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ABSTRACT: The hepatitis C virus (HCV) causes one of the most
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-
throughput screening photoinduced electron transfer (PET) system
that we previously developed. Compound 1 inhibits the RNA
helicase and ATPase activities of NS3 in a dose-dependent manner,
with IC50 values of 15 and 70 μM, respectively. Biochemical kinetic analysis demonstrated that 1 does not affect the apparent Km
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.

Hepatitis C is an infectious liver disease caused by the
hepatitis C virus (HCV) that leads to liver fibrosis,

cirrhosis, and finally hepatocellular carcinoma in 2−4% of all of
cases.1 Liver transplantation is the only chance of survival at late
stage cirrhosis, resulting in significant increases in trans-
plantations in many countries. More than 170 million people
are infected with HCV, corresponding to 3% of the world’s
population, and 3 to 4 million people are infected each year.2−4

Overall, HCV contributes to between 50% and 76% of all liver
cancers and two-thirds of liver transplants in developed
countries.5 Today, HCV is one of the major global health
issues.
Current therapy with pegylated interferon-α 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
administration.6−8 Unfortunately, no vaccine is available due to
the fact that HCV is rapidly mutable, allowing the virus to
escape from the neutralizing antibodies, but attempts are

continuing. Therefore, novel antiviral drugs are urgently
needed.
HCV is a single-stranded positive sense RNA virus belonging

to the family Flaviviridae9,10 with seven genotypes and more
than 50 subtypes. The viral genome comprises about 9.6 kb
including a 5′-untranslated region (UTR) with an internal
ribosomal entry site, an open reading frame encoding a single
polyprotein of 3000 amino acids, and a 3′-UTR.11 The
polyprotein, in the sequence of C-E1-E2-p7-NS2-NS3-NS4A-
NS4B-NS5A-NS5B, undergoes co- and post-translational
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 NS5B are responsible for
viral replication. Among them, NS3 is a multifunctional protein
of 631 amino acids and two domains. The N-terminal domain
(aa 1−180) has serine protease activity, whereas the C-terminal
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domain (aa 181−631) exhibits RNA helicase activity.12,13 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 5′ 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-α and
ribavirin for the treatment of chronic genotype 1 HCV
infections.14,15 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 a marine natural product, first isolated in

the early 1980s from the sponge Luf fariella variabilis.16 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.17 Manaolide (1) was
reported as the first marine natural product inhibiting the
phospholipases A2 (PLA2s). PLA2s play an important role in
the inflammation process. To date 1 is the most investigated
marine PLA2 antagonist. It also inhibits calcium channels, 5-
lipoxygenase, and phospholipase C.18−20 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.

■ RESULTS AND DISCUSSION

To obtain potential NS3 helicase inhibitors from extracts of
marine organisms, we performed photoinduced electron
transfer (PET)-based high-throughput screening.21 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 116 was identified in sample 2 by
comparing its NMR spectra with those previously reported for
1.22 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).

To confirm the inhibitory activity of 1 against NS3 helicase,
we examined the effect of 1 in an RNA helicase assay using 32P-
labeled dsRNA as a substrate. As shown in Figure 1A, 1
inhibited the dsRNA unwinding, with an approximate IC50
value of 15 μM.
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 IC50 value 70 μM. Next, we examined the effects of 1 at
varying ATP concentrations with fixed amounts of NS3 (300
nM) and poly(U) RNA (0.1 μg/μL) to determine whether 1
competes with ATP for the same binding site on NS3. The
Lineweaver−Burk equation was used to determine Km 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/Km and 1/Vmax, respectively. The Line-
weaver−Burk double reciprocal plot showed that the apparent
Km value was not changed by 1. In contrast, Vmax 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.23 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).24 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 NS3,25 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:26 (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.27

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
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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 μM; lane 4, 10 μM; lane
5, 20 μM; lane 6, 50 μM; lane 7, 100 μM). (B) The reaction mixtures were incubated with [γ-32P] 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 (lane 3, 0.1 mM; lane 4, 0.2 mM; lane 5, 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 IC50 of manoalide of 70 μM was
calculated from this figure.

Figure 2. Kinetic profile of manoalide on the inhibition of NS3
ATPase activity. Reactions were performed in 25 mM MOPS−NaOH
(pH 7), 1 mM DTT, 5 mM MgCl2, 5 mM CaCl2, 300 nM NS3, and
0.1 μg/μL poly(U) RNA at various [γ-33P] 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 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 MgCl2) containing 0.5 μL of RHAU, 0.1 μg/μL poly(U) RNA, 0.1 mM manoalide, and 0.1 mM [γ-32P] 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.

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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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 ligands.28 The ITD
assay was employed by detecting the increase of fluorescence
intensity with the structural change of NS3 as described
previously.29 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 A2
30 but was later found to

inhibit calcium channels18 and 5-lipoxygenase.19 The hemi-
acetal in the dihydropyran ring of 1 has been shown to be
required for the inhibition of phospholipase A2.

31 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

structure of 1 required to inhibit NS3, allowing the develop-
ment of specific inhibitors to NS3 but not phospholipase A2.

■ EXPERIMENTAL SECTION
Preparation of Extracts from Marine Organisms. Specimens

of marine sponges were collected in Okinawa, Japan (Table S1,
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. γ-32P-ATP and γ-33P-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 study21 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 MgCl2, 2 mM DTT, 4 U RNasin
(Promega), 50 nM dsRNA substrate, 100 nM DNA capture strand,
and 5 mM ATP in 20 μL of reaction mixture. The diluted extracts in
DMSO were added (2 μL) to the reaction mixtures to a final
concentration of 15−35 μg/mL. The reaction was started by adding
240 nM HCV NS3 helicase, which was expressed and purified as
described previously,21 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 [γ-32P] ATP hydrolysis by thin-layer chromatography. The
assays were performed as previously described32 with slight
modifications. Unless otherwise specified, the standard assay mixture
contained 25 mM MOPS−NaOH (pH 7.0), 1 mM DTT, 5 mM
MgCl2, 5 mM CaCl2, 1 mM [γ-32P] ATP (PerkinElmer), 300 nM NS3,
and 0.1 μg/μL poly(U) with the indicated increasing concentrations of
manoalide in a reaction volume of 10 μL. Reactions were conducted at
37 °C for 10 min and stopped by the addition of stop solution (10
mM EDTA). A 2 μL 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 [32P] 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.33 First, let-7 ssRNA (5′-UGAGGUAGUAGGUU-
GUAUAGU-3′) was labeled at the 5′-end with [γ-32P] ATP
(Muromachi) using T4 polynucleotide kinase (Toyobo) at 37 °C
for 60 min and purified by the phenol-chloroform extraction method.
Each 20 μL of reaction mixture contained 30 mM Tris-HCl (pH 7.5),
100 mM NaCl, 2 mM MgCl2, 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 0.5× Tris/borate/EDTA (TBE)] was added to each
reaction mixture and loaded onto a 6% native-PAGE gel

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 MgCl2, 5 mM CaCl2, 600 nM NS3, and
0.1 mM manoalide. These were incubated with 1 mM [γ-32P] 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.

Figure 6. Isothermal denaturation assay (ITD). The ITD assay was
performed in 25 mM MOPS−NaOH (pH 6.5), 10× concentrated
SYPRO orange, and 240 nM NS3 helicase in 20 μL of reaction mixture
with the indicated increasing concentrations of manoalide. The data
are means ± standard deviations of triplicate assays.
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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 previously32 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 [γ-32P] 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 H2O
containing 0.25 U of RNasin Plus (Promega) per μL.
The inhibition assay of NS3 RNA helicase activity by manoalide was

conducted in 20 μL of helicase reaction mixture [25 mM MOPS−
NaOH (pH 7), 2.5 mM DTT, 2.5 U of RNasin Plus (Promega), 100
μg of BSA per mL, 3 mM MgCl2] containing 300 nM NS3 protein and
0.4 nM 32P-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 μL 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.29 Briefly, the ITD assay was performed in 25 mM
MOPS−NaOH (pH 6.5), 10× concentrated SYPRO orange
(Molecular Probes, Eugene, OR, USA), and 240 nM NS3 helicase
in 20 μL 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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