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Hepatitis C Virus (HCV) is a leading cause of liver disease and represents a significant public health
challenge. Treatments for this disease are inadequate and improved antiviral therapies are necessary.
Several such antivirals are in development, most of which target the well-characterized NS3 protease or
the NS5B polymerase. In contrast, the nonstructural 4B (NS4B) protein, though essential for HCV RNA
replication, has been the subject of few pharmacological studies. One of the functions ascribed to this

ﬁeé’\‘/"’ords" protein is the ability to form intracellular membrane-associated foci (MAF), which are believed to be
Inhibitor related to the sites of viral replication. Here, we report the identification of a small molecule that inhibits

NS4B HCV replication and disrupts the organization of these MAF. Genetic analysis links the compound’s mode
of action to the NS4B gene product, and transient transfections of NS4B-GFP demonstrate that treatment
with this compound can lead to the formation of novel elongated assemblies of NS4B. Furthermore, an in
vitro dynamic light scattering assay provides evidence that the second amphipathic helix of NS4B may
be the target of the drug. Our results demonstrate that this molecule represents a new potential class of

Amphipathic helix

HCV inhibitors and also provides us with a useful tool for studying the HCV life cycle.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Worldwide, 170 million people are infected with Hepatitis C
Virus (HCV), a (+) sense, single-stranded RNA virus (Pawlotsky,
2004). These individuals experience significant morbidity related
to their infection, and mortality rates are high. Moreover, treat-
ment options for this disease are inadequate for the majority of
patients. The standard of care regimen, which relies on pegy-
lated interferon-a plus ribavirin, is successful in only about 50%
of patients; moreover, it is associated with significant side effects
(Moradpour et al., 2007). Therefore, better antiviral therapies are
needed to address this public health problem.

As a better picture of the molecular biology of HCV has emerged,
a number of specific antivirals have been identified, and several
pharmaceuticals that target the viral nonstructural proteins NS3
and NS5B have progressed into phase II clinical trials (Manns et
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al., 2007). Notably, resistant mutants have already been observed
for both these types of compounds (Mo et al., 2005); therefore,
it is likely that a combination of antivirals will provide the best
sustained response in patients.

One potential target for a complementary antiviral is the
HCV nonstructural 4B (NS4B) protein. Several functions have
been ascribed to this protein, including the ability to rearrange
cellular membranes into a so-called membranous web, visual-
izable through electron microscopy and believed to represent
the viral replication platform (Egger et al., 2002), and to form
membrane-associated foci (MAF), believed to reflect, in part, the
light microscopic equivalent of the membranous web (Gretton et
al.,, 2005). Furthermore, NS4B can bind and hydrolyze GTP (Einav et
al., 2004), bind to HCV RNA (Einav et al., 2008), and interact physi-
cally with other nonstructural components of the HCV replication
complex (Gao et al., 2004). Any one of these functions represents a
potential target for pharmacological disruption.

Recently, Chunduru et al. have identified 23 small molecules that
bind to NS4B with a dissociation constant (Kp) to NS4B of 5 uM or
less (Chunduru et al., 2005). Of those leads, 4 molecules were shown
to inhibit HCV replication with an ECsg of 1 WM or less, as measured
by an ELISA for NS5A protein levels. Here, we focus on one of these
compounds, which we designate “anguizole.” We show that this
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compound indeed inhibits HCV RNA replication with little toxic-
ity to host cells. Furthermore, we provide genetic and biochemical
evidence that NS4B is the target of this drug, and we demonstrate
that this compound can disrupt the subcellular distribution of MAF.
Finally, our in vitro dynamic light scattering assay suggests that the
second N-terminal amphipathic helix (AH2) of NS4B interacts with
this compound, and we identify a mutation in the N-terminal region
that confers resistance to the drug.

2. Materials and methods
2.1. DNA constructs and peptides

Standard recombinant DNA technology was used to clone all
constructs. The plasmid pEF-NS4B-GFP was cloned previously
(Einav et al., 2004). To generate the H94R mutation in this con-
struct, site-directed PCR mutagenesis was performed as described
(Einav et al., 2004). The first round of amplification used the
primer sets [pEF-6879F, 5'-GGCCAAGATCTGCACACTGGTATT-3/,
to H94R R, 5'-TAAACAGGAGGGTACGTTGGGTGGTGAGCGG-3'] and
[H94R_F, 5'-CCGCTCACCACCCAACGTACCCTCCTGTTTA-3’, to pEF-
1783R, 5'-AGGCTGATCAGCGGGTTTA-3']. The second round of PCR
amplification was achieved using the primer set pEF-6879F to pEF-
1783R.

The Bart-Luciferase plasmid, Bart79ILuc*, was cloned from the
Bart79l parent (Einav et al., 2004), an HCV genotype 1b Conl
sequence containing the adaptive mutation S2204I, and the pGL3-
Basic parent (Promega) as follows. A Notl site was introduced
after the 15th amino acid of Core in Bart79I using PCR mutagen-
esis. The luciferase gene was PCR amplified from the pGA3Basic
plasmid using the primers NotLucS, GAATGCGGCCGCAATGGAA-
GACGCCAAAAACATAAAG, and LucDraAS, CGATTTAAATTACACG-
GCGATCTTTCCGCCC. The PCR product was ligated into the Bart79I
plasmid following restriction digestions of both components with
Notl and Dral. In addition, the Scal restriction site in the Luciferase
coding region was removed by introducing a silent mutation into
the site by PCR mutagenesis.

A peptide comprising the second amphipathic helix
region of the genotype 1b NS4B protein was synthesized
(Anaspec). This peptide, Pep4BAH2, contained the sequence,
H-WRTLEAFWAKHMWNFISGIQYLA-NH,.

2.2. Drugs and antibodies

7-[Chloro(difluoro)methyl]-5-furan-2-yl-N-(thiophen-2-
ylmethyl)pyrazolo[1,5-a]pyrimidine-2-carboxamide  (Chemical
Block A2828/0119446), which we refer to here as anguizole,
was solubilized in DMSO, and aliquots of 10mM stocks were
maintained at —20°C. Immediately prior to use, these stocks
were diluted to 200-fold the desired final concentration, and this
solution was added directly to the dishes.

Reagents used for fluorescence microscopy included the fol-
lowing antibodies: rabbit anti-calnexin (Stressgen SPA-860) rabbit
anti-PDI (Stressgen SPA-890), mouse anti-a-tubulin (SigmaT9026),
and Alexa Fluor® 594 conjugated secondary antibodies (Invitrogen
A11012, A21044). Actin filaments and mitochondria were visual-
ized with phalloidin-TRITC (Sigma P1951) and the Mitotracker dye
(Invitrogen M7512), respectively.

2.3. Cell culture, NS4B-GFP transfections, and fluorescence
microscopy

Cells of the human hepatoma cell line, Huh7.5, were cultured in
monolayers as described (Sklan et al., 2007), with media consisting
of DMEM (Mediatech) supplemented with 1% L-glutamine (Medi-
atech), 1% penicillin, 1% streptomycin (Mediatech), and 10% fetal

bovine serum (Omega Scientific). Transfections of pEF-NS4B-GFP
constructs were performed with Lipofectamine-2000 (Invitrogen),
according to the manufacturer’s instructions. Following transfec-
tion, the cells were cultured in standard media containing 5 uM
anguizole and 0.5% (70mM) DMSO. Controls were cultured in
media containing 0.5% DMSO. Unless noted otherwise, the cells
were treated for 48 h, fixed in 4% formaldehyde, and mounted with
Prolong® Gold antifade reagent with DAPI (Invitrogen). Slides were
visualized under a Nikon E600 fluorescence microscope and images
were captured with a SPOT digital camera and Openlab image
acquisition software (Improvision).

Immunofluorescence was performed as above and as described
(Matto et al., 2004), with the following variations: following fixa-
tion, cells were permeabilized with 0.2% saponin, and subcellular
structures were visualized using the primary antibodies, rab-
bit anti-calnexin (1:1000), rabbit anti-PDI (1:2000), and mouse
anti-a-tubulin (1:1000), followed by the appropriate secondary
antibody (1:600). Actin was visualized with TRITC-conjugated phal-
loidin (50 pg/mL), and mitochondria were visualized with the
Mitotracker mitochondrial dye (100 nM), according to the manu-
facturer’s instructions.

2.4. Stable luciferase replication assays

The ET cell line was established by stably transfecting
Huh7 cells with RNA transcripts harboring a firefly luciferase-
ubiquitin-neomycin phosphotransferase fusion protein and EMCV
IRES-driven genotype 1b Conl NS3-5B polyprotein containing
the cell culture adaptive mutations E1202G, T1280I, and K1846T
(Lohmann et al., 2003). Cells were plated at 0.5-1.0 x 10% cells/well
in 96-well plates and incubated for 24 h. Then, anguizole was
added to the cells to achieve 10 final concentrations ranging from
0.097 to 50 wM. Luciferase activity was measured 48 h later by
adding a lysis buffer and the substrate (Promega E2661 and E2620).
Under the same conditions, cytotoxicity of the compounds was
determined using the cell proliferation reagent, WST-1 (Roche),
according to the manufacturer’s instructions. Percent inhibition
of replication was determined relative to a no compound con-
trol. ECsq values were calculated using the equation: % inhibition =
100%/[1 + 10U°8ECs0-logDb| where b s Hill's coefficient.

2.5. Transient luciferase replication assays

Bart-Luciferase RNA was generated by linearizing the
Bart79ILuc* vector with the Scal restriction enzyme (NEB).
Subsequently, in vitro transcription was performed with the
Megascript T7 kit according to the manufacturer’s instructions
(Ambion).

In vitro-transcribed Bart-Luciferase RNA was transfected
into Huh7.5 cells by electroporation, as previously described
(Lindenbach et al., 2005). Briefly, 5 g of RNA was transfected
into 6 x 106 cells with five 99 s pulses at 0.82kV over 1.1, using
a BTX-830 electroporator. Cells were seeded into 6-well plates
at 3 x 10° cells/well. For EC5y measurements, serial dilutions of
anguizole were added to each well to achieve six final concentra-
tions of anguizole ranging from 0.001 to 3.125 uwM (WT) or 0.01
to 10.24 pM (H94R), while the percentage of DMSO in each well
remained constant, at 0.5%. Luciferase activity was measured after
5 days of treatment.

For comparing replication kinetics between the wild-type and
H94R replicons, Bart-Luciferase RNA from the wild-type or mutant
constructs was electroporated into Huh7.5 cells as above. Bart-
Luciferase RNA of a construct containing an NS5B polymerase lethal
mutation (Einav et al.,2004) served as a negative control. Cells were
seeded into 6-well plates at either 5-, 3-, or 1.5 x 10° cells/well.
Cells were lysed at 48-h timepoints throughout a 6-day experiment.
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Prior to lysis of each sample, cell viability was measured with
the alamarBlue® reagent (TREK Diagnostic Systems), according to
the manufacturer’s recommendations.

Relative levels of replication were measured using the Luciferase
Assay System (Promega). Briefly, cells were lysed in 150 L Cell
Culture Lysis Buffer, scraped from the well, transferred into micro-
centrifuge tubes, and centrifuged at 16,000 x g for 1 min. 20 pL of
the resulting supernatant was mixed with 100 pL of the firefly
luciferase assay buffer containing the assay substrate, and lumi-
nescence was measured using a Berthold LB 96 V luminometer.

In all cases, replication levels were normalized to viability
measurements. ECso values were determined by fitting nor-
malized replication data points to the equation Y = Bottom +
(Top-Bottom)/1 + 10%-1°8 ECs0)| using the Graphpad Prism soft-
ware (GraphPad Software).

2.6. Analysis of resistance mutants

Mutations conferring resistance to anguizole treatment were
identified as previously described (Trozzi et al., 2003). Briefly, ET
cells stably harboring a subgenomic genotype 1b HCV replicon were
cultured in T150 flasks with standard Huh7.5 media containing
either 1.5 or 3 uM of anguizole and 1 mg/mL G418 for 3-4 weeks.
An initial round of cell death was followed by proliferation of repli-
con cells in the presence of the compound. RNA was extracted
from the cells with Trizol (Invitrogen), according to the manufac-
turer’s protocol. RNA was then electroporated into 4 x 10° cells of
the human hepatoma cell line, Huh-Lunet, with a Bio-Rad Gene
Pulser at 270V, 960 wF and infinite resistance. Transfected cells
were plated in 25 cm? dishes and selected with 1 mg/mL G418 and
1.5 or 3 uM of anguizole until colonies proliferated (3-5 weeks).
Colonies were picked and propogated until growth had exceeded
a T25 flask, approximately 1-2 weeks. Cells were then trypsinized
and lysed in Trizol. RNA was isolated according to the manufac-
turer’s instructions. HCV replicon RNA was reverse-transcribed and
amplified with Superscript II (Invitrogen), using a primer specific
to the HCV 3’UTR, and NS4B was amplified using gene-specific
primers. The PCR product was cloned, sequenced, and compared
to wild-type NS4B sequence.

2.7. Dynamic light scattering (DLS)

Unilamellar light vesicles were prepared using the extrusion
method, as previously described (Cho et al., 2007). Vesicle size
distribution was determined by quasi-elastic dynamic light scat-
tering (DLS) as previously described (Kolchens et al., 1993). Briefly,
DLS measurements were performed by a 90Plus particle size ana-
lyzer from Brookhaven Instrument Corp. (Kolchens et al., 1993)
and results were analyzed by digital autocorrelator software
(Brookhaven Instruments Corp.). All measurements were taken at
a scattering angle of 90°, where the reflection effect is minimized.
The hydrodynamic diameter of the vesicles was determined via
non-negatively constrained least squares fitting (Kolchens et al.,
1993). The lipid and peptide concentrations for DLS measurements
were 300 and 13 M, respectively. For inhibitor experiments, either
anguizole or clemizole was first incubated with the peptide ata 2:1
molar ratio. Then, the mixture was added to the lipid vesicles. All
of the experiments were thermostatically controlled at 25°C.

3. Results
3.1. The small molecule, anguizole, inhibits HCV RNA replication

Chunduru et al. (2005) have recently performed a large-scale
screen for small molecules that could bind to recombinant NS4B.
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Fig. 1. A small molecule inhibits HCV replication. (A) Structure of the compound,
referred to as “Anguizole,” which was originally reported as a ligand of NS4B
(Chunduru et al., 2005). (B) Mean 50% effective concentrations (ECsg) of the com-
pound were determined by treating luciferase-linked HCV replicons with various
concentrations of anguizole and assaying luciferase activity as a measure of HCV
replication. Pictured above is a representative experiment for genotype 1b, in which
anguizole concentrations ranging from 0.0001 to 7.2 wM were tested. Replication
and cell viability levels are reported as a percentage of the nontreated control. The
mean ECsy was 310 nM, while the CCso was greater than 50 wM. Each data point is
the mean of three replicates, and error bars indicate SEM.

This assay was based on monitoring changes in intrinsic pro-
tein fluorescence of recombinant NS4B as an indirect measure
of candidate ligand binding. One of the compounds identified in
the screen, 7-[chloro(difluoro)methyl]-5-furan-2-yl-N-(thiophen-
2-ylmethyl)pyrazolo[1,5-a]pyrimidine-2-carboxamide, is shown
inFig. 1A, and is hereon referred to as “anguizole”. In the screen, this
compound was shown to inhibit HCV protein expression, as deter-
mined by an ELISA-based HCV replication assay. Initially, we sought
to confirm that anguizole does indeed possess specific anti-HCV
activity in the HCV replicon system.

Luciferase-linked HCV replicons were treated with various con-
centrations of anguizole, and luciferase activity was assayed as
a measure of HCV replication. A representative experiment test-
ing genotype 1b is shown in Fig. 1b. Treatment with anguizole
significantly inhibited viral RNA replication in both genotype 1b
and 1a replicons. The mean 50% effective concentration (ECsg) of
the compound in genotype 1b was 310nM and in genotype 1a
was 560 nM. Anguizole appeared to have no significant cytotoxic
effect at the concentrations studied, with a mean 50% cytotoxicity
concentration (CCsg) of >50 M, as measured by the cell prolif-
eration reagent, WST-1 (Roche). Notably, we found that the ECsq
for genotype 2a replicons was >50 M, the highest concentration
tested, suggesting that this compound’s effect on viral replication
may be genotype-specific. As a control for the sensitivity of our
replicon cell line, we tested these replicons with a control com-
pound, 1-{[6-carboxy-2-(4-chlorophenyl)-3-cyclohexyl-1H-indol-
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Fig. 2. Resistant mutations map to NS4B. Colony formation assays were performed at either 5 or 10 times the ECs, for this compound. Replicating colonies were isolated and
cDNA from these colonies was sequenced. (A) Several point mutations in the genotype 1b NS4B coding region were identified in resistant colonies. Colonies containing such
mutations and the stringency of selection are indicated. At the top are listed the wild-type amino acid found at the indicated location in the NS4B polypeptide sequence.
Observed mutations are listed below. Highlighted is the most common mutation observed, a mutation of NS4B’s 94th amino acid - corresponding to the HCV polyprotein’s
1805th amino acid - from a histidine to either an arginine or an asparagine. (B) A predicted topology of the NS4B protein, as modified from (Lundin et al., 2006). The location
of the H94 mutation is indicated. Two predicted N-terminal amphipathic helices are shown (AH1 and AH2), as are the four predicted transmembrane domains (TM1-4).

1-yl]acetyl}-N,N-diethylpiperidin-4-aminium chloride, previously responsible for the phenotypic resistance to anguizole, the H94R
reported as compound 55 in Harper et al. (2005). We measured the mutation was cloned into a firefly luciferase-linked HCV reporter

ECs of this compound to be 0.5 wM in our cell line, as compared to construct and electroporated into Huh7.5 cells. The cells were
the 0.13 wM value previously reported. then dosed with various concentrations of anguizole solubilized

in DMSO, and cells were treated with DMSO alone as a negative
3.2. Mutations conferring resistance to anguizole map to NS4B control. Luciferase expression levels were measured after 5 days of

treatment. As shown in Fig. 3A, the replicon harboring the H94R

In order to determine anguizole’s mechanism of action, we first mutation was indeed much less sensitive to anguizole treatment
sought to obtain genetic evidence that anguizole interacts with ~ (EC50=7-5 pM, 95% C]=3'2°_17'4 M), relative to the wild-type
NS4B. Therefore, we selected anguizole-resistant mutants. Geno- replicon (ECso =0.20 mM, 95/0 Cl =0.0§—O.52 wM).
type 1b replicon cells were grown in the presence of the drug T.o evaluate the replication capacity qf the H94R NS4]$ mutant
at either 5- or 10-fold the ECsg, and resistant colonies were iso- repllcop, nontfeated WT and H94R replicons were monltored. as
lated and propagated. RNA was extracted from 18 colonies, and 2 function of time over the course of 6 days post-electroporation
the NS4B coding region was reverse-transcribed, amplified, and (Fig. 3B). Replication kinetics of the luciferase-linked H94R repli-

sequenced. Several mutations within NS4B were identified in the conwere 51m11ar. to Fhose of the wild-type replicon; however, the

resistant colonies (Fig. 2A), while no NS4B mutations were observed ~ €fficiency of replication was roughly twofold lower for the mutant.

in untreated replicon cells grown in parallel Therefore, the H94R mutation appears to confer a fitness cost on
Present in 14 of the 18 isolated clones, the most commonly ~the replication of the virus. i

selected mutation conferring anguizole resistance was a substi- Taken together, these findings suggest that anguizole does not

tution of histidine to either arginine (H94R) or asparagine in ~ merely target NS4B in vitro, but also likely in the context of viral
position 94 of the NS4B amino acid sequence, corresponding to replication in cells; furthermore, its antiviral activity appears to
position 1805 of the HCV polyprotein. To confirm that it was depend on the sequence of NS4B.
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Fig. 3. Characterization of the H94R resistance mutation. (A and B) Transient luciferase replication assays were performed with genotype 1b HCV replicon constructs
containing either a histidine (WT, black) or an arginine (H94R, dark gray) at amino acid 94 in the NS4B sequence. (A) Luciferase assays were performed following 5 days of
treatment with various concentrations of anguizole. Replication levels (RLU) are shown relative to the maximal luminescence observed for each electroporation, and they
are normalized to cell viability measurements for each sample. ECso values were calculated to be 0.20 wM for WT and 7.5 wM for the H94R mutant. (B) Replication kinetics
were tested for these constructs, along with a polymerase defective control (Pol-, light gray), over a 6-day period in the absence of anguizole. Replication levels are shown
relative to the maximal luminescence observed for all electroporations. Compared to wild-type, the H94R mutant is impaired in its replication ability. Each data point is the
mean of three replicates and error bars represent SEM.
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Fig. 4. Anguizole alters the subcellular distribution of NS4B-GFP in transiently transfected cells. Huh7.5 cells were cultured in the absence (A, D, and F) or presence (B, C, E,
and G) of 5 uM anguizole, either alone (F and G) or following transfection with NS4B-GFP (A, B, and C) or GFP-NS5A (D and E). (A) In nontreated cells, NS4B-GFP displays an
ER-associated pattern of localization, along with several membrane-associated foci (MAF) of varying size throughout the cytoplasm. (B and C) In the presence of anguizole,
NS4B-GFP appears to form elongated, curved structures (“snakes”), most commonly observed to be small and dispersed (B), but occasionally observed to be dramatically
long (C). (Insets of A and B) Zoomed-in images highlight the differences in shape and length between MAF and snakes. (D and E) The distribution pattern of a GFP-NS5A
fusion protein is equivalent in untreated (D) and treated (E) samples. (F and G) The pattern of calnexin staining is equivalent in untreated (F) and treated cells (G). Scale bars

represent 50 pm.

3.3. Anguizole treatment leads to an altered subcellular
distribution pattern of the NS4B protein

Having obtained genetic evidence that NS4B is the target of
this drug, we sought to examine functions of NS4B that might
be affected by the compound. One of these potential functions is
NS4B’s ability to assemble into membrane-associated foci (MAF)
that are believed to correlate to the sites of viral replication (Gretton
et al, 2005). We hypothesized that anguizole might alter the
integrity of the MAF.

To test this hypothesis, a plasmid expressing NS4B fused in
frame with a C-terminal green fluorescent protein (GFP) was trans-
fected into Huh7.5 cells. As shown in Fig. 4, cells treated with 5 uM
anguizole for 48 h displayed a NS4B distribution pattern distinct
from the MAF visible in nontreated cells. Rather than appearing
as small foci (Fig. 4A), a significant amount of the NS4B proteins

in these treated cells appeared to form elongated snake-shaped
structures (Fig. 4B and C). As shown in the insets, these “snakes”
were both longer and shaped differently than the MAF observed in
nontreated cells, suggesting that anguizole treatment can alter the
distribution pattern of NS4B MAF.

Notably, there was variation in the extent of the snake phe-
notype. A pattern resembling a network of extremely elongated
snakes (Fig. 4C) was visible in rare cells, while moderately elon-
gated snakes (Fig. 4B) were visible in roughly one-fifth of the cells
expressing NS4B. In the remaining cells in which NS4B-GFP was
expressed, the distribution pattern of NS4B-GFP either adopted
a diffuse cytoplasmic pattern (Fig. S1A) or displayed a pattern of
small, bright foci (Fig. S1B) unlike the MAF observed in untreated
cells.

To test the specificity of anguizole’s interaction with NS4B, we
examined the effect of anguizole treatment on another viral protein



6 P.D. Bryson et al. / Antiviral Research 87 (2010) 1-8

and on subcellular structures in Huh7.5 cells. First, when we treated
cells expressing an NS5A-GFP fusion protein, no snake-like struc-
tures were observed (Fig. 4E). Also, when markers of the ER, actin
filaments, microtubules, or mitochondria were visualized, no dif-
ferences between the cellular structure of treated and nontreated
cells were observed, both in cells transfected with NS4B-GFP and in
those not transfected (Figs. 4G and S2). Therefore, we hypothesized
that the observed effect is likely the result of a specific interaction
between anguizole and the NS4B protein. In total, these data show
that anguizole specially impairs a function of NS4B—its ability to
assemble into the typical MAF distribution pattern.

3.4. Aresistance mutation also alters the subcellular distribution
pattern of the NS4B protein

Having identified a mutation in NS4B that confers resistance to
anguizole treatment, we hypothesized that this mutation may also
affect NS4B’s ability to assemble into a MAF distribution pattern.
To test this hypothesis, we characterized the subcellular distri-
bution of H94R NS4B-GFP, both in the presence and absence of
anguizole.

Transient transfections were performed with a construct of
NS4B-GFP carrying the H94R mutation, as described in Fig. 4. In the
absence of anguizole, cells expressing the H94R NS4B-GFP mutant
displayed a distribution pattern quite different from the wild-type
MAF pattern (Fig. 5A vs. Fig. 4A). Notably, this pattern was simi-
lar to the snake-like pattern seen in wild-type cells treated with
anguizole, with the exception that the H94R snakes tended to be
longer and more pronounced than those observed in the wild-type
samples. These results suggest that the H94R mutation itself is suf-
ficient to alter the distribution pattern of NS4B MAF.

In contrast, cells treated with 5 wM anguizole displayed a dif-
ferent distribution of H94R NS4B-GFP (Fig. 5B). In these cells, no
snake patterns were detected, and many large foci were present
throughout the cytoplasm. These foci are reminiscent of MAF, but
their expression pattern is distinct from that of wild-type NS4B-
GFP in that H94R foci tend to be somewhat larger and present in
higher numbers than wild-type NS4B foci.

3.5. Anguizole interacts with the second amphipathic helix of
NS4B

Previously, our laboratory identified an N-terminal amphipathic
helix (AH1) in NS4B that is essential for wild-type distribution of
NS4B throughout the cell (Elazar et al., 2004). We have also identi-
fied a second, smaller amphipathic helix (AH2), consisting of amino
acids 43-65 of the NS4B protein. Recently, we have found that upon
addition to a monodisperse population of lipid vesicles, a synthetic
peptide comprising this AH2 dramatically alters the size distribu-
tion of the vesicles by inducing massive vesicle aggregation (Cho
et al., 2010). Furthermore, this activity appears to be important for
both the formation of the membranous web replication platform
and for HCV RNA replication. We hypothesized that the AH2 rep-
resents a target for anguizole and that addition of anguizole might
disrupt AH2's lipid vesicle aggregating activity.

To test this hypothesis, dynamic light scattering (DLS) measure-
ments were performed with POPC vesicles and AH2 peptide in
the presence or absence of anguizole. Clemizole hydrochloride -
which has been recently shown to inhibit HCV RNA:NS4B binding,
for which a C-terminal domain mediating RNA binding is essential
(Einav et al., 2008) - was used as a negative control. As shown in
Fig. 6, the addition of AH2 peptide to the POPC vesicles radically
increased the effective diameter of vesicles in solution, changing
the 88 nm diameter untreated vesicles to aggregates with a mean
effective diameter of 5377 nm (Fig. 6B vs. Fig. 6A). While clemizole
exerted no significant effect on AH2’s vesicle-aggregating activity

Fig. 5. The H94R mutation alters NS4B-GFP’s subcellular distribution. The H94R
mutation was cloned into the NS4B-GFP construct, and transient transfections were
performed as in Fig. 4. (A) In the absence of anguizole, the subcellular distribution of
H94R NS4B-GFP adopts a snake-like pattern. (B) In cells treated with 5 WM anguizole,
the snake-like pattern is not observed; instead, NS4B appears to assemble into a
novel pattern of many bright cytoplasmic foci. Scale bars are 50 wm.

(Fig. 6D), anguizole markedly inhibited AH2's ability to aggregate
vesicles (Fig. 6C). Specifically, vesicles incubated with AH2 and
anguizole adopted a mean effective diameter of 126 nm, compa-
rable to what is observed for vesicles without AH2 (88 nm, Fig. 6E).
These results suggest that anguizole specifically interacts with the
AH2 segment of NS4B.

4. Discussion

In this study, we present evidence concerning the mechanism of
a novel means of inhibiting HCV replication. Anguizole, the small
molecule studied here, is a member of a previously uncharacter-
ized class of inhibitors for this pathogen, and we demonstrate
that mutations in the viral NS4B coding region are sufficient
to confer resistance to this compound. Furthermore, we show
that anguizole can disrupt the intracellular distribution of NS4B
membrane-associated foci and that it also disrupts the interaction
of a specific peptide segment of NS4B with lipid vesicles, suggesting
that anguizole may directly bind this region of the protein. Thus,
this compound likely employs a novel mechanism of action for
inhibiting HCV replication.
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Fig. 6. Anguizole interacts with the second amphipathic helix (AH2) of NS4B. Extruded synthetic vesicles composed of 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine
(POPC) lipids were incubated with synthetic peptide comprising the AH2 region of NS4B and with either anguizole or clemizole hydrochloride. Dynamic light scattering was
employed to measure the effective diameter of particles in a sample. (A-D) The size distribution of particle diameters is shown (gray bars), as well as a Gaussian fit of the
data (black dashed line). Samples contained (A) 300 wM POPC lipid vesicles only, (B) POPC vesicles + 13 wM AH2 peptide, (C) POPC vesicles + AH2 peptide +26 wM anguizole,
and (D) POPC vesicles + AH2 peptide +26 wM clemizole hydrochloride, as a negative control compound. The x-axis is presented on a logarithmic scale. (E) The mean values
of the effective particle diameters in at least 3 independent experiments are shown for all four samples. Error bars indicate SEM.

In addition to the data from the original screen that identi-
fied anguizole (Chunduru et al., 2005), three pieces of evidence
presented in this study suggest that anguizole’s inhibition of
viral replication is a result of directly targeting the viral NS4B
protein. First, the mutation of a single amino acid in the NS4B
coding region is sufficient to reduce the virus’ susceptibility to
drug treatment (Fig. 3). Second, treatment with anguizole signifi-
cantly alters the subcellular distribution pattern of NS4B (Fig. 4),
but not that of another viral protein or cellular proteins. Third,
anguizole specifically blocks the function of a portion of the NS4B
polypeptide, the amphipathic helix comprising amino acids 43-65
(Fig. 6). Taken together, these data point to NS4B as the target with
which anguizole interacts. Because NS4B induces the formation of
membranous viral replication structures (the “membranous web”)
(Egger et al., 2002) and is required for the proper localization of
other nonstructural viral components (Elazar et al., 2004; Gao et
al,, 2004), it is logical that the disruption of functional NS4B would
lead to areduction in viral replication. We propose that this is what
happens upon either the addition of anguizole or the mutation of
NS4B histidine 94 (Figs. 4C and 5A).

Our genetic analysis identified histidine 94 as an important
determinant of anguizole’s effect on HCV replication. In patient
isolates, this position is not strictly conserved, as glutamine (1a),
asparagine (1b), serine (1b), and threonine (2a) have each been
observed in reference sequences of the indicated genotype (Kuiken
et al., 2005). Of the replicons we tested in the luciferase replica-
tion assay, we found that those that contained histidine (1b) or
glutamine (1a) at position 94 were highly sensitive to anguizole
treatment (EC5g <0.6 uM), one that contained arginine (1b mutant)
was moderately resistant (EC5g =7.5 wM), and one that contained
threonine (2a) was highly resistant to the drug (ECso>50 wM).

Although our analysis has identified position 94 as an important
determinant to anguizole’s mode of action, it is likely that other
regions of the protein may be involved as well.

For example, our in vitro dynamic light scattering experiments
(Fig. 6) suggest that anguizole interacts directly with the second
amphipathic helix of NS4B (amino acids 43-65). Interestingly, to
date our resistant mutant analysis (Fig. 2) has not identified any
mutations that map within this region of NS4B (except for one that
was engineered at position 48 (Cho et al.,2010)), while it has shown
that a mutation at amino acid 94 in the NS4B sequence is sufficient
to confer resistance to anguizole. We interpret these potentially
conflicting results as follows: (1) mutations in the AH2 region are
very poorly tolerated by the virus; (2) mutations at position 94,
in contrast, are well tolerated; and (3) the H94R mutation, in par-
ticular, might cause a conformational change in the NS4B protein,
one which counteracts anguizole’s ability to inhibit HCV replica-
tion. In support of point (2), we note that position 94 in NS4B is not
strictly conserved in patient isolates, as described above. In support
of point (3), we found that the H94R mutation alone is sufficient to
drastically alter NS4B’s subcellular distribution (Fig. 5A). The nature
of such a conformational change is unclear, but one possibility is
that it partially blocks anguizole’s binding site on the AH2. Struc-
tural studies may help to further clarify the molecular interactions
occurring in this situation.

In addition to identifying a novel mechanism of HCV inhibition,
our results have enhanced our understanding of the biological pro-
cesses that occur during HCV replication. For example, we have
shown that anguizole can disrupt both NS4B AH2:lipid interac-
tions in vitro (Fig. 6) and the distribution pattern of MAF in cell
culture (Fig. 4). These results are consistent with the hypothesis
that NS4B’s AH2 is a key determinant for the formation of MAF, a
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correlate of HCV replication complexes. In addition, we have shown
that the assembly of NS4B into MAF can be altered both pharmaco-
logically and genetically (Figs. 4 and 5), resulting in the cytoplasmic
distribution of elongated snake-like structures. Previous work has
shown that NS4B can physically interact with other nonstructural
components of the virus, including itself (Gao et al., 2004; Yu et
al., 2006), and we hypothesize that these snakes represent assem-
blies of NS4B proteins that have lost their ability to form the proper
protein:protein or protein:lipid interactions. Future studies may
reveal more insight into these interactions and, more generally,
the processes involved in replication complex formation.

To the best of our knowledge, anguizole is the first pharmaco-
logical compound shown to affect NS4B subcellular distribution.
Because targeting multiple stages of the viral life cycle is likely to
be essential for effective HCV therapy (De Francesco and Migliaccio,
2005), anguizole is thus representative of an important new poten-
tial class of HCV inhibitors. Not only is such a class likely to be
complementary to inhibitors that target other viral proteins (Lin
et al., 2006; Malcolm et al., 2006), but it may also complement
inhibitors that target other functions of the same NS4B protein.
In support of such an outcome, our results show that clemizole
hydrochloride does not inhibit AH2’s vesicle-altering properties
while anguizole does (Fig. 6). Similarly, anguizole does not inhibit
NS4B RNA binding, while clemizole does (S. Einav, unpublished
data). Development of such compounds may lead to an efficacious
antiviral cocktail and help to manage this disease for the millions
of people it affects.
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