
ASP2151, a novel helicase–primase inhibitor, possesses antiviral
activity against varicella–zoster virus and herpes simplex

virus types 1 and 2

Koji Chono1, Kiyomitsu Katsumata1, Toru Kontani 1, Masayuki Kobayashi 1, Kenji Sudo 1, Tomoyuki Yokota2†,
Kenji Konno 2, Yasuaki Shimizu1 and Hiroshi Suzuki1*

1Drug Discovery Research, Astellas Pharma Inc., Tokyo, Japan; 2Rational Drug Design Laboratories, Fukushima, Japan

*Corresponding author. Applied Pharmacology Research Labs, Drug Discovery Research, Astellas Pharma Inc., Miyukigaoka 21, Tsukuba,
Ibaraki 305-8585, Japan. Tel: +81-29-863-6356; Fax: +81-29-852-2955; E-mail: hiroshi-suzuki@jp.astellas.com

†Deceased.

Received 22 February 2010; returned 31 March 2010; revised 2 May 2010; accepted 3 May 2010

Objectives: To evaluate and describe the anti-herpesvirus effect of ASP2151, amenamevir, a novel non-
nucleoside oxadiazolylphenyl-containing herpesvirus helicase–primase complex inhibitor.

Methods: The inhibitory effect of ASP2151 on enzymatic activities associated with a recombinant HSV-1
helicase–primase complex was assessed. To investigate the effect on viral DNA replication, we analysed viral
DNA in cells infected with herpesviruses [herpes simplex virus (HSV), varicella–zoster virus (VZV) and human
cytomegalovirus]. Sequencing analyses were conducted on an ASP2151-resistant VZV mutant. In vitro and
in vivo antiviral activities were evaluated using a plaque reduction assay and an HSV-1-infected zosteriform-
spread model in mice.

Results: ASP2151 inhibited the single-stranded DNA-dependent ATPase, helicase and primase activities associ-
ated with the HSV-1 helicase–primase complex. Antiviral assays revealed that ASP2151, unlike other known
HSV helicase–primase inhibitors, exerts equipotent activity against VZV, HSV-1 and HSV-2 through prevention
of viral DNA replication. Further, the anti-VZV activity of ASP2151 (EC50, 0.038–0.10 mM) was more potent
against all strains tested than that of aciclovir (EC50, 1.3–27 mM). ASP2151 was also active against aciclovir-
resistant VZV. Amino acid substitutions were found in helicase and primase subunits of ASP2151-resistant
VZV. In a mouse zosteriform-spread model, ASP2151 was orally active and inhibited disease progression
more potently than valaciclovir.

Conclusions: ASP2151 is a novel herpes helicase–primase inhibitor that warrants further investigation for the
potential treatment of both VZV and HSV infections.
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Introduction
Varicella–zoster virus (VZV), herpes simplex virus (HSV) type 1
(HSV-1) and HSV type 2 (HSV-2) are prevalent pathogens belong-
ing to the human herpesvirus (HHV) family.1 Both VZV and HSV
establish a lifetime latent infection in sensory ganglia after the
primary infection and eventually reactivate, leading to recurrent
episodes. Infection with VZV leads to the development of two
distinct disease episodes: varicella as the primary episode and
herpes zoster as the recurrent episode.2 HSV-1 and HSV-2
cause genital herpes, herpes labialis or herpetic keratitis, and fre-
quent disease recurrence dramatically affects the quality of life
of afflicted individuals.3

Since the late 1970s, synthetic nucleoside analogues target-
ing viral DNA polymerase, such as aciclovir, penciclovir, valaciclo-
vir and famciclovir, have been developed for the treatment of
VZV and HSV infections.4,5 These nucleoside analogues represent
safe and effective therapies for HSV and VZV infections. Given
that the antiviral activities of aciclovir and penciclovir are more
potent against HSV than against VZV,6 treating a VZV infection
with aciclovir or penciclovir necessitates more frequent and
higher dosages to obtain therapeutic efficacy (e.g. aciclovir
800 mg, five times daily for herpes zoster7). Furthermore, the
emergence of mutants that may be multiresistant to present
treatment options is a growing concern, particularly among
immunocompromised patients.8 Nucleoside analogues share
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the same mechanism of action, requiring phosphorylation by
viral thymidine kinase (TK) and host kinases to inhibit viral DNA
polymerase. As viral TK is not essential for viral replication, HSV
and VZV lacking a functional TK (TK-negative or TK-partial
mutants) are still viable and result in cross-resistance to the
nucleoside analogue drug class.9 These limitations of the
current standard of care highlight the need to develop novel anti-
herpes drugs with potent antiviral activity based on alternative
mechanisms of action.

Gene products essential for virus replication, such as the herpes-
virus helicase–primase complex, are potential targets for novel
antiviral agents. The herpesvirus helicase–primase complex is a
heterotrimeric protein complex that possesses multiple enzymatic
activities including DNA helicase, single-stranded DNA (ssDNA)-
dependent ATPase and primase, all of which are essential for viral
DNA replication and hence viral growth.10 The helicase–primase
complex is well conserved among members of the herpesvirus
family. For instance, the genes encoding the HSV helicase subunit
(UL5), primase subunit (UL52) and cofactor subunit (UL8) share
homology with the UL105, UL70 and UL102 genes of the cytome-
galovirus, and the ORF55, ORF6 and ORF52 genes of VZV.11,12There-
fore, agents that target the helicase–primase complex have the
potential to represent novel, broad-spectrum, anti-herpes agents.
Indeed, the amino-thiazolylphenyl-containing compound, BILS
179 BS, and the thiazole urea derivative, BAY 57-1293, have been
reported as helicase–primase inhibitors (HPIs) with anti-HSV
activity.13,14 BILS 179 BS has been shown to have 10-fold more
potent activity against HSV than aciclovir in vitro, while its in vivo
efficacy was comparable to that of aciclovir in animal studies.13

BAY 57-1293 showed two orders of magnitude greater potency
against HSV than aciclovir in vitro, and superior in vivo activities
compared with valaciclovir in mouse and guinea pig models.14

However, despite the potential shown by these compounds, their
antiviral spectrum is limited, as both compounds inhibit HSV-1
and HSV-2 but not other human herpesviruses. As HPIs seem to
be a promising class of anti-herpes drug, further investigation is
warranted to optimize the antiviral spectrum, potency and in vivo
efficacy of this class of drugs.

Here, we report that ASP2151, an oxadiazolephenyl derivative,
is a structurally novel class of HPI that possesses potent antiviral
activity against not only HSV-1 and HSV-2 but also VZV. Due to
promising preclinical profiles of antiviral activity, safety, tolerabil-
ity and pharmacokinetics, ASP2151 was selected as a develop-
ment candidate and its clinical efficacy has been evaluated in
two Phase II clinical studies for patients with herpes zoster15

or genital herpes.16

Materials and methods

Antiviral compounds
ASP2151 (mol. wt, 482.55; international non-proprietary name, amena-
mevir; Figure 1a), BILS 179 BS and BAY 57-1293 were synthesized by
Astellas Pharma Inc. (Tokyo, Japan). Aciclovir (Sigma-Aldrich, St Louis,
MO, USA) and valaciclovir as Valtrexw film tablets (GlaxoSmithKline,
Middlesex, UK) were purchased from commercial suppliers.

Viruses and cell lines
Four VZV strains clinically isolated in the USA were kindly provided by
Dr Ann M. Arvin (Stanford University School of Medicine, Palo Alto, CA,

USA). All other viruses and cell lines were provided by Rational Drug
Design Laboratories (Fukushima, Japan). Human embryonic fibroblast
(HEF) cells were grown in Eagle’s minimum essential medium sup-
plemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin G and
100 mg/mL streptomycin (Invitrogen, Carlsbad, CA, USA). VZV, HSV-1 and
HSV-2 were propagated using HEFcells in maintenance medium containing
2% FBS. Human cytomegalovirus (HCMV) was cultured using MRC-5 cells.

Preparation of helicase–primase complex
Recombinant baculoviruses expressing HSV-1 UL5 (helicase), UL52
(primase) and N-terminally histidine-tagged UL8 (cofactor) of wild-type
HSV-1 KOS strain were prepared using the Bac-to-Bacw Baculovirus
Expression System (Invitrogen). The recombinant HSV-1 strain KOS heli-
case–primase complex was expressed in Sf9 cells triply infected with
the baculoviruses, and then purified using Ni-NTA–agarose resin (Invitro-
gen) in accordance with a previously described method.17 – 19

ATPase assay
ssDNA-dependent ATPase activity of the HSV-1 helicase–primase
complex was determined using an assay modified from a previously
described method.10 The reaction buffer contained 20 mM HEPES
(pH 7.6), 2 mM MgCl2, 10 mM dithiothreitol (DTT), 9 mg/mL ssDNA pre-
pared using calf thymus DNA (Sigma-Aldrich), 90 mM ATP (Roche Diag-
nostics K.K., Tokyo, Japan) and 25 ng of the enzyme complex in a
reaction volume of 10 mL. The mixture containing ASP2151 at concen-
trations of 0.0001–3 mM was incubated for 75 min at 378C. ATP hydroly-
sis was determined by adding 10 mL of Biomolw green according to the
manufacturer’s instructions (Enzo Life Science, Farmingdale, NY, USA).

DNA helicase assay
Forked DNA helicase substrate was prepared using the oligonucleotides
5′-CAGTCACGACGTTGTAAAACGACGGCCAGTGTTATTGCATGAAAGCCCGGCTG-
3′ labelled at the 5′ end with Alexa Fluorw 488 (Invitrogen) and
unlabelled 5′-GTCGGCCCACCTTCCTGTTATTGACTGGCCGTCGTTTTACAACGTC
GTGACTG-3′ as previously reported.20 The reaction mixture (10 mL) con-
tained 20 mM HEPES (pH 7.6), 1 mM DTT, 5 mM MgCl2, 2 mM ATP, 1 mg
of helicase–primase complex, 20 nM forked DNA helicase substrate and
a 200 nM concentration of a capture strand (5′-CAGTCACGACGTTGTAAA
ACGACGGCCAGT-3′). Reactions containing ASP2151 were allowed to
proceed for 60 min at 308C, and then the products were electrophoresed
through a 20% non-denaturing polyacrylamide gel. Fluorescence was
detected using the ProXPRESSw 2D Proteomic Imaging System (PerkinElmer,
Waltham, MA, USA).

Primase assay
Primase activity was measured by detecting synthesized RNA primers in
the presence of fluorescence-labelled CTP using the 51-mer DNA oligonu-
cleotide 5′-CTTCTTCGGTTCCGACTACCCCTCCCGACTGCCTATGATGTTTATCCTTT
G-3′ as a template.13,19 Reaction mixtures (10 mL) containing 50 mM
Tris–HCl (pH 8.0), 10 mM MgCl2, 1 mM DTT, 1 mM ATP, 1 mM GTP, 1 mM
UTP, 2 mM fluorescence-labelled CTP, 10 pmol of the 51-mer template
and 2 mg of the helicase–primase complex were incubated at 308C for
90 min in the presence of vehicle (0.1% DMSO) or ASP2151. Reactions
were then quenched by 10 mL of stop buffer containing 50 mM EDTA
(pH 8.0) and 90% (v/v) formamide. The products were heat denatured
at 958C for 5 min and separated via denaturing PAGE (15% polyacryl-
amide–7 M urea), and then fluorescence was detected using the ProX-
PRESSw 2D Proteomic Imaging System (PerkinElmer).
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Plaque reduction assay (PRA) and cytotoxicity assay
HEF cells were seeded into multi-well plates and incubated until the cells
formed a monolayer. After the medium was removed, the cells were
infected with VZV, HSV-1 or HSV-2 at a titre of 40 plaque forming units
(pfu)/well. The plates were then incubated for 1 h at 378C. After being
washed twice with maintenance medium, cells were treated with the
test compound until clear plaques appeared. The cells were then fixed
with 10% formalin in PBS and stained with 0.02% Crystal Violet solution.
The number of plaques present was counted under a microscope. An MTT
assay or a Neutral Red assay was conducted using HEF cells to determine
the cytotoxic concentration causing a 50% reduction in the number of
viable cells (CC50).

PAGE of virus-specific PCR fragments
HEF cells infected with HSV-1, HSV-2, VZV and HCMV were exposed to
ASP2151 and incubated until plaques clearly appeared in virus control
wells. Cells were then collected to extract whole DNA using the
Gentraw Puregenew Cell Kit (Qiagen, Valencia, CA, USA). PCR was per-
formed using a specific primer set targeting US4, ORF31 or UL83 for
HSV-1 and HSV-2, VZV or HCMV, respectively [Table S1, available as Sup-
plementary data at JAC Online (http://jac.oxfordjournals.org/)]. Each PCR
was electrophoresed, stained and visualized. Human b-actin gene was
used as an internal control.

Real-time PCR
Real-time PCR was performed to quantify the VZV DNA in virus-infected
HEF cells using ABI Prism 7900 HT (Applied Biosystems) with the
primers and probe for the VZV glycoprotein B gene.21 To normalize
each of the DNA extracts, human b-actin gene was used as an internal
control (TaqMan b-actin Control Reagents; Applied Biosystems, Carlsbad,
CA, USA).

ASP2151-resistant VZV mutants
ASP2151-resistant VZV mutant, ‘C2151rm’, was selected by serial
passage of VZV strain CaQu using HEF cells in the presence of
stepwise-increasing concentrations of ASP2151 from 0.1 to 60 mM. In
brief, monolayered HEF cells in a 25 cm2 flask were initially infected
with cell-free VZV stock of parental strain CaQu and cultured in the pres-
ence of the 50% effective concentration (EC50) of ASP2151 (0.1 mM) until
cytopathic effects were visible. After cells were harvested, 10% of the col-
lected cells were then dispersed on fresh monolayered HEF cells as a
cell-associated VZV source and incubated in the presence of 1×, 2× or
4× the concentration of ASP2151 previously used. After incubation for
4–6 days, the cells from the flask in which cytopathic effects were
evident for ,50% of cells were used as viral source for the next
passage. The procedure was continued until the ASP2151 concentration
reached 60 mM (600×EC50). After the ASP2151 concentration reached
60 mM, virus passage was repeated five times in the presence of 60 mM
ASP2151 to avoid contamination. The total number of passages and
total period of the process were 16 and 72 days, respectively. Then cell-
free VZV stock, designated C2151rm, was prepared according to the
method described previously.22 DNA regions including the full-length
open reading frame of the helicase (ORF55) and primase (ORF6) genes,
were amplified via PCR by using the corresponding primer sets (ORF55,
5′-TGGTCATTTGGGTTACTTCCA-3′ and 5′-AGTGAAGAACCCGCCTAAC-3′; and
ORF6, 5′-CAGCGGTTAAAGCCTCTTG-3′ and 5′-CGGTCCACCATTAATCACC-3′)
and viral DNAs extracted from cell-free stock of the C2151rm and its
parent CaQu. Each PCR product was used as a template for direct sequen-
cing (BigDyew Terminator v3.1 Cycle Sequencing kit; Applied Biosystems).
Amino acid substitutions were analysed using GENETYXw software
(version 8.1.0; Genetyx, Tokyo, Japan).

In vivo antiviral activity
All animal experimental procedures were approved by the Animal Ethics
Committee of Yamanouchi Pharmaceutical Co., Ltd, which is now known
as Astellas Pharma, Inc. Hairless mice (HOS:HR-1, female, aged 7 weeks
at virus infection) were infected (designated as day 0 post-infection)
with HSV-1 strain WT51 (15 mL/mouse of suspension at a titre of
8.0×105 pfu/mL) on dorsolateral skin that had been scratched in a grid-like
pattern with a 27-gauge needle under anaesthesia. ASP2151 at doses of
0.3, 1, 3, 10 and 30 mg/kg, or valaciclovir at doses of 3, 10, 30 and
100 mg/kg (suspension in 0.5% methylcellulose solution) was orally admi-
nistered twice daily for 5 days starting 3 h after viral inoculation. Ten mice
per test group were used. Disease course was monitored daily for 17 days
and scored on a composite scale from 0 to 7 based on the severity of zos-
teriform lesions and general symptoms according to the following criteria:
score 0, no sign of infection; score 1, localized, barely perceptible small ves-
icles; score 2, slight vesicle spread; score 3, large patches of vesicles
formed; score 4, zosteriform vesicles; score 5, large patches of ulcers
formed; score 6, large zosteriform ulcers (severe); and score 7, hind limb
paralysis or death.

Statistical analyses
Statistical analyses were performed using SAS software (SAS Institute,
Carey, NC, USA). The 50% inhibition concentration (IC50) for the ssDNA-
dependent ATPase assay, EC50 for real-time PCR, and EC50 and 90% effec-
tive concentration (EC90) values for PRA, were calculated using non-linear
regression analysis with a sigmoid-Emax model. The 50% effective doses
(ED50) of ASP2151 and valaciclovir were calculated using linear regression
analysis.

Results

Antiviral activity of ASP2151 against VZV, HSV-1 and
HSV-2

We focused on inhibitors of the herpesvirus helicase–primase
complex as a new class of anti-herpesvirus agents. Our medic-
inal chemistry process was initiated based upon a 2-amino
thiazole-containing HSV HPI23 to create more potent virus-
specific agents with broader spectra and we consequently
selected ASP2151 as a candidate for a novel anti-herpes agent.
ASP2151 is a structurally new type of HPI containing an
oxadiazolyl-phenyl as an essential moiety (Figure 1a). Full
details of its synthesis, as well as the structure–activity relation-
ships between ASP2151 and its related derivatives, will be pub-
lished elsewhere.

The inhibitory activity of ASP2151 against helicase–primase
complex was assayed using the recombinant UL5–UL52–UL8
complex of HSV-1 strain KOS. HSV helicase–primase complex
has multiple enzymatic activities, namely DNA helicase and
ssDNA-dependent ATPase activity catalysed by the UL5 helicase
subunit24,25 and primase activity catalysed by the UL52
primase subunit.26 Results showed that ASP2151 inhibited the
DNA helicase activity of the complex at concentrations of
≥0.1 mM (Figure 1b). Similarly, the ssDNA-dependent ATPase
activity was inhibited in a concentration-dependent manner
with a mean IC50 value of 0.078 mM [n¼3, standard error (SE)
0.016 mM]. Interestingly, ASP2151 also inhibited the primase
activity at concentrations of ≥0.03 mM (Figure 1c).

We then conducted a PRA to compare the potential antiviral
activity and specificity of ASP2151 against herpes family

ASP2151, VZV and HSV helicase–primase inhibitor
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viruses in vitro with that of two known HSV HPIs: BILS 179 BS and
BAY 57-1293.13,14 The EC50 values of BILS 179 BS for HSV-1 and
HSV-2 were 0.060 and 0.046 mM, respectively (Table 1). BAY
57-1293 also inhibited HSV-1 and HSV-2 replication at similar
EC50 values of 0.014 and 0.023 mM, respectively (Table 1). In con-
trast, the EC50 values of BILS 179 BS and BAY 57-1293 for VZV
were 4.1 and 11 mM, respectively. The EC50 value ratios for the
anti-VZV activity of BILS 179 BS and BAY 57-1293 were �1/70
and 1/790 of those against HSV-1.

The oxadiazolylphenyl derivative ASP2151 constitutes a novel
class of HPI distinguishable from the currently known HPIs. This
distinction can be attributed to the equipotent antiviral activity
of ASP2151 against VZV, HSV-1 and HSV-2. In the present
study, ASP2151 inhibited VZV, HSV-1 and HSV-2 replication with
EC50 values of 0.047, 0.036 and 0.028 mM, respectively
(Table 1). In addition, EC90 values of ASP2151 for VZV, HSV-1
and HSV-2 also indicated similar antiviral potency against
these viruses (Table 1). Importantly, ASP2151 showed no
obvious cytotoxic effects at higher concentrations (CC50 value,
.30 mM), and the selectivity index (SI) was calculated to be at
least 638 (Table 1).

The anti-VZV activity of ASP2151 compared with aciclovir was
further evaluated using several strains of VZV that included clini-
cal isolates and an aciclovir-resistant mutant. ASP2151 inhibited
the replication of all the VZV strains tested. The EC50 values of
ASP2151 and aciclovir for aciclovir-susceptible VZV strains
ranged from 0.038 to 0.10 mM and 1.3 to 5.9 mM, respectively
(Table 2). ASP2151 was also active against the aciclovir-resistant
mutant Kanno-Br, which showed reduced susceptibility to aciclo-
vir (EC50 value, 27 mM), with an EC50 value of 0.082 mM. The CC50

of ASP2151 was determined to be .200 mM (the same as aciclo-
vir) in HEF cells in a Neutral Red re-uptake assay, which provided
an SI higher than 2000 (Table 2). No antiviral activity was
observed for ASP2151 against HCMV, respiratory syncytial virus,
influenza virus or HIV-1 for concentrations up to 25 mM (data
not shown).

Inhibitory effect on virus DNA replication

Enzymatic activity of the helicase–primase complex is essential
for virus replication, and inhibition of the initiation of DNA replica-
tion is believed to be the mechanism behind the antiviral activity

Table 1. Antiviral activities of herpes HPIs

Virus (strain)

EC50+SE (mM)/EC90+SE (mM)a

ASP2151 BILS 179 BS BAY 57-1293

VZV (Ellen) 0.047+0.013/0.46+0.11 4.1+0.56/23+7.2 11+0.92/.100
HSV-1 (KOS) 0.036+0.0047/0.23+0.037 0.060+0.016/0.63+0.13 0.014+0.0018/0.082+0.013
HSV-2 (G) 0.028+0.0013/0.46+0.30 0.046+0.016/2.4+0.99 0.023+0.0018/0.91+0.71
CC50 (mM)b .30 .30 .30
SI, CC50/EC50

c .638 .7.3 .2.7

aData represent the mean EC50 and EC90 and SE of three independent experiments.
bValues for CC50 were determined using an MTT assay and a confluent monolayer culture of HEF cells.
cSI represents the smallest value among viruses tested.
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Figure 1. (a) Molecular structure of ASP2151. (b) ASP2151 inhibits the
DNA helicase activity of the HSV-1 helicase–primase complex. Heat-
denatured, forked DNA helicase substrate was heated at 958C for 3 min
and then cooled immediately on ice to denature; Enzyme, the
recombinant HSV-1 strain KOS helicase–primase complex contained (+)
or not contained (2) in the reaction mixture. The upper and lower
schematic symbols at the side of the gel indicate the position of the
forked duplex DNA helicase substrate with fluorescence label and the
unwound labelled single-stranded DNA, respectively. (c) ASP2151
inhibits the primase activity of the HSV-1 helicase–primase complex.
Arrows show the position of 10 mer and 20 mer fluorescence-labelled
oligonucleotide markers in the leftmost lane. Enzyme, the recombinant
HSV-1 strain KOS helicase–primase complex contained (+) or not
contained (2) in the reaction mixture.
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of the HPIs. In order to study the effect of ASP2151 on viral DNA
replication, we measured the quantity of viral DNA in
virus-infected cells exposed to ASP2151. At concentrations of
≥0.03 mM, ASP2151 inhibited the DNA synthesis of VZV, HSV-1
and HSV-2 (Figure 2a). However, no effect on viral DNA replication
was observed in HCMV-infected cells at ASP2151 concentrations
of up to 1 mM. This observation was consistent with the PRA data.

The IC50 value for VZV DNA replication was determined using
real-time PCR. Both ASP2151 and aciclovir reduced the quantity
of VZV DNA in a concentration-dependent manner, with IC50

values of 0.057 and 0.44 mM, respectively (Figure 2b). The IC50

value of ASP2151 assessed via real-time PCR corresponded to
the EC50 value of the anti-VZV effect assessed using PRA.

Sequencing analyses of the ASP2151-resistant VZV
mutant

To confirm that the anti-VZVactivity of ASP2151 was due to target-
ing of the VZV helicase–primase complex, we isolated the VZV
strain CaQu-derived mutant ‘C2151rm’, which is capable of repli-
cating in the presence of ASP2151 at higher concentrations up to
60 mM. Sequencing analysis of ORF55 (helicase gene) and ORF6
(primase gene) of C2151rm indicated three amino acid changes
from the parent strain. Substitution of Asn-336 to Lys (N336K)
was found in helicase motif IV, one of the six well-conserved
sequence motifs in ORF55. The other substitutions were Arg-446
to His (R446H) in ORF55 and Asn-939 to Asp (N939D) in ORF6.

In vivo antiviral activity

The in vivo activity of ASP2151 was evaluated in mice
cutaneously infected with HSV-1. In mice, cutaneous infection
with HSV-1 leads to a progressive disease course due to virus
zosteriform spread.27 When compared with vehicle, oral admin-
istration of ASP2151 and valaciclovir significantly reduced mor-
tality on day 17, the cumulative disease score and area under
the disease score–time curve for the period days 0–17 post-
infection (AUCday0 – 17) at doses of ≥1 mg/kg twice daily and
≥10 mg/kg twice daily, respectively (P,0.05) (Table 3 and
Figure 3). Based on the AUCday0 – 17, ED50 values (95% confidence
interval) of ASP2151 and valaciclovir were calculated as 1.9
(0.9–3.4) mg/kg twice daily and 27 (14–74) mg/kg twice daily,
respectively. ASP2151 was statistically significantly 14-fold
more potent than valaciclovir in the model.

Discussion
Here, we showed that the novel oxadiazolylphenyl type herpes-
virus HPI ASP2151 (amenamevir) possesses potent antiviral
activity not only against HSV-1 and HSV-2 but also against
VZV. ASP2151 is selective with low cytotoxicity in vitro, and is
orally available and well tolerated in mice. So far, two classes
of HPI (thiazole urea14 and 2-amino-thiazolylphenyl13,23 deriva-
tives) have been found to exert potent antiviral activity against
HSV-1 and HSV-2 in vitro and in vivo, but both classes of agent
were reported to be inactive against VZV. Thus, agents such as
ASP2151 that target the helicase–primase complex also rep-
resent potential anti-herpesvirus agents with activity against
VZV.

The herpes helicase–primase complex is a heterotrimeric viral
protein complex comprising helicase, primase and cofactor sub-
units,10 which has essential functions involved in viral DNA repli-
cation. In the present study, ASP2151 inhibited the multiple
enzymatic activities associated with the recombinant helicase–
primase complex of HSV-1 strain KOS with similar potency, as
assessed by ssDNA-dependent ATPase, DNA helicase and
primase assays. The IC50 value of ASP2151 for ssDNA-dependent
ATPase (0.078 mM) was found to be consistent with that of
antiviral activity against HSV-1 strain KOS as assessed by PRA
(EC50, 0.036 mM; Table 1). In addition, the minimum concen-
tration of ASP2151 at which DNA replication of HSV-1 was
almost completely inhibited was 0.1 mM (Figure 2a), indicating
a striking agreement between the inhibitory effect of ASP2151
on viral DNA replication and its antiviral effect as shown by the
EC90 values of ASP2151 for HSV-1 using PRA (Table 1). These
data suggest that the anti-HSV-1 activity of ASP2151 results
from inhibition of the helicase–primase complex.

Thiazole urea- and 2-amino-thiazolylphenyl-type HPIs have
been reported to possess comparable antiviral potency against
HSV-1 and HSV-2.13,14,23 Indeed, PRA results demonstrated
that BILS 179 BS and BAY 57-1293 had similar potency against
HSV-1 and HSV-2 (Table 1). The helicase–primase complex is
an essential and well-conserved gene product among herpes
family viruses; all herpesviruses are thought to have their own
helicase–primase complex.1 The amino acid sequences of the
helicase and primase between HSV-1 and HSV-2 are highly hom-
ologous (89% and 82%, respectively; K. Chono, unpublished
data). Moreover, the amino acid sequence of helicase motif IV

Table 2. Anti-VZV and cytotoxic activities of ASP2151 and aciclovir

Strain

EC50+SE (mM)a

ASP2151 Aciclovir

Laboratory stocked
CaQu 0.10+0.00 4.1+0.2

Clinical isolates from Japan
Saitou 0.065+0.12 4.4+0.6
Takahashi 0.078+0.013 5.9+2.0
Housen 0.10+0.03 5.2+0.8
Tokumaru 0.055+0.011 3.0+0.2

Clinical isolates from the USA
Hunter 0.042+0.010 1.3+0.3
Klein 0.050+0.006 1.6+0.2
Mazzola 0.038+0.005 1.8+0.4
Negg 0.043+0.008 1.7+0.4

Aciclovir-resistant mutant
Kanno-Br 0.082+0.016 27+5

Cytotoxicity, CC50 (mM)b .200 .200

SI, CC50/EC50
c .2000 .33.9

aAntiviral activity (EC50) was determined using a PRA. The data represent
the mean of four independent experiments using each strain.
bData represent the mean of three independent experiments. Values for
CC50 were determined using a Neutral Red assay in proliferating HEF cells.
cSI represents the smallest value among strains tested.
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and its adjacent regions are identical between HSV-1 and HSV-2
(Figure 4). The helicase motif IV is one of the six helicase motifs
that form the functional active site; these motifs are known to be
essential for the activity of the HSV-1 helicase–primase

complex.25,28 – 30 It has been reported that amino acid mutations
were identified at the region close to the helicase motif IV in
HSV-1 mutants resistant to BILS 179 BS and BAY 57-1293
(Figure 4), suggesting the presence of a putative binding region
of HPIs to the helicase–primase complex. ASP2151 was also
active against both HSV-1 and HSV-2 with comparable EC50

and EC90 values as assessed in PRA (Table 1). In analyses of
ASP2151-resistant HSV-1 and HSV-2 mutants selected by serial
passage in the presence of ASP2151, amino acid mutations
were noted at sites close to the helicase motif IV, and the
ASP2151-resistant HSV also showed relatively low susceptibility
to BILS 179 BS and BAY 57-1293 (K. Chono and H. Suzuki, unpub-
lished data). Thus, it is reasonable to speculate that ASP2151
and other HPIs may target, at least in part, an indistinguishable
binding site structurally close to the helicase motif IV accounting
for the equipotent antiviral effects against HSV-1 and HSV-2.

Of particular interest, in addition to its activity with regard to
HSV-1 and HSV-2, ASP2151 demonstrated potent antiviral
activity against VZV. The anti-VZV activity of ASP2151 was care-
fully evaluated in VZV DNA quantification and PRA using not only
laboratory-stocked strains but also several clinical isolates. In the
PRA, the anti-VZV EC50 values for strains tested ranged from
0.038 to 0.10 mM for ASP2151 compared with 1.3–5.9 mM for
aciclovir (Table 2). These PRA findings indicate that ASP2151
exerted more potent anti-VZV activity than did aciclovir in
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Figure 2. Effect of ASP2151 on the DNA replication of VZV, HSV-1, HSV-2 and HCMV. (a) PAGE was performed with amplified virus-specific PCR
fragments from the total DNA extracted from virus-infected cells after incubation with ASP2151. Arrowheads and asterisks indicate the PCR
fragments of each virus-specific region and human b-actin gene-specific region, respectively. (b) Effects of ASP2151 (circles) and aciclovir
(squares) on VZV DNA replication in virus-infected HEF cells assessed by real-time PCR. Data were calculated from the percentage of control viral
DNA extracted from vehicle-treated, virus-infected HEF cells, and are shown as mean+SE from four independent experiments.

Table 3. Effect of ASP2151 and valaciclovir on the mortality in
zosteriform-spread model

Treatment
Dose (mg/kg
twice daily)

Survival on day 17 post-infection
(no. surviving/no. tested)

Vehiclea — 1/10

ASP2151 0.3 4/10
1 8/10
3 8/10

10 8/10
30 9/10

Valaciclovir 3 4/10
10 6/10
30 7/10

100 8/10

a0.5% methyl cellulose solution.

Chono et al.

1738

 by guest on O
ctober 10, 2011

jac.oxfordjournals.org
D

ow
nloaded from

 

http://jac.oxfordjournals.org/


PRA, and this activity was also demonstrated in VZV DNA quanti-
fication using real-time PCR. It is known that particular series of
thymidine analogues like sorivudine possesses extremely potent

in vitro anti-VZV activity compared with aciclovir and showed
clinical efficacy more potent than aciclovir in herpes zoster
patients.31 No HPI, however, has been reported to show
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Figure 3. Antiviral activity of ASP2151 and valaciclovir in a HSV-1-infected hairless mouse zosteriform model. (a) and (b) The mean disease scores for
each ASP2151 or valaciclovir administration group were calculated and plotted versus days post-infection. (c) and (d) Area under the disease score–
time curve for the period from post-infection day 0 to post-infection day 17 [AUCday0 – 17 (score×day)] in HSV-1-infected hairless mice. *Significantly
different (P,0.05, Dunnett’s multiple comparison test) from the vehicle group. Data are expressed as the mean+standard error of 10 mice per group.

Virus Strain ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
KOS 340 F I N N K R C V E H E F G N L M K V L E Y G

BILS 179 BSr 340

BAY 57-1293ra 340

BAY 57-1293rb 340

BAY 57-1293rc 340

BAYr2 340

BAY-Pr2 340

BAY-pF-r3 340

· · · · · · · · · · · · · · · · N · · · · ·
· · · · · · · · · · · · V · · · · · · · · ·
· · · · · · · · · · · · · · · T · · · · · ·
· · · · · · · · · · · · · · · · Q · · · · ·
· · · · · · · · · · · · R · · · · · · · · ·
· · · · · · · · · · · · · · · · T · · · · ·

K · · · · · · · · · · · · · · · · · · ·
393HSV-2

CaQu 334

F I N N K R C V E H E F G N L M K V L E Y G

F I N N K R C Q E D D F G N L L K T L E Y G

C2151rm 334 · · K · · · · · · · · · · · · · · · · · · ·VZV

Motif 

HSV-1

Figure 4. Amino acid sequence adjacent to helicase motif IV in the helicase subunit of the helicase–primase complex. Amino acid sequences were
aligned between HSV-1 strain KOS, HSV-2 strain HG52 and VZV strain CaQu; consensus residues are denoted using asterisks. The amino acid sequence
of HSV-2 strain HG52 was from the RefSeq database (accession number, NP_044474). BILS 179 BSr, BAY 57-1293ra, BAY 57-1293rb, BAY 57-1293rc,
BAYr2, BAY-Pr2 and BAY-pF-r3 are BILS 179 BS- or BAY 57-1293-resistant HSV-1 mutants previously reported.13,14,32,35,36 C2151rm is a VZV mutant
derived from its parent strain CaQu, which was prepared in the presence of stepwise increasing concentrations of ASP2151 up to 60 mM. Motif IV,
one of the well-conserved six helicase motifs in the helicase subunit of the helicase–primase complex in Herpesviridae viruses.25,28 – 30
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anti-VZV activity so far. To our knowledge, ASP2151 is the first
HPI exerting more potent anti-VZV activity than aciclovir. As
expected, ASP2151 was also active against an aciclovir-resistant
VZV mutant (Table 2). Given that current nucleoside analogue
drugs, such as aciclovir and penciclovir, depend on viral TK for
phosphorylation to an active form, drug-resistant mutants can
be developed either through TK-negative mutations or reduced
TK activity.8,9 Although the prevalence of aciclovir-resistant
viruses is thought to be limited in immunocompetent patients
(,1%), it cannot be ruled out that cross-resistant mutants
may emerge, especially in immunocompromised patients.9

ASP2151 may therefore offer a therapeutic option for treating
aciclovir- or penciclovir-resistant virus infections.

Sequence analysis of the ORF55 helicase and ORF6 primase
genes of the ASP2151-resistant VZV mutant C2151rm identified
amino acid changes from the parent strain at N336K and
R446H in the helicase gene and at N939D in the primase gene.
The C2151rm was prepared as a VZV mutant strain by passaging
the parent CaQu strain in the presence of stepwise ASP2151 con-
centrations from 0.1 to 60 mM. Of particular note is the fact that
C2151rm shows a marked defect in the viral replication profile
[see Figure S1, available as Supplementary data at JAC Online
(http://jac.oxfordjournals.org/)]. As a consequence, we were
unable to obtain C2151rm cell-free viral stocks with sufficient
viral titre to characterize the mutant. An amino acid substitution
in the mutant that conferred resistance to ASP2151 was specu-
lated to result in the observed poor growth of C2151rm. Recently,
Biswas et al.32 reported that the BAY 57-1293-resistant HSV-1
mutant strain BAY-pF-r3 contained a single amino acid substi-
tution of Asn to Lys at position 342 (N342K) located in the UL5
helicase motif IV, although substitutions at amino acid positions
downstream of the helicase motif IV had been found in all
HPI-resistant HSVs previously reported. Interestingly, based on
amino acid alignment, the 342nd amino acid position in HSV-1
corresponds to the 336th position in VZV (Figure 4). The
BAY-pF-r3 mutant showed decreased growth property in com-
parison with the wild-type virus.32 Given the analogy with the
BAY-pF-r3 mutation, the N336K substitution is also likely to
confer resistance to ASP2151 on VZV. In addition to the N336K
substitution, we found other amino acid changes such as
R446H in the helicase gene and N939D in the primase gene in
C2151rm, although their importance for C2151rm remains to
be evaluated. A genomic DNA sequence database of VZV
strains revealing that amino acid at position 446 in helicase
varies between either Arg or His33,34 has suggested that R446H
may be a naturally occurring polymorphism. Interestingly, BAY
57-1293 has been suggested to interact with both the HSV
helicase–primase subunits, since an amino acid mutation in
the primase subunit, A899T in UL52, was found in a BAY
57-1293-resistant HSV-1.35 Further analyses of mutations in
ASP2151-resistant VZV mutants will aid in determining how
ASP2151 targets the VZV helicase–primase complex.

Our in vivo studies using acute oral administration of ASP2151
showed that the course of disease progression for HSV-1 was
ameliorated by ASP2151 in a dose-dependent manner and
that cutaneous lesions and mortality on day 17 post-infection
due to HSV-1 infection were significantly improved. Since VZV is
hard to infect into and replicate in animals, no conventional
animal model has yet been developed to evaluate anti-VZV effi-
cacy in vivo. In the present study, we assessed in vivo antiviral

activity of ASP2151 using an HSV-1 zosteriform-spread model
in mice to mimic zoster infections. In the present study,
ASP2151 demonstrated 14-fold more potent anti-HSV activity
compared with valaciclovir in the model (Figure 3). Because
ASP2151 showed equipotent antiviral activity against HSV-1
and VZV in vitro, the present in vivo data suggest the therapeutic
potential of ASP2151 against VZV infections. Importantly,
ASP2151 was well tolerated and revealed no obvious safety con-
cerns in the 5 day experiment of dosing up to 30 mg/kg twice
daily in mice. Furthermore, no safety issues were apparent in
toxicology assessments in mice that received ASP2151 for
4 weeks up to 500 mg/kg (Y. Aoki, Astellas Pharma Inc., personal
communication). The safety profile of ASP2151 may be explained
at least partly by the high SI (Tables 1 and 2). Nevertheless, it is
necessary to conduct further evaluations in terms of the toler-
ability, safety and pharmacology profile of ASP2151 in preclinical
and clinical studies before properly appraising this new anti-HSV
and -VZV candidate. Recently, ASP2151 was confirmed in its clini-
cal efficacy and tolerability in Phase II clinical studies conducted
in patients with herpes zoster15 and recurrent genital herpes16

(manuscripts in preparation).
In conclusion, ASP2151 is a novel viral HPI with potent activity

against not only HSV-1 and HSV-2 but also VZV. Based on our
results, ASP2151 warrants further investigation for the treatment
of VZV, HSV-1 and HSV-2 infections.

Acknowledgements
We wish to thank Dr Ann M. Arvin for providing the VZV clinical isolates.
We also thank Ms Naoko Kojima and Mr Masafumi Shintani for
experimental technical support.

Funding
This work was supported by and conducted at Astellas Pharma, Inc.
Writing support was funded by Astellas Pharma Inc.

Transparency declarations
K. C., K. K., T. K., M. K., K. S., Y. S. and H. S. are employees of Astellas
Pharma, Inc; none of these authors owns stock or options in the
company. All other authors: none to declare. Editorial assistance, includ-
ing supplementary literature search, writing assistance with spelling and
grammatical editing was provided by Dr Kenichi C. S. Lee, a medical writer
at Envision Pharma Inc.

Supplementary data
Table S1 and Figure S1 are available as Supplementary data at JAC Online
(http://jac.oxfordjournals.org/).

References
1 Pellet PE, Roizman B. The family Herpesviridae: a brief introduction. In:
Knipe D, Howley PM, Griffin DE et al., eds, Fields Virology. Philadelphia:
Lippincott Williams & Wilkins, 2007; 2479–99.

2 Levin MJ, Schmader K. Prevention strategies: herpes zoster,
post-herpetic neuralgia and immunogenicity. Herpes 2007; 14 Suppl 2:
45–7.

Chono et al.

1740

 by guest on O
ctober 10, 2011

jac.oxfordjournals.org
D

ow
nloaded from

 

http://jac.oxfordjournals.org/cgi/content/full/dkq198/DC1
http://jac.oxfordjournals.org/cgi/content/full/dkq198/DC1
http://jac.oxfordjournals.org/cgi/content/full/dkq198/DC1
http://jac.oxfordjournals.org/cgi/content/full/dkq198/DC1
http://jac.oxfordjournals.org/cgi/content/full/dkq198/DC1
http://jac.oxfordjournals.org/


3 Roizman B, Knipe D, Whitley R. Herpes simplex viruses. In: Knipe D,
Howley PM, Griffin DE et al., eds, Fields Virology. Philadelphia: Lippincott
Williams & Wilkins, 2007; 2501–601.

4 De Clercq E. Antivirals for the treatment of herpesvirus infections.
J Antimicrob Chemother 1993; 32 Suppl A: 121–32.

5 De Clercq E, Field HJ. Antiviral prodrugs—the development of
successful prodrug strategies for antiviral chemotherapy. Br J
Pharmacol 2006; 147: 1–11.

6 Arvin AM. Antiviral therapy for varicella and herpes zoster. Semin
Pediatr Infect Dis 2002; 13: 12–21.

7 Wallace MR, Bowler WA, Murray NB et al. Treatment of adult varicella
with oral acyclovir. A randomized, placebo-controlled trial. Ann Intern
Med 1992; 117: 358–63.

8 Morfin F, Thouvenot D. Herpes simplex virus resistance to antiviral
drugs. J Clin Virol 2003; 26: 29–37.

9 Field HJ. Herpes simplex virus antiviral drug resistance—current trends
and future prospects. J Clin Virol 2001; 21: 261–9.

10 Crute JJ, Lehman IR. Herpes simplex virus-1 helicase-primase.
Physical and catalytic properties. J Biol Chem 1991; 266: 4484–8.

11 Chee MS, Bankier AT, Beck S et al. Analysis of the protein-coding
content of the sequence of human cytomegalovirus strain AD169. Curr
Top Microbiol Immunol 1990; 154: 125–69.

12 Davison AJ, Scott JE. The complete DNA sequence of varicella-zoster
virus. J Gen Virol 1986; 67: 1759–816.

13 Crute JJ, Grygon CA, Hargrave KD et al. Herpes simplex virus
helicase-primase inhibitors are active in animal models of human
disease. Nat Med 2002; 8: 386–91.

14 Kleymann G, Fischer R, Betz UA et al. New helicase-primase inhibitors
as drug candidates for the treatment of herpes simplex disease. Nat Med
2002; 8: 392–8.

15 ClinicalTrials.gov. Dose-finding study of ASP2151 in subjects with
herpes zoster. http://clinicaltrials.gov/ct2/show/NCT00487682.

16 ClinicalTrials.gov. A study with ASP2151 in subjects with recurrent
episodes of genital herpes. http://clinicaltrials.gov/ct2/show/
NCT00486200.

17 Calder JM, Stow ND. Herpes simplex virus helicase-primase: the UL8
protein is not required for DNA-dependent ATPase and DNA helicase
activities. Nucleic Acids Res 1990; 18: 3573–8.

18 Crute JJ, Bruckner RC, Dodson MS et al. Herpes simplex-1
helicase-primase. Identification of two nucleoside triphosphatase sites
that promote DNA helicase action. J Biol Chem 1991; 266: 21252–6.

19 Ramirez-Aguilar KA, Low-Nam NA, Kuchta RD. Key role of template
sequence for primer synthesis by the herpes simplex virus 1
helicase-primase. Biochemistry 2002; 41: 14569–79.

20 Graves-Woodward KL, Gottlieb J, Challberg MD et al. Biochemical
analyses of mutations in the HSV-1 helicase-primase that alter ATP
hydrolysis, DNA unwinding, and coupling between hydrolysis and
unwinding. J Biol Chem 1997; 272: 4623–30.

21 Pevenstein SR, Williams RK, McChesney D et al. Quantitation of latent
varicella-zoster virus and herpes simplex virus genomes in human
trigeminal ganglia. J Virol 1999; 73: 10514–8.

22 Baba M, Shigeta S, De Clercq E. Influence of various experimental
conditions on the inhibitory effects of (E)-5-(2-bromovinyl)-2′-
deoxyuridine on varicella-zoster virus replication in cell culture. Tohoku
J Exp Med 1984; 143: 441–9.

23 Spector FC, Liang L, Giordano H et al. Inhibition of herpes simplex virus
replication by a 2-amino thiazole via interactions with the helicase
component of the UL5-UL8-UL52 complex. J Virol 1998; 72:
6979–87.

24 Dodson MS, Lehman IR. Association of DNA helicase and primase
activities with a subassembly of the herpes simplex virus 1 helicase-
primase composed of the UL5 and UL52 gene products. Proc Natl Acad
Sci USA 1991; 88: 1105–9.

25 Zhu LA, Weller SK. The UL5 gene of herpes simplex virus type 1:
isolation of a lacZ insertion mutant and association of the UL5 gene
product with other members of the helicase-primase complex. J Virol
1992; 66: 458–68.

26 Klinedinst DK, Challberg MD. Helicase-primase complex of herpes
simplex virus type 1: a mutation in the UL52 subunit abolishes primase
activity. J Virol 1994; 68: 3693–701.

27 De Clercq E. Topical treatment of cutaneous herpes simplex virus
infection in hairless mice with (E)-5-(2-bromovinyl)-2′-deoxyuridine and
related compounds. Antimicrob Agents Chemother 1984; 26: 155–9.

28 Boehmer PE, Lehman IR. Herpes simplex virus DNA replication. Annu
Rev Biochem 1997; 66: 347–84.

29 Hodgman TC. A new superfamily of replicative proteins. Nature 1988;
333: 22–3.

30 Marians KJ. Helicase structures: a new twist on DNA unwinding.
Structure 1997; 5: 1129–34.

31 Gnann JW Jr, Crumpacker CS, Lalezari JP et al. Sorivudine versus
acyclovir for treatment of dermatomal herpes zoster in human
immunodeficiency virus-infected patients: results from a randomized,
controlled clinical trial. Antimicrob Agents Chemother 1998; 42: 1139–45.

32 Biswas S, Miguel RN, Sukla S et al. A mutation in helicase motif IV of
herpes simplex virus type 1 UL5 that results in reduced growth in vitro
and lower virulence in a murine infection model is related to the
predicted helicase structure. J Gen Virol 2009; 90: 1937–42.

33 Loparev VN, Rubtcova EN, Bostik V et al. Identification of five major
and two minor genotypes of varicella-zoster virus strains: a practical
two-amplicon approach used to genotype clinical isolates in Australia
and New Zealand. J Virol 2007; 81: 12758–65.

34 Peters GA, Tyler SD, Grose C et al. A full-genome phylogenetic analysis
of varicella-zoster virus reveals a novel origin of replication-based
genotyping scheme and evidence of recombination between major
circulating clades. J Virol 2006; 80: 9850–60.

35 Biswas S, Kleymann G, Swift M et al. A single drug-resistance
mutation in HSV-1 UL52 primase points to a difference between two
helicase-primase inhibitors in their mode of interaction with the
antiviral target. J Antimicrob Chemother 2008; 61: 1044–7.

36 Biswas S, Jennens L, Field HJ. Single amino acid substitutions in the
HSV-1 helicase protein that confer resistance to the helicase-primase
inhibitor BAY 57-1293 are associated with increased or decreased virus
growth characteristics in tissue culture. Arch Virol 2007; 152: 1489–500.

ASP2151, VZV and HSV helicase–primase inhibitor

1741

JAC
 by guest on O

ctober 10, 2011
jac.oxfordjournals.org

D
ow

nloaded from
 

http://jac.oxfordjournals.org/

