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Figure 1. Effect of the extract prepared from a marine sponge on viral replication in the replicon cell line derived from viral
genotype 1b. (A) Amphimedon sp. belongs to a marine sponge. The ethyl acetate fraction prepared from the marine organism was designated C-
29EA in this study. (B) The Huh7 cell line, including the subgenomic replicon RNA of genotype 1b strain Con1, was incubated in medium containing

various concentrations of C-29EA or DMSO (0). Luciferase and cytotoxicity assays were carried out as described in Materials and Methods. Error bars
indicate standard deviation. The data represent three independent experiments.
doi:10.1371/journal.pone.0048685.g001
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Figure 2. Effect of C-29EA extract on viral replication in the replicon cell line derived from viral genotype 2a. (A) The Huh7 cell line,
including the subgenomic replicon RNA of genotype 2a strain JFH1, was incubated in medium containing various concentrations of C-29EA or DMSO
(0). Luciferase and cytotoxicity assays were carried out as described in Materials and Methods. (B) The Huh7 OK1 cell line infected with HCVcc JFH1
was incubated with various concentrations of C-29EA or DMSO (0). The virus titers were determined by a focus-forming assay. The significance of
differences in the means was determined by Student’s t-test. (C) Amounts of viral RNA and core protein were estimated by qRT-PCR and ELISA,

respectively. Error bars indicate standard deviation. The data represent three independent experiments. Treatment with DMSO corresponds to ‘0'.
doi:10.1371/journal.pone.0048685.9002
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Table 2. Effect of C29EA on HCV replication. an NS3 protease assay based on FRET. NS3/4A serine protease
was mixed with various concentrations of C-29EA. The initial
velocity at each concentration of C-29EA was calculated during a
HCV strain (genotype) ECso (ug/ml)® CCso (ug/mi)®  SI¢ 120 min reaction. The initial velocity in the absence of C-29EA
represented 100% of relative protease activity. C-29EA decreased

Cons¥ ) i3 =R Zn the serine protease activity in a dose-dependent manner (Fig. 7).
JFH1 (22) 24.9 >50 =23 The IC;5 of C-29EA was 10.9 pg/ml, which is similar to the value
® Fifty percent effective concentration based on the inhibition of HCV estimated by helicase a.ss.ay. o "l:'l'fese results suggest. t.hat C-29EA
replication. includes the compound(s) inhibiting the protease activity of NS3 in
®: Fifty percent cytotoxicity concentration based on the reduction of cell addition to the helicase activity.
viability.
©: Sl selectivity index (CCsp/ECsq). . « i i
dokiod 3,;}}'5,‘;&.‘?;‘0‘“&_3;’4%5;)5_@2 Combination Antiviral Activity of C-29EA and Interferon-
alpha
Effect of C-29EA on NS3 Protease Activity Treatment with C-29EA may potentiate inhibitory action of

interferon-alpha, since it inhibited the protease and helicase
activities of NS3 but not induce the interferon response as
described above. Then, we examined effect of treatment using
both interferon and C-29EA on HCV replication. The replication

Serine protease and helicase domains are respectively located
on the N-terminal and C-terminal portions of NS3 [32]. Thus, we
examined the effect of C-29EA on NS3 protease activity by using
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Figure 3. Effect of C-29EA on expression of viral proteins in replicon cell lines. The Huh7 replicon cell lines derived from genotype 1b (A)
and 2a (B) were incubated with C-29EA at 37°C for 72 h. The treated cells were harvested and then subjected to Western blotting. Treatment with
DMSO corresponds to ‘0'. The bicistronic gene is transcribed under the control of the elongation factor 1o (EF1e) promoter. The upstream cistron
encoding Renilla luciferase (RLuc) is translated by a cap-dependent mechanism. The downstream cistron encodes the fusion protein (Feo), which
consists of the firefly luciferase (Fluc) and neomycin phosphotransferase (Neo'), and is translated under the control of the EMCV IRES (C) or HCV IRES
(D). The Huh7 cell line transfected with the plasmid (each above the panel in C and D) was established in the presence of G418. The cells were
incubated for 72 h without (control) and with 15 pug/ml of C-29EA. Firefly or Renilla luciferase activity was measured by the method described in
Materials and Methods and was normalized by the protein concentration. F/R: relative ratio of firefly luciferase activity to Renilla luciferase activity. F/R
is presented as a percentage of the control condition. Error bars indicate standard deviation. The data represent three independent experiments.
doi:10.1371/journal.pone.0048685.9003
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Figure 4. Effect of C-29EA on interferon signaling pathway. The
Huh?7 replicon cell line of genotype 1b was treated without (lane 3) or
with 1, 10, 100, or 1000 U/mL interferon-alpha 2b (lanes 4-7), and 1.5 or
15 pg/ml C-29EA (lanes 1-2) for 48 h. Treatment with DMSO
corresponds to ‘0’. The mRNAs of 2/, 5’-OAS, and GAPDH as an internal
control were detected by RT-PCR. Error bars indicate standard deviation.
The data represent three independent experiments.
doi:10.1371/journal.pone.0048685.9g004

of replicon was decreased in the presence of C-29EA or interferon-
alpha and further decreased by combination treatment using
interferon-alpha and C-29EA (Fig. 8A). Furthermore, we em-
ployed the isobologram method [33] to determine whether
antiviral effect of the combination treatment exhibits additive or
synergistic. ECgo values of interferon-alpha and C-29EA were
estimated at 10.7 U/ml and 26.4 ug/ml, respectively, in the
absence of each other. ECgyg values of C-29EA in the presence of
0, 2.5 and 5 U/ml interferon-alpha were plotted to generate an
isobole. Figure 8B shows that the isobole exhibits concave
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curvilinear, representing synergy but not additivity. These results
suggest that combination treatment of interferon-alpha and C-
29EA exhibits synergistic inhibition of HCV replication.

Discussion

Several natural products have been reported as anti-viral agents
against HCV replication. Silbinin, epigallocatechin 3-gallate, and
proanthocyanidins, which were prepared from milk thistle, green
tea, and blueberry leaves, respectively, have exhibited inhibitory
activity against HCV replication in cultured cells [34-37]. In our
previous report, we identified manoalide as an anti-HCV agent
from a marine sponge extract by high-throughput screening
targeting NS3 helicase activity [38]. Manoalide inhibited ATPase,
RNA binding, and NS3 helicase activity in enzymological assays.
The EtOAc extract of the marine feather star also suppressed
HCV replication in HCV replicon cell lines derived from genotype
1b, and it inhibited the RNA-binding activity but not the ATPase
activity of NS3 helicase [30]. In this study, we screened 84 extracts
of marine organisms for their ability to inhibit HCV replication in
replicon cell lines and HCV cell culture system. Among these
extracts, C-29EA, which was extracted from Amphimedon sp., most
strongly inhibited HCV replication regardless of cytotoxicity. We
previously reported that the EtOAc extract (SG1-23-1) of the
feather star Allococomatella polycladia inhibited HCV replication with
an EC5q of 22.9 to 44.2 ug/ml in HCV replicon cells derived from
genotype 1b [30]. Treatment with C-29EA potently inhibited
HCV replication with an ECsq of 1.5 pg/ml and with an SI of
more than 33.3 in the replicon cell line derived from genotype 1b,
regardless of cytotoxicity (Fig. 1B and Table 2). However, C-29EA
exhibited an ECs5q of 24.9 pg/ml in a replicon cell line derived
from genotype 2a at a weaker level than in the replicon cell line
derived from genotype 1b (Figs. 1 and 2), suggesting that the
ability of C-29EA to suppress HCV replication is dependent on
the viral genotype or strain.
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Figure 5. Effect of C-29EA on unwinding activity of NS3 helicase. (A) NS3 helicase activity was measured by PET assay. The reactions were
carried out in the absence or presence of C-29EA. Helicase activity in the absence of C-29EA was defined as 100% helicase activity. Treatment with
DMSO corresponds to ‘0’. The data are presented as the mean = standard deviation for three replicates. (B) The unwinding activity of NS3 helicase
was measured by an RNA unwinding assay using radioisotope-labeled RNA. The heat-denatured single-strand RNA (26-mer) and the partial duplex
RNA substrate were applied to lanes 1 and 2, respectively. The duplex RNA was reacted with NS3 (300 nM) in the presence of C-29EA (lanes 4-9, 16~
250 pg/ml). The resulting samples were subjected to native polyacrylamide gel electrophoresis. Treatment with DMSO corresponds to ‘0'.

doi:10.1371/journal.pone.0048685.g005

PLOS ONE | www.plosone.org

November 2012 | Volume 7 | Issue 11 | e48685

-197 -



Anti-HCV Activity Found in a Marine Sponge

A 3 17 22 24 26 27 25

4=RNA-NS3

100

-~
w
v

N
L]

l4= Free RNA

Relative RNA binding (%)
w0
©

o

+ + + + + 4+

NS3 -
0 100 200 300

C-29EA (ug/mi)

1 BSA

C-29EA - 0 16 31 63 125250 pug/ml

Figure 6. Effect of C-29EA on ATPase and RNA-binding activities of NS3 helicase. (A) The reaction mixtures were incubated with [y-22pP]
ATP as described in Materials and Methods. The reaction mixtures were subjected to thin-layer chromatography. The start positions and migrated
positions of ATP and free phosphoric acid are indicated as ‘Origin’, **P-ATP’, and >2P-P¥, respectively, on the right side of the figure. The data
represent three independent experiments. Treatment with DMSO corresponds to ‘0’. (B) Gel mobility shift assay for RNA-binding activity of NS3
helicase. The reaction was carried out with 0.5 nM labeled ssRNA at the indicated concentrations of C-29EA or DMSO. The reaction mixture was
subjected to gel mobility shift assay. (C) The relative RNA-binding ability was calculated with band densities in each lane and presented as a

percentage of RNA-NS3 in the total density. The data represent three independent experiments. Treatment with DMSO corresponds to ‘0.

doi:10.1371/journal.pone.0048685.g006

HCV NS3 is well known to play a crucial role in viral
replication through helicase and protease activities [5,39]. The N-
terminal third of NS3 is responsible for serine protease activity in
order to process the C-terminal portion of polyprotein containing
viral nonstructural proteins [32]. The remaining portion of NS3
exhibits ATPase and RNA-binding activities responsible for
helicase activity, which is involved in unwinding double-stranded
RNA during replication of genomic viral RNA [40-42]. A
negative-strand RINA is synthesized based on a viral genome
(positive strand) after viral particles in the infected cells are
uncoated, and is then used itself as a template to synthesize a
positive-stranded RNA, which is translated or packaged into viral
particles. Thus, both helicase and protease activities of NS3 are
critical for HCV replication and could be targeted for the
development of antiviral agents against HCV.

NS3 helicase activity was inhibited by treatment with C-29EA
in a dose-dependent manner with an ICso of 18.9 pg/ml (Fig. 5A).
RINA-binding activity, but not ATPase activity, was inhibited by
treatment with C-29EA (Fig. 6). Treatment with C-29EA did not
significantly affect the HCV-IRES activity and did not induce
interferon-stimulated gene 2',5'-OAS (Figs. 3 and 4). Further-
more, the serine protease activity of NS3 was inhibited by using C-

PLOS ONE | www.plosone.org

29EA with an IC5 of 10.9 pg/ml (Fig. 7). These results suggest
that Amphimedon sp. includes the unknown compound(s) that could
suppress NS3 enzymatic activity to inhibit HCV replication.
Although the mechanism by which treatment with C-29EA could
inhibit HCV replication has not yet been revealed, the unknown
compound(s) may be associated with the inhibiton of NS3
protease and helicase, leading to the suppression of HCV
replication. However, other effects of extract G-29EA on HCV
replication could not be excluded in this study.

The compound 1-N, 4-N-bis [4-(1H-benzimidazol-2-yl)phenyl]
benzene-1,4-dicarboxamide, which is designated as (BIP)yB, was
reported to be a potent and selective inhibitor of HCV NS3
helicase [43]. This compound competitively decreases the binding
ability of HCV NS3 helicase to nucleic acids. The compound
(BIP)oB inhibited RNA-induced stimulation of ATPase, although it
did not directly affect the ATP hydrolysis activity of NS3 helicase.
Thus, (BIP)sB could not affect ATPase activity without RNA or
with a high concentration of RNA. Treatment with C-29EA
inhibited helicase activity and viral replication but not ATPase
activity (Figs. 1B, 2, 5, and 6). This extract suppressed the binding
of RNA to helicase but exhibited no suppression of ATPase by
NS3 helicase. Thus, the inhibitory action of extract C-29EA seems
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Figure 7. Effect of C-29EA on the activity of NS3 serine
protease. NS3/4A serine protease was mixed with various concentra-
tions of C-29EA or DMSO (0) in the reaction mixture and then incubated
at 37°C for 120 min. The initial velocity at each concentration of C-29EA
was calculated during 120 min reaction. The initial velocity in the
absence of C-29EA was defined as 100% of relative protease activity.
The data are presented as the mean * standard deviation for three
replicates.

doi:10.1371/journal.pone.0048685.g007

different from that of (BIP)sB. The quinolone derivative QU663
was reported to inhibit the unwinding activity of NS3 helicase by
binding to an RNA-binding groove irrespective of its own ATPase
activity [44]. The compound QU663 may competitively bind the
RNA-binding site of NS3 but not affect ATPase activity, resulting
in the inhibition of unwinding activity. In this study, treatment
with C-29EA inhibited the RNA-binding activities of NS3 helicase
but did not affect ATPase activity (Fig. 6). Furthermore, treatment
with C-29EA suppressed the viral replication of HCV in an HCV
cell culture system derived from several virus strains (Figs. 1 and 2,
Table 2). The mechanism of C-29EA on the inhibition of NS3
helicase may be similar to that of compound QU663.

It is unknown whether one or several molecules included in C-
29EA are critical for the inhibition of protease and helicase
activities. The serine protease NS3/4A is one of the viral factors
targeted for development into antiviral agents. Improvements in
HCV therapy over the past several years have resulted in FDA
approval of telaprevir (VX-950) [15,45] and boceprevir
(SCHS503034) [46,47]. Several studies suggest that the activities
of NS3/4A protease and helicase in the full-length molecule
enhance each other [48,49]. The NS3/4A protease has formed a
complex with macrocyclic acylsulfonamide inhibitors [50,51].
Schiering et al. recently reported the structure of full-length
NS3/4A in complex with a macrocyclic acylsulfonamide protease
inhibitor [52], although the structure of full-length HCV NS3/
4A in complex with a protease inhibitor has not been reported.
The inhibitor binds to the active site of the protease, while the
P4-capping and P2 moieties of the inhibitor are exposed toward
the helicase interface and interact with both protease and
helicase residues [52]. An unknown compound included in C-
29EA might interact with both protease and helicase domains of
NS3 to inhibit their activities. However, our data in this study
have not excluded the possibility that several compounds
included in C-29EA are related to the inhibition of protease
and helicase of NS3/4A.

PLOS ONE | www.plosone.org
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Figure 8. Effect of C-29EA on the antiviral activity of interferon-
alpha. (A) The Huh7 cell line, including the subgenomic replicon RNA
of genotype 1b strain Con1, was incubated in medium containing
various concentrations of C-29EA or DMSO (0) in the presence or the
absence of interferon-alpha. Luciferase assay were carried out as
described in Materials and Methods. Error bars indicate standard
deviation. The data represent three independent experiments. (B)
Isobole plots of 90% inhibition of HCV replication. The broken line
indicates the additive effect in the isobologram.
doi:10.1371/journal.pone.0048685.g008

In conclusion, we showed that the EtOAc extract from
Amphimedon  sp.  significantly inhibits HGCV replication by
suppressing viral helicase and protease activities. The purifica-
tion of an inhibitory compound from the extract of Amphimedon
sp. will be necessary in order to improve its efficacy by chemical
modification.

Materials and Methods

Preparation of Extracts from Marine Organisms

All marine organisms used in this study were hand-collected by
scuba diving off islands in Okinawa Prefecture, Japan. No specific
permits were required for the described field studies. We do not
have to obtain a local government permit to collect invertebrates
except for stony corals and marine organisms for fisheries, which
we did not collect in this study. The areas where we collected are
not privately-owned or protected in any way. We did not collect
any invertebrates listed in the red data book issued by Ministry of
Environment, Japan. The sponges, tunicates, and soft corals used
in this study are not listed at all. Hence, no specific permits are
required for this collection in the same way as the previous report
of Aratake et al. [53].

The sponge from which C-29EA was extracted was identified as
Amphimedon sp. and deposited at Naturalis under the code RMINH
POR 6100. Each specimen was soaked in acetone. The acetone-
extract fraction prepared from each specimen was concentrated.
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The resulting material was fractionated as an EtOAc- and water-
soluble fraction. The water-soluble fraction was dried up and
solubilized in MeOH. The EtOAc- and the MeOH-soluble
fractions were used for screening. All samples were dried and
then solubilized in dimethyl sulfoxide (DMSQ) before testing.

Cell Lines and Virus

The following Huh-7-derived cell lines used in this study were
maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum and 0.5 mg/ml G418. The Lunet/Conl
LUN Sb #26 cell line, which harbors the subgenomic replicon
RNA of the Conl strain (genotype 1b), was kindly provided by
Ralf Bartenschlager [26]. Huh7/ORN3-5B #24 cell line, which
harbors the subgenomic replicon RNA of the O strain (genotype
1b) was reported previously [54] and used for screening in this
study (Table 1). HCV replicon cell line derived from genotype 2a
strain JFH1 was described previously [55]. The surviving cells
were infected with the JFH-1 virus at a multiplicity of infection
(moi) of 0.05. The viral RNA derived from the plasmid pJFH1 was
transcribed and introduced into Huh7OKI1 cells according to the
method of Wakita et al. [56]. The infectivity of the JFHI strain
was determined by a focus-forming assay [56].

Quantitative Reverse-transcription PCR (qRT-PCR) and
Estimation of Core Protein

The estimation of viral RNA genome was carried out by the
method described previously [57] with slight modification. Total
RINAs were prepared from cells and culture supernatants by using
an RNeasy mini kit (QIAGEN, Tokyo, Japan) and QJAamp Viral
RINNA mini kit (QIAGEN), respectively. First-strand ¢cDNA was
synthesized by using a high capacity cDNA reverse transcription
kit (Applied Biosystems, Carlsbad, CA, USA) with random
primers. Each ¢cDNA was estimated by using Platinum SYBR
Green qPCR SuperMix UDG (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Fluorescent signals of
SYBR Green were analyzed by using an ABI PRISM 7000
(Applied Biosystems). The HCV internal ribosomal entry site
(IRES) region was amplified using the primer pair 5'-
GAGTGTCGTGCAGCCTCCA -3’ and 5'- CACTCGCAAG-
CACCCTATCA -3'. Expression of HCV core protein was
determined by an enzyme-linked immunosorbent assay (ELISA)
as described previously [57].

Determination of Luciferase Activity and Cytotoxicity in

HCV Replicon Cells

HCV replicon cells were seeded at 2x10* cells per well in a 48-
well plate 24 h before treatment. C-29EA was added to the culture
medium at various concentrations. The treated cells were
harvested 72 h post-treatment and lysed in cell culture lysis
reagent (Promega, Madison, WI, USA) or Remlla luciferase assay
lysis buffer (Promega). Luciferase activity in the harvested cells was
estimated with a luciferase assay system (Promega) or a Remlla
luciferase assay system (Promega). The resulting luminescence was
detected by the Luminescencer{JNR AB-2100 (ATTO, Tokyo,
Japan) and corresponded to the expression level of the HCV
replicon. Cell wviability was measured by a dimethylthiazol
carboxymethoxy-phenylsulfophenyl tetrazolium (MTS) assay us-
ing a CellTiter 96 aqueous one-solution cell proliferation assay kit
(Promega).

Effects on Activities of Internal Ribosome Entry Site (IRES)

Huh?7 cells were transfected with pEF.Rluc. HCV.IRES.Feo or
pEF.Rluc. EMCV.IRES.Feo and then were established in medium
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containing 0.25 mg/ml G418, as described previously [58]. These
cell lines were seeded at 2x10* cells per well in a 48-well plate
24 h before treatment, treated with 15 pg/ml extract C-29EA,
and then harvested at 72 h post-treatment. The firefly luciferase
activities were measured with a luciferase assay system (Promega).
The total protein concentration was measured using the BCA
Protein Assay Reagent Kit (Thermo Scientific, Rockford, IL,
USA) to normalize luciferase activity.

Western Blotting and Reverse-transcription Polymerase
Chain Reaction (RT-PCR)

Western blotting was carried out by a method described
previously [30]. The antibodies to NS3 (clone 8G-2, mouse
monoclonal, Abcam, Cambridge, UK), NS5A (clone 256-A,
mouse monoclonal, ViroGen, Watertown, MA, USA), and beta-
actin were purchased from Cell Signaling Technology (rabbit
polyclonal, Danvers, MA, USA) and were used as the primary
antibodies in this study. RT-PCR was carried out by a method
described previously [30,58].

Assays for RNA Helicase, ATPase, and RNA-binding
Activities

A continuous fluorescence assay based on photoinduced
electron transfer (PET) was described previously [29] and was
slightly modified with regard to the reaction mixture [30]. The
NS3 RNA unwinding assay was carried out by the method of
Gallinari et al. [59] with slight modifications [30]. NS3 ATPase
activity was determined by the method of Gallinari et al. [59] with
slight modifications [30]. RNA binding to NS3 helicase was
analyzed by a gel mobility shift assay [30,31]. The gene encoding
NS3 helicase was amplified from the viral genome of genotype 1b
and was introduced into a plasmid for the expression of a
recombinant protein [38,60]. The radioactive band was visualized
with the Image Reader FLA-9000 and quantified by Multi Gauge
V 3.11 software. ‘

NS3 Protease Assay

The fluorescence NS3 serine protease assay based on fluores-
cence resonance energy transfer (FRET) was carried out by the
modified method using the SensoLyte™ 520 HCV protease assay
kit (AnaSpec, Fremont, CA, USA). In brief, NS3 protein with a
two-fold excess of NS4A cofactor peptide (Pep4AK) was prepared
in 1x assay buffer provided with the kit. HCV NS3/4A protease
was mixed with increasing concentrations of C-29EA and
incubated at 37°C for 15 min. The reaction was started by
adding the 5-FAM/QXL 520 substrate to the reaction mixture
containing 180 nM HCV NS3/4A protease and various concen-
trations (0—400 pg/ml) of C-29EA. The resulting mixture (20 pl)
was incubated at 37°C for 120 min using a LightCycler 1.5
(Roche Diagnostics, Basel, Switzerland). The fluorescence inten-
sity was recorded every minute for 120 min. The NS3 serine
protease activity was calculated as the initial reaction velocity and
presented as a percentage of relative activity to that of the control
examined with DMSO solvent but not C-29EA, in the same way
as described in the fluorescence helicase assay [29].

Analysis of Drug-drug Interaction

The effects of drug combinations were evaluated using the
isobologram method [33]. Various doses of C-29EA and
interferon-alpha on 90% inhibition of HCV replication were
combined to generate an isoeffect curve (isobole) to determine
drug-drug interaction. Concave, linear, and convex curves exhibit
synergy, additivity, and antagonism, respectively.
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Statistical Analysis

The results are expressed as the mean * standard deviation.

The significance of differences in the means was determined by
Student’s ttest.
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ABSTRACT: The hepatitis C virus (HCV) causes one of the most Manozhide (uM)
prevalent chronic infectious diseases in the world, hepatitis C, which
ultimately develops into liver cancer through cirrhosis. The NS3
protein of HCV possesses nucleoside triphosphatase (NTPase) and
RNA helicase activities. As both activities are essential for viral
replication, NS3 is proposed as an ideal target for antiviral drug
development. In this study, we identified manoalide (1) from marine |- “
sponge extracts as an RNA helicase inhibitor using a high- | ;77" o o= e
throughput screening photoinduced electron transfer (PET) system | ~
that we previously developed. Compound 1 inhibits the RNA L. 1
helicase and ATPase activities of NS3 in a dose-dependent manner,

with ICsq values of 15 and 70 uM, respectively. Biochemical kinetic analysis demonstrated that 1 does not affect the apparent K,
value (0.31 mM) of NS3 ATPase activity, suggesting that 1 acts as a noncompetitive inhibitor. The binding of NS3 to single-
stranded RNA was inhibited by 1. Manoalide (1) also has the ability to inhibit the ATPase activity of human DHX36/RHAU, a
putative RNA helicase. Taken together, we conclude that 1 inhibits the ATPase, RNA binding, and helicase activities of NS3 by
targeting the helicase core domain conserved in both HCV NS3 and DHX36/RHAU.

sERNA
dsRNA

0 10 20 S0 100

4 5 § 7

epatitis C is an infectious liver disease caused by the continuing. Therefore, novel antiviral drugs are urgently
hepatitis C virus (HCV) that leads to liver fibrosis, needed.
cirrhosis, and finally hepatocellular carcinoma in 2—4% of all of HCV is a single-stranded gositive sense RNA virus belonging
cases.' Liver transplantation is the only chance of survival at late to the family Flaviviridae>'® with seven genotypes and more
stage cirrhosis, resulting in significant increases in trans- than 50 subtypes. The viral genome comprises about 9.6 kb
plantations in many countries. More than 170 million people including 2 S-untranslated region (UTR) with an internal

are infected with HCV, corresponding to 3% of the world’s ribosomal entry site, an open reading frame encoding a smg]e
i illi ; 2—4 olyprotein of 3000 amino acids, and a 3-UTR.!' The

population, and 3 to 4 million people are infected each year. Polyp! s

Overall, HCV contributes to between 50% and 76% of all liver polyprotein, in the sequence of C-E1-E2-p7-NS2- N53'N_545‘

cancers and two-thirds of liver transplants in developed NS4B-NSSA-NSS5B, undergoes co- and post-translational

countries.” Today, HCV is one of the major global health cleavage by both viral and cellular proteases to form 10
individual proteins. The structural proteins C to E2 are

involved in the formation of the viral capsid and envelope,
while nonstructural proteins p7 to NSSB are responsible for
viral replication. Among them, NS3 is a multifunctional protein
of 631 amino acids and two domains. The N-terminal domain

issues.

Current therapy with pegylated interferon-a and ribavirin is
the best choice, although it is only effective in approximately
50% of the patients. This combined therapy is expensive, is

associated with serious side effects, and requires long-term (aa 1—180) has serine protease activity, whereas the C-terminal
administration.*® Unfortunately, no vaccine is available due to
the fact that HCV is rapidly mutable, allowing the virus to Received: November 8, 2011
escape from the neutralizing antibodies, but attempts are Published: March 6, 2012
© Chemical Society and
< ACS Publications Aﬁﬁﬁaﬁ“ﬁéﬁﬁwﬁ'ﬁumﬁ% 650 dxdoi.org/10.1021/np200883s | ). Net. Prod. 2012, 75, 650-654
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domain (aa 181—631) exhibits RNA helicase activity.'>** Like
other helicases, NS3 helicase possesses NTPase (nucleoside
triphosphatase) activity, which is essential for their trans-
location and unwinding of double-stranded RNA (dsRNA) in a
3’ to §' direction during replication of viral genomic RNA.
Therefore, NTPase/helicases, such as the NS3 protease, are
promising targets for developing directly acting antiviral
chemotherapy.

Telaprevir and boceprevir are two NS3 protease inhibitors
that were recently approved by the FDA for use as a triple
therapy in combination with pegylated interferon-a and
ribavirin for the treatment of chronic genotype 1 HCV
infections."*'* This triple therapy improved the SVR (sustained
virologic response) up to 70—80% of the current standard of
care with minor adverse reactions: mainly rashes, anemia, and
nausea. In contrast, no ideal RNA helicase inhibitor has been
approved in clinical trials.

Manoalide (1) is 2 marine natural product, first isolated in
the early 1980s from the sponge Luffariella variabilis.'® It is a
member of a chemical family known as the sesterterpenes.
Although this natural product was originally reported as an
antibiotic, follow-up work revealed that manoalide possesses
promising anti-inflammatory properties.'” Manaolide (1) was
reported as the first marine natural product inhibiting the
phospholipases A, (PLA;s). PLA,s play an important role in
the inflammation process. To date 1 is the most investigated
marine PLA, antagonist. It also inhibits calcium channels, 5-
lipoxygenase, and phospholipase C.'#72% No antiviral activity of
1 has been reported yet. In this study, we identified 1 by
screening marine organism extracts and characterized its HCV
NS3 helicase inhibitory activity. We found that 1 acts through
the inhibition of NS3 ATPase activity and RNA binding.

lHo =
O;;ro OH
o
1

B RESULTS AND DISCUSSION

To obtain potential NS3 helicase inhibitors from extracts of
marine organisms, we performed photoinduced electron
transfer (PET)-based high-throughput screening> From 23
extracts of marine organisms, number 2 significantly decreased
the activity of NS3 helicase (Table S1, Supporting Informa-
tion), suggesting the presence of a potential NS3 helicase
inhibitor. The presence of 1'® was identified in sample 2 by
comparing its NMR spectra with those previously reported for
1.2 We then examined the activity of commercially available 1
against NS3 helicase. We found that the inhibition of NS3
helicase activity by 1 corresponded to that seen with the extract,
indicating that 1 provides the main helicase inhibitory activity
of sample 2 (data not shown).

651

To confirm the inhibitory activity of 1 against NS3 helicase,
we examined the effect of 1 in an RNA helicase assay using 3P-
labeled dsRINA as a substrate. As shown in Figure 1A, 1
inhibited the dsRNA unwinding, with an approximate IC,
value of 15 uM.

To determine the effect of 1 on ATPase activity of NS3, we
measured the released inorganic phosphate from radioisotope-
labeled ATP. The hydrolysis of ATP catalyzed by NS3 was
inhibited in a dose-dependent manner by 1 (Figure 1B and C)
with an ICyq value 70 uM. Next, we examined the effects of 1 at
varying ATP concentrations with fixed amounts of NS3 (300
nM) and poly(U) RNA (0.1 pg/uL) to determine whether 1
competes with ATP for the same binding site on NS3. The
Lineweaver—Burk equation was used to determine K, value in
the presence and absence of 1. In Figure 2, the intercepts of the
x-axis and the y-axis on the Lineweaver—Burk double reciprocal
plot indicate —1/K, and 1/V,, respectively. The Line-
weaver—Burk double reciprocal plot showed that the apparent
K, value was not changed by 1. In contrast, V. was altered in
the presence of 1. These data indicate that 1 exhibits
noncompetitive-type inhibition.

We also determined the effects of 1 on the ATPase activity of
human DHX36/RHAU, a putative RNA helicase whose
ATPase activity is required for mRNA deadenylation and
degradation.”® Manoalide (1) inhibited the ATPase activity of
DHX36/RHAU at the same concentration of 1 required to
inhibit the ATPase of NS3 (Figure 3A). Both proteins belong
to superfamily 2 (SF2), and they share a catalytic core with high
structural similarity to a helicase motif (Figure 3B).** Our
results suggested that 1 binds to the conserved helicase motif
and interferes with the ATPase of helicases.

As binding of NS3 to single-stranded regions of substrate
RNA is required for its unwinding activity, we tested whether 1
inhibits the binding of NS3 to ssRNA. We employed a gel
mobility shift assay (GMSA) to determine the binding activity
of NS3 to human lethal-7 (let-7) microRNA precursor ssRNA.
We found that NS3 binding to ssRNA was inhibited by 1
(Figure 4, lane 4). Because poly(U) RNA enhances the ATPase
activity of NS3,”® there is a possibility that the inhibition of
NS3 ATPase activity by 1 is caused by inhibition of poly(U)
RNA binding. To test this possibility, we performed an ATPase
assay in the absence of poly(U) RNA (Figure 5). ATPase
activity of NS3 was inhibited by 1 in the absence of poly(U)
RNA, ruling out this possibility.

Drugs targeting the unwinding activity could act via one or
more of the following mechanisms:*® (a) inhibiting ATPase
activity by interfering with ATP binding and therefore limiting
the energy available for the unwinding, (b) inhibiting ATP
hydrolysis or release of ADP by blocking opening or closing of
domains, (c) inhibiting RNA (or DNA) substrate binding, (d)
inhibiting unwinding by sterically blocking helicase trans-
location, or (e) inhibiting coupling of ATP hydrolysis to
unwinding. This study shows that 1 inhibits the ATPase and
RNA binding capability of NS3, suggesting that 1 may possess
two modes of inhibitory action on NS3 activity. Structural
analysis of NS3 revealed that the regions contacting the
substrate RNA binding domain and the ATP binding domain
are located on opposite faces and are not close to each other.”’
As 1 is a small molecule, it cannot simultaneously mask the
RNA binding domain and ATP binding domain. Therefore, we
speculate that 1 binds to a certain core helicase motif and
interferes with the ATPase through a structural change of the
helicase domain (Figure 6 and Figure S1, Supporting

drdoiorg/10.1021/np200883s | L. Nat. Prod. 2012, 75, 650-654

=0



Journal of Natural Products

A B = Cc
i Kanoabae (M) x F3 .
z =z S =
E X = 3
£ 0 1020 50 100 z = 2 -
o
=
e
o e EDURRR - SR
L4 ;
: € ' i
= essons (00 OOD Plere £ £ &
k- ?
. T = = = 44— COrign &
1 2 3 § 5 6 7 T2 9 4 5 &

Mar;oalsde {mM}

Figure 1. Inhibition of NS3 helicase and ATPase activity by manoalide. (A) The inhibitory effect of manoalide on NS3 helicase activity was
determined as described in the Experimental Section. Lane 1 shows the heat-denatured ssRNA (26-mer), and lane 2 shows the partial duplex RNA
substrate. Lanes 3—7 show the reactions containing NS3 (300 nM) with increasing concentrations of manoalide (lane 3, 0 uM; lane 4, 10 uM; lane
5,20 uM; lane 6, S0 uM; lane 7, 100 pM). (B) The reaction mixtures were incubated with [-**P] ATP as described in the Experimental Section.
Lane 1 contains a control reaction mixture in the absence of NS3 and poly(U) RNA. Lane 2 shows the reaction mixture containing only NS3 (300
nM) and 5% DMSO. Lanes 3—6 show the NS3 reaction with increasing concentrations of manoalide (fane 3, 0.1 mM; lane 4, 0.2 mM; lane §, 0.3
mM; lane 6, 0.4 mM).The origin, migration of input ATP, and NS3-hydrolyzed inorganic phosphate (Pi) are indicated on the right side of the figure.
(C) The experiment shown in panel B is represented graphically. Hydrolytic activity in the absence of inhibitor was taken as 100%. Experiments were
conducted independently three times, and their means + standard deviations were included at each point. An ICg, of manoalide of 70 uM was
calculated from this figure.
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Figure 2. Kinetic profile of manoalide on the inhibition of NS3 8 '3 %

ATPase activity. Reactions were performed in 25 mM MOPS-NaOH
(pH 7), 1 mM DTT, $ mM MgCl,, 5 mM CaCl,, 300 nM NS3, and
0.1 pg/uL poly(U) RNA at various [y-**P] ATP concentrations (1, 2,
4, and 8 mM) in the presence of the indicated concentrations of
manoalide (0 mM manoalide, filled circles; 0.1 mM manoalide, filled
triangles).

Figure 4. Gel mobility shift assay for the inhibition of NS3 RNA
binding. GMSA was performed as described in the Experimental
Section. Lanes 1—4 show the GMSA with 1 nM labeled let-7 ssRNA.
Heat-denatured RNA alone (lane 1), 300 nM BSA (lane 2), 300 nM
NS3 (lane 3), 300 nM NS3 + 0.1 mM manoalide (lane 4).
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Figure 3. Inhibition of DHX36/RHAU ATPase activity. (A) Reactions were incubated in a buffer solution (50 mM MOPS [pH 7], 2 mM DTT, 3
mM MgCl,) containing 0.5 uL of RHAU, 0.1 ug/uL poly(U) RNA, 0.1 mM manoalide, and 0.1 mM [y-**P] ATP at 37 °C for 30 min. Black and
white bars indicate reactions performed in the absence (5% DMSO) or presence of manoalide, respectively. The data are means + standard
deviations of triplicate assays. (B) Schematic overview of NS3 and RHAU structures. Sequence alignment was carried out on CLUSTALW (http://
www.genome.jp/tools/clustalw/). Black box indicates the helicase core domain conserved in SF2 helicases. The numbers indicate amino acid
residues.
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Figure 5. Effects of manoalide on NS3 ATPase activity in the absence
of poly(U) RNA. Reaction mixtures contained 25 mM MOPS—NaOH
(pH 7), 1 mM DTT, 5 mM MgCl,, 5 mM CaCl,, 600 nM NS3, and
0.1 mM manoalide. These were incubated with 1 mM [y-*P] ATP in
the absence of poly(U) RNA at 37 °C for 60 min. Black and white bars
indicate that the reactions were performed in the absence (5%
DMSO) or presence of manoalide, respectively. The data are means =
standard deviations of triplicate assays.
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Figuare 6. Isothermal denaturation assay (ITD). The ITD assay was
performed in 25 mM MOPS—NaOH (pH 6.5), 10X concentrated
SYPRO orange, and 240 nM NS3 helicase in 20 L of reaction mixture
with the indicated increasing concentrations of manoalide. The data
are means =+ standard deviations of triplicate assays.

Information). To test this idea, we have carried out an
isothermal denaturation (ITD) assay, which can assess the
stability of proteins at temperatures below the melting
temperature and detect the binding of liga.nds.28 The ITD
assay was employed by detecting the increase of fluorescence
intensity with the structural change of NS3 as described
previously.” Figure 6 shows that the fluorescence intensity
increased in a dose-dependent manner, strongly suggesting that
the NS3 structure was changed by the addition of 1. This result
supports the idea that 1 inhibits NS3 activities through the
structural changes by direct binding.

Manoalide (1) was originally isolated as an inhibitor of beta-
bungarotoxin and phospholipase A,** but was later found to
inhibit calcium channels'® and S-lipoxygenase.'® The hemi-
acetal in the dihydropyran ring of 1 has been shown to be
required for the inhibition of phospholipase A,.>! So far, we do
not know if the hemiacetal is also essential for the inhibition of
NS3. We speculate that acetal formation between a hemiacetal
residue of 1 and a serine and/or threonine residue of the
helicase core domain, which contains many evolutionally
conserved serine and threonine residues, may occur. Future
structural and functional analyses will reveal the essential

653

structure of 1 required to inhibit NS3, allowing the develop-
ment of specific inhibitors to NS3 but not phospholipase A,.

B EXPERIMENTAL SECTION

Preparation of Extracts from Marine Organisms. Specimens
of marine sponges were collected in Okinawa, Japan (Table SI,
Supporting Information). The specimens were extracted three times
with either EtOH or acetone, and the EtOAc-soluble portions were
obtained after concentration and partition.

Chemicals. Manoalide was purchased from Santa Cruz Bio-
technology. y-?P-ATP and y-**P-ATP were purchased from
Muromachi Yakuhin and PerkinElmer, respectively. Let-7 ssRNA
was synthesized by Gene Design Inc. Poly (U) RNA was obtained
from Sigma-Aldrich.

High-Throughput Screening of NS3 Helicase Inhibitors. The
fluorescence helicase activity assay based on photoinduced electron
transfer was performed as described in our previous study®’ with
modifications of the substrate and the composition of the reaction
mixture.

The substrate was prepared as dsRNA by annealing, at a 1:2 molar
ratio, a 5’ BODIPY FL-labeled 37-mer (5~CUAUUACCUCCACC-
CUCAUAACCUUUUUUUUUUUUUU-3) to a 23-mer (GGUUAU-
GAGGGUGGAGGUAAUAG). When unwound by HCV NS3
helicase, the unlabeled ssRNA is captured by a DNA capture strand
(5-CTATTACCTCCACCCTCATAACC-3). A fluorescent-dye-la-
beled oligonucleotide was purchased from J-Bio 21 Corporation.
BODIPY FL was attached to the 5-end via an aminohexylphosphate
linker with a six-carbon spacer. Unlabeled oligonucleotides were
purchased from Japan Bio Services Co., Ltd.

The continuous fluorescence assay was performed in 25 mM
MOPS—NaOH (pH 6.5), 3 mM MgCl,, 2 mM DTT, 4 U RNasin
(Promega), 50 nM dsRNA substrate, 100 nM DNA capture strand,
and 5 mM ATP in 20 uL of reaction mixture. The diluted extracts in
DMSO were added (2 uL) to the reaction mixtures to a final
concentration of 15—35 pg/mL. The reaction was started by adding
240 nM HCV NS3 helicase, which was expressed and purified as
described previously,* and performed at 37 °C for 30 min using a
LightCycler 1.5 (Roche). The fluorescence intensity was recorded
every 5 s from 0 to 5 min and then every 30 s from 5 to 30 min. The
activity of NS3 helicase was calculated as the initial reaction velocity.
Inhibition was calculated relative to the control value examined
without inhibitors but with DMSO.

ATPase Assay. NS3 ATPase activity was directly determined by
monitoring [7-**P] ATP hydrolysis by thin-layer chromatography. The
assays were performed as previously described®® with slight
modifications. Unless otherwise specified, the standard assay mixture
contained 25 mM MOPS—Na0H (pH 7.0), 1 mM DTT, 5§ mM
MgCl,, 5 mM CaCl,, 1 mM [y-**P] ATP (PerkinElmer), 300 nM NS3,
and 0.1 pg/pL poly(U) with the indicated increasing concentrations of
manoalide in a reaction volume of 10 uL. Reactions were conducted at
37 °C for 10 min and stopped by the addition of stop solution (10
mM EDTA). A 2 L amount of each reaction mixture was spotted
onto polyethyleneimine cellulose sheets (Merck) and developed in
0.75 M LiCl/1 M formic acid solution for 20 min. The cellulose sheets
were dried, and released [*P] phosphoric acid was visualized with an
FLA-9000 image reader and quantified by Multi Gauge V3.11 software
(Fujifilm).

RNA Binding Assay. RNA binding was determined by a gel
mobility shift assay.*® First, let-7 ssRNA (5-“UGAGGUAGUAGGUU-
GUAUAGU-3") was labeled at the 5-end with [p-¥*P] ATP
(Muromachi) using T4 polynuclectide kinase (Toyobo) at 37 °C
for 60 min and purified by the phenol-chloroform extraction method.
Each 20 pL of reaction mixture contained 30 mM Tris-HCI (pH 7.5),
100 mM NaCl, 2 mM MgCl,, 1 mM DTT, 20 units of RNasin Plus
(Promega) that was incubated with 300 nM NS3, 1 nM let-7 labeled
ssRNA, and 0.1 mM manoalide at room temperature for 15 min. An
equal volume of dye solution [0.025% bromophenol blue, 10%
glycerol in 0.5X Tris/borate/EDTA (TBE)] was added to each
reaction mixture and loaded onto a 6% native-PAGE gel
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(acrylamide:bis = 19:1). The labeled RNA bands were visualized with
an FLA-9000 image reader (Fujifilm).

RNA Helicase Assay. The NS3 RNA helicase assay was performed
as described previously’> with some modifications. Briefly, the
substrate for annealing two complementary RNA oligonucleotides,
5-AGAGAGAGAGGUUGAGAGAGAGAGAGUUUGAGAGAGA-
GAG-3' (40-mer, template strand) and 5-CAAACUCUCUCUCU-
CUCAACAAAAAA-3' (26-mer, release strand), was purchased from
Shanghai GenePharma Co., Ltd. The release strand was labeled at the
5-end with [y-*P] ATP (Muromachi) using the T4 polynucleotide
kinase (Toyobo) at 37 °C for 60 min and purified by phenol-
chloroform extraction. The template and the labeled release strands
were annealed at a molar ratio of 3:1 (template/release), denatured at
80 °C for 5 min, and slowly renatured at 23 °C for 30 min in an
annealing buffer [20 mM Tris-HCl (pH 8), 0.5 M NaCl, 1 mM
EDTA]. The partial duplex RNA substrate was purified on a G-50
microcolumn (GE Healthcare) and stored at —20 °C in H,O
containing 0.25 U of RNasin Plus (Promega) per uL.

The inhibition assay of NS3 RNA helicase activity by manoalide was
conducted in 20 uL of helicase reaction mixture [25 mM MOPS—
NaOH (pH 7), 2.5 mM DTT, 2.5 U of RNasin Plus (Promega), 100
pg of BSA per mL, 3 mM MgCl,] containing 300 nM NS3 protein and
0.4 nM ¥P-labeled partial duplex RNA substrate with increasing
concentrations of manoalide (as indicated) and preincubated at 23 °C
for 15 min. After adding 5 mM ATP, the reaction was carried out at 37
°C for 30 min and stopped by adding 5 uL of helicase termination
buffer (0.1 M Tris [pH 7.5), 20 mM EDTA, 0.5% SDS, 0.1% Nonidet
P-40, 0.1% bromophenol blue, 0.1% xylene cyanol, 25% glycerol). The
inhibition of NS3 helicase activity was analyzed on a 10% native TBE
polyacrylamide gel, and the labeled RNAs were visualized with an
FLA-9000 image reader (Fujifilm).

Isothermal Denaturation Assay. The effect of manoalide on the
structure change of NS3 helicase was measured using the isothermal
denaturation assay.”® Briefly, the ITD assay was performed in 25 mM
MOPS—NaOH (pH 6.5), 10x concentrated SYPRO orange
(Molecular Probes, Eugene, OR, USA), and 240 nM NS3 helicase
in 20 puL of reaction mixture with the indicated increasing
concentrations of manoalide (Santa Cruz Biotechnology). While
SYPRO orange has a low quantum yield in an aqueous environment,
the fluorescence intensity increases when the dye binds to the
hydrophobic regions exposed upon unfolding of the enzyme. The
reaction was carried out in three replicates for each concentration of
manoalide at 37 °C for 15 min using a LightCycler 1.5 (Roche) with
the fluorescence intensity measured.
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