCR6 (1b) RdRpwt. CyPB, GST, and BSA did not en-
hance JFH1 (2a) RdRpwt (<1.5x) at the concentrations described
earlier.

3.3. Effect of the PPI inactive mutant proteins of CyPA and CyPB

CyP has PPI activity. To test the contribution of PPI activity to HCV
HCR6 (1b) and JFH1 (2a) RdRpwt activation, the activation effect of
the PPI inactive mutant proteins, CyPAAPPI at 100x (10 uM) and
CyPBAPPI at 2x (200 nM), were tested together with 100x (10 uM)
GST and BSA (Fig. 3). CyPA enhanced JFH1 (2a) RdRpwt 17.6x,
whereas CyPAAPPI enhanced it 16.2x. This difference is statistically
significant (Student's t test, p<0.05). CyPA enhanced HCR6 (1b)
RdRpwt activity 27.7x, whereas CyPAAPPI enhanced it 16.0x. BSA
slightly inhibited both RdRps at the same concentration in this exper-
iment. As shown in Fig. 2C and D, it can be concluded that BSA has no
effect on HCV transcription. GST enhanced JFH1 (2a) RdRpwt activity
5.0x%, but it did not affect HCR6 (1b) RdRpwt activity. CyPB enhanced
HCR6 (1b) RdRpwt activity 2.3x, whereas CyPBAPPI enhanced it 1.7x.
This difference is also statistically significant (Student's t test,
p<0.05). JFH1 (2a) RdRpwt was not activated by CyPB or CyPBAPPL

3.4. CyP activation steps of HCV transcription

The HCV transcription steps of CyP enhancement were analyzed
by the sequential addition of CyPs during in vitro transcription
(Fig. 4). CyPA enhanced HCR6 (1b) and JFH1 (2a) RdRpwt, whereas
CyPB enhanced HCR6 (1b) RdRpwt when HCV RdRps were incubated
with them from the start of transcription (initiation). The CyP effect
was then tested after their addition during the elongation period
after HCV RdRps was initiated with GTP. CyPA (100x; 10 pM) and
CyPB (5x; 500 nM) were added to HCV RdRps after the 30-min incu-
bation with GTP, when 3 GTPs were incorporated at the 5’ end of the
products. CyPB did not enhance HCR6 (1b) or JFH1 (2a) RdRp when
added during the elongation period, although it enhanced HCV
RdRp when added at the start of transcription. CyPA enhanced
HCR6 (1b) and JFH1 (2a) RdRp activity only 1.6x (Student's t test,
p<0.05) and 2.1x (p<0.01), respectively, when added during the
elongation step. These results suggest that CyPA and CyPB activated
only the transcription initiation step of HCV RdRps.
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Fig. 2. Dose-response curve of cyclophilin A (CyPA) and cyclophilin B (CyPB) in hepatitis C virus (HCV) transcription in vitro. The dose-response curve of the HCV RdRp activation of
CyPA in HCR6 (1b) RdRpwt (A) and JFH1 (2a) RdRpwt (B) CyPB in HCR6 (1b) RdRpwt (C) and JFH1 (2a) RdRpwt was drawn from the image analysis of Fig. S3. Insets A and B in-
dicate that of 0, 0.5x%, 1x, 2x, 5x, and 10x of CyPA to RdRp. The first-order ratio of the curves of A and B were fit by linear regression, and the calculated equations are indicated in
the graph. The mean relative polymerase activation ratio and standard deviation (error bar) were calculated from 3 independent measurements.

The effects of 75 x CyPA and 5 x CyPB on the RNA-binding activity of
HCR6 (1b) and JFH1 (2a) RdRp were then tested (Fig. 4E). The effects of
HCR6 (1b) and JFH1 (2a) RdRp with CyPA were 10.1- -+ 0.56- and 6.6- +
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Fig. 3. Effects of cyclophilin A (CyPA) and cyclophilin B (CyPB) with and without
peptidyl prolyl isomerases activity on hepatitis C virus (HCV) JFH1 (2a) and HCR6
(1b) RdRp. HCV HCR6 (1b) and JFH1 (2a) RdRpwt (100 nM) were incubated with
100x (10 pM) of CyPA, CyPAAPP], glutathione S-transferase (GST), and bovine serum
albumin (BSA) (A). HCV RdRps were incubated with 5x (500 nM) of CyPB, CyPBAPPI,
GST, and BSA (B). The mean relative polymerase activity and standard deviation (error
bar) were calculated from 3 independent measurements. *p<0.01 (Student's ¢ test).

0.68-fold of that without CyPA, respectively. The effect of HCR6 (1b)
RdRp with CyPB was 3.1-40.3-fold of that without CyPB. The
RNA-binding activity of HCV RdRps was thus enhanced by the addition
of CyPA and CyPB.

3.5. Effect of CyP activation on RdRp of various HCV genotypes

The CsA sensitivity differed among the HCV genotypes [41]. There-
fore, we tested the effects of CyPA and CyPB activation on NN (1b),
H77 (1a), RMT (1a), and J6CF (2a) RdRp (Fig. 5). RdRp activity was
compared with and without 50x (5 M) CyPA and 5x (500 nM)
CyPB. At their respective concentrations, CyPA activated all of the
tested HCV RdRps by 3.9-5.3x, but CyPB activated only 1b RdRps
(8-10x). CyPB slightly activated J6CF (2a) RdRp (approximately
4x), but it did not activate the 1a or JFH1 (2a) RdRps (1.4-1.8x).

4. Discussion

Since CsA was discovered to inhibit HCV infection [23-26], the CyP
pathway contributing to HCV replication has been proposed as a po-
tential stratagem for controlling HCV infection. Reports about the
roles of CyPA in HCV replication via NS5A have been accumulating
[33-35,42-44]. However, the effect of CyP inhibitors varied on the
RNA-binding activity of NS5B [41,45], and DEBIO-025 decreased
CyPB levels in patients [46]. Controversial results of CyPA and CyPB
knockout experiments on HCV replicon activity were reported
[29,30,47]. Therefore, the effects of CyPA and CyPB on HCV RdRp
were carefully analyzed again in vitro.

In this study, we demonstrated that CyPA and CyPB activated HCV
1b RdRp in vitro by completely different kinetics using purified CyPs
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Fig. 4. Hepatitis C virus (HCV) RdRp activation effects of cyclophilin A (CyPA) and cyclophilin B (CyPB) on transcription initiation and elongation. The polymerase activation effect of
the timing of the CyPA or CyPB addition was examined. The sequence of the model RNA template (SL12-1S) and experimental design are shown in A. CyPA 100x (10 pM) was in-
cubated with HCR6 (1b) RdRpwt (A) and JFH1 (2a) (B) RdRp during preincubation with 0.5 mM GTP (initiation) or after preincubation (elongation). CyPB 5x (500 nM) was in-
cubated with HCVR6 (1b) RdRpwt during preincubation with 0.5 mM GTP (initiation) or after the preincubation (elongation) (C). The mean relative polymerase activation ratio
and standard deviation (error bar) were calculated from 3 independent measurements. The effect of the 100x CyPA and 5x CyPB on RNA template binding was examined (E).

and HCV RdRps (Fig. 2), which indicated that the mechanism of their
HCV RdRp activation differed despite their similar structures [48-50].
Kinetic analysis of CyPA on HCR6 (1b) and JFH1 (2a) RdRp indicated
that it had a similar activation mechanism on both HCV RdRps. CyPA
did not activate HCV RdRp at low concentrations, but it did activate it
at >50x molar excess to it. The unusual dose of CyPA activating HCV
RdRp (Fig. 2) postulates that HCV RdRp may be surrounded by CyPA
in vitro and factors involving CyPA and HCV RdRp interaction, such as
NS5A, in the HCV replication complex of the infected cells
[27,28,31,36,51-53] because the interaction of CyPA and HCV RdRp
was weak (Fig. S4).

Although some controversial results were obtained from those of
Heck et al. [54], the studies agree that CyPB also activated HCV 1b
RdRp in vitro. The activation kinetics of CyPB on HCR6 (1b) RdRp
showed a sigmoid-like curve (Fig. 2) that suggested an allosteric ef-
fect of CyPB on RdRp activity. CyPB may interact with HCV RdRp as
a cofactor and directly activate HCR6 (1b) RdRp. The HCV RdRp-
CyPB complex was likely to interact more with CyPB, and its activa-
tion plateaued at the CyPB/RdRp ratio of 5:1 (Fig. 2C). The CyPB

activation curves of Heck et al. [54] also plateaued. These data from
the 2 independent groups support the weak interaction between
CyPB and HCV 1b RdRp (Fig. S4).

CyPA did not show genotype specificity in the current study
(Fig. 5A), a finding that agrees with those of CyPA knockdown,
DEBIO-025, and CsA experiments {30,43,55]. CyPB activation showed
genotype specificity (Fig. 5B) [54]; CyPB activated 1b and J6CF (2a)
RdRp but did not activate 1a or JFH1 (2a) RdRp. Both reports agreed
with the finding that JFH1 (2a) subgenomic replicon was indepen-
dent of CyPB [41]. Although mutations accumulated in the NS5A re-
gion of CsA- or DEBIO-025-resistant HCV replicons, some mutations
were found in the NS5B region {18,27,28,33,45].

Another controversial result between that of Heck et al. {54} and
ours is the Mg? *-dependency of the CyPB activation. The Mg2™ con-
centration in cells is 14-20 mM, and Mg?™ ions are distributed al-
most equally throughout the nuclei, mitochondria, and cytosol/
endoplasmic reticulum [56]. The Mn?* concentration in cells varies
from report to report [57,58]. The optimal Mn2* and Mg?* concen-
trations in the HCV in vitro transcription used in this study were



