JVI

Journals.ASM.org

Identification of a Varicella-Zoster Virus Replication Inhibitor That
Blocks Capsid Assembly by Interacting with the Floor Domain of the
Major Capsid Protein

Naoki Inoue,® Misato Matsushita,®P Yoshiko Fukui,® Souichi Yamada,® Mihoko Tsuda,® Chizuka Higashi, P Keiko Kaneko,
Hideki Hasegawa,® and Toyofumi Yamaguchi®
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Japan®

A novel anti-varicella-zoster virus compound, a derivative of pyrazolo[1,5-c]1,3,5-triazin-4-one (coded as 35B2), was identified
from a library of 9,600 random compounds. This compound inhibited both acyclovir (ACV)-resistant and -sensitive strains. In a
plaque reduction assay under conditions in which the 50% effective concentration of ACV against the vaccine Oka strain (V-
Oka) in human fibroblasts was 4.25 pM, the 50% effective concentration of 35B2 was 0.75 wM. The selective index of the com-
pound was more than 200. Treatment with 35B2 inhibited neither immediate-early gene expression nor viral DNA synthesis.
Twenty-four virus clones resistant to 35B2 were isolated, all of which had a mutation(s) in the amino acid sequence of open read-
ing frame 40 (ORF40), which encodes the major capsid protein (MCP). Most of the mutations were located in the regions corre-
sponding to the “floor” domain of the MCP of herpes simplex virus 1. Treatment with 35B2 changed the localization of MCP in
the fibroblasts infected with V-Oka but not in the fibroblasts infected with the resistant clones, although it did not affect steady-
state levels of MCP. Overexpression of the scaffold proteins restored the normal MCP localization in the 35B2-treated infected
cells. The compound did not inhibit the scaffold protein-mediated translocation of MCP from the cytoplasm to the nucleus.
Electron microscopic analysis demonstrated the lack of capsid formation in the 35B2-treated infected cells. These data indicate
the feasibility of developing a new class of antivirals that target the herpesvirus MCPs and inhibit normal capsid formation by a

mechanism that differs from those of the known protease and encapsidation inhibitors. Further biochemical studies are re-

quired to clarify the precise antiviral mechanism.

aricella-zoster virus (VZV) causes varicella upon primary in-

fection and herpes zoster upon reactivation. Both conditions
may be associated with severe complications (2). A recent study
demonstrated that viral loads after zoster correlated with severity
of postherpetic neuralgia (PHN) (33). Antiviral drugs, including
acyclovir (ACV), valacyclovir, and famciclovir, have been widely
used for the treatment of VZV-associated diseases (2, 45). How-
ever, the number of approved drugs for treating VZV diseases is
limited, and all of them act by inhibiting viral DNA replication.
The development of resistant strains, as well as the ineffectiveness
of available antivirals for preventing complications, have driven a
search for alternative compounds (1, 15, 26, 38). New anti-VZV
compounds have been under investigation, including the bicyclic
nucleoside analog FV100 (27), cidofovir derivatives (60), non-
nucleoside DNA polymerase inhibitors (17, 40), helicase-primase
inhibitors (7), encapsidation inhibitors (55), and cyclin-depen-
dent kinase inhibitors (39, 50).

Plaque reduction assays are commonly used for screening and
evaluation of novel antiviral compounds. Such assays are labori-
ous and time-consuming due to the slow growth of VZV in tissue
culture. Several modified high-throughput assays have been de-
scribed that are less inconvenient than the plaque reduction assays
for detecting infectious VZV in clinical specimens and screening
anti-VZV compounds (9, 14, 31). In addition, biochemical assays
have been developed for the characterization of ACV-resistant
strains (36, 48). Previously, we established reporter cell lines for
varicella-zoster virus (VZV), human cytomegalovirus (HCMV),
and human herpesvirus 8 (HHV-8) and demonstrated their utility
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for the evaluation of antiviral compounds and the detection of
drug-resistant strains (12, 22, 57).

In this study, we used the VZV reporter cell line to screen 9,600
compounds for anti-VZV activity, identified several candidates,
and found that one of the compounds targeted the VZV major
capsid protein (MCP) encoded by open reading frame 40
(ORF40) and blocked capsid formation. Given that MCP is struc-
turally conserved among the Herpesviridae, precise analyses of this
novel mode of antiviral action may offer possibilities for the de-
velopment of a pan-herpesvirus inhibitor.

MATERIALS AND METHODS

Cells and viruses. HEL (human embryonic lung fibroblast, a gift of 1.
Kosugi), MeWo (a human melanoma cell line) (16), MV9G (a VZV re-
porter cell line established from MeWo cells) (57), and U4C (an HCMV
reporter cell line established from U373MG cells) (12) cells were grown in
Dulbecco’s modified Eagle medium (DMEM) (Gibco-BRL) supple-
mented with 10% fetal bovine serum (FBS) (HyClone), 100 U/ml penicil-
lin, and 100 pg/ml streptomycin (Gibco-BRL). Guinea pig lung (GPL)
fibroblasts (ATCC CCL-158) were grown in F-12 medium with the same
supplements. VZV vaccine Oka strain (V-Oka), thymidine kinase (TK)-
deficient strains V-Oka-YSR (47) and Kanno (43), laboratory strains
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CaQu (43), Ellen (5), and MSP (52), and some clinical isolates (49), were
used for the evaluation of the anti-VZV compounds. Herpes simplex virus
1 (HSV-1) (F), HCMV (Towne), and HHV-6B (Z29) were also used for
the evaluation. Molt-3 cells were cultured and infected with HHV-6B
(Z29) as described previously (21). U4C was used for the evaluation of
anti-HCMYV activity.

Screening of anti-VZV compounds. A random library of 9,600 chem-
ical compounds (Maybridge) dissolved in dimethyl sulfoxide (DMSO)
were diluted to 80 wM with medium in 96-well 0.5-ml assay blocks (Co-
star); 50 pl of the diluted compounds (final concentration, 20 pM) and
~2,000 MeWo cells infected with the VZV V-Oka strain (cytopathic ef-
fect, ~50%) in 100 pl of medium were added to MeWo cells (5 X 10*
cells/well in 50 wl of medium) in 96-well plates. Eighty compounds were
examined per plate along with 4 control wells. In the control wells, ~2,000
uninfected MeWo cells or ~1,000, ~500, or ~250 MeWo cells infected
with VZV were added in the absence of chemical compounds. After 44 h of
incubation, MV9G VZV reporter cells in 25 to 40 pl of medium (5 X 10*
cells/well) were overlaid and cultured for an additional 24 h. Firefly lucif-
erase activity was measured as chemiluminescence (Dual-Glo luciferase
assay system; Promega) with a luminometer (JNR AB2300; ATTO, Ja-
pan). Five to ten 96-well plates were tested in each experiment. Com-
pounds for which luciferase levels were less than that for the control of
~250 infected MeWo cells were evaluated further for anti-VZV activities
and for cytotoxicity.

Plaque reduction and focus reduction assays. Semiconfluent cells in
wells of 12-well plates were inoculated with 60 to 300 PFU of cell-free VZV
(V-Oka). After a 2-h incubation at 37°C, the inocula were replaced with
media containing 2- to 4-fold serial dilutions of compounds, 1% methyl-
cellulose, and 2% FBS. After 6 days the media were removed, and the cells
were stained with 2% crystal violet in 10% formalin and then washed with
water. Plaques were counted under a dissecting microscope. The assay was
performed in triplicate. The 50% effective concentrations (ECs,s) were
calculated by linear regression from plots of the logs of drug concentra-
tions against percentage reductions in plaque numbers at each antiviral
concentration compared to the plaque number for the no-drug control.
Cell viabilities were measured by a commercial kit (CellTiter-Glo, Pro-
mega) as described previously (12).

The focus reduction assay was performed as follows. Semiconfluent
cells in wells of 24-well plates were inoculated with 40 to 200 VZV-in-
fected cells per well. After 2 h at 37°C, the inocula were replaced with
media containing chemical compounds and then were cultured for 3 days.
Cells were then rinsed with phosphate-buffered saline (PBS), fixed with
3.7% formalin, permeabilized with 0.5% Triton X-100, and reacted with a
1:500 dilution of anti-VZV 1E62 (ORF62) monoclonal antibody
(Mab8616, Millipore) at 37°C for 1 h and then with horseradish peroxi-
dase-conjugated anti-mouse immunoglobulin G antibody (Histofine
simple stain; MAX PO, Nichirei, Japan) at 37°C for 1 h. VZV-positive foci
were visualized with 3,3’-diaminobenzidine (DAB) substrate (Roche).

Quantitative PCR assays. Nuclei of cells infected with cell-free VZV
were prepared as follows: infected cells were washed with PBS, treated
extensively with trypsin, and collected by centrifugation. After incubation
of the cells in an NP-40 buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl,
1.5 mM MgCl,, 0.1% Nonidet P-40 [NP-40]) at room temperature for 10
min, nuclei were collected by centrifugation and washed with the same
buffer. DNA samples were prepared from VZV-infected cells or from
nuclei of VZV-infected cells by using a commercial kit (Q[Aamp DNA
minikit; Qiagen). Primers, 5'-CCTCCGTATCGGGACTTCAA and 5'-T
GACCGTCCTCGCATACGTA, and a probe, 5'-FAM-TTGGCGAAGAG
CTAAC-MGB, were used for a quantitative PCR (qPCR) assay for the
VZV ORF62 gene. The assay thermal conditions were 50°C for 2 min and
95°C for 10 min, with cycles of 95°C for 30 s and 60°C for 30 s. Dilutions
of a plasmid bearing the entire ORF62 gene of VZV (V-Oka) were used as
quantitative standards. The qPCR assay for the human albumin gene was
previously described (30).

Total RNA samples were prepared by using a commercial kit (RNeasy
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Plus minikit; Qiagen). Quantitative reverse-transcription PCR (RT-
qPCR) was done by using a commercial kit (one-step RT-PCR master
mix; Applied Biosciences) with the primers and probes that target the
ORF62 (8) and glucose-6-phosphate dehydrogenase (12) mRNAs.

Isolation and sequence analysis of virus clones resistant to 35B2.
MeWo and GPL cells were infected with VZV (V-Oka) in 96-well plates
and cultured in the presence of 4 pM 35B2 until an obvious cytopathic
effect (CPE) was observed. Cells in the well that contained the CPE-pos-
itive cells were plated into wells of a 48-well plate in the presence of 4 uM
35B2 per well. Once the cells showed a CPE again, the infected cells were
cocultured with uninfected cells in the presence of 4 WM or higher con-
centrations of 35B2 and then expanded to a T25 flask.

DNA fragments covering each ORF of the resistant clones were am-
plified by PCR and purified by a commercial kit (Qiaex II; Qiagen). A
commercial kit (BigDye Terminator cycle sequencing kit, version 3.1; PE
Applied Biosystems) was used for sequencing reactions, which were ana-
lyzed with an ABI Prism 7500 system (PE Applied Biosystems).

Expression and detection of ORF40. A fragment covering the full-
length VZV (V-Oka) ORF40 gene was amplified by PCR and cloned into
phCMV2 (Genlantis, San Diego, CA) to generate an N-terminal hemag-
glutinin (HA) epitope-tagged protein (phCMV-ORF40). Similarly ampli-
fied fragments covering the full-length ORF33 and ORF33.5 genes were
cloned into pcDNA3 (Invitrogen) and pCMV-Tag2 (Stratagene) to ex-
press untagged and N-terminally FLAG-tagged proteins, respectively. Asa
control of FLAG-tagged nuclear protein, HHV-8 ORF50 transactivator
protein was expressed (22).

A DNA fragment containing the ORF40 amino acid positions 309 to
929 was cloned into a glutathione S-transferase (GST) fusion vector
(pGEX-6P-1; GE Healthcare), resulting in pGEX6-ORF40. The GST-
ORF40 fusion protein was expressed in BL21 cells (Invitrogen) after ad-
dition of IPTG (isopropyl-p-p-thiogalactopyranoside), and then partially
purified as insoluble inclusion bodies. Rabbits were immunized with the
fusion protein (Japan Biotest Corporation, Tokyo, Japan). An immuno-
fluorescent assay (IFA) was done as previously described (24). The anti-
GST-ORF40 rabbit serum, anti-FLAG tag (M2; Sigma), and anti-HA tag
(TANA2; Medical & Biological Laboratories, Nagoya, Japan) monoclonal
antibodies were used as primary antibodies, and fluorescein isothiocya-
nate (FITC)-conjugated goat anti-rabbit IgG F(ab’), (Sigma) and Alexa
Fluor 594-conjugated anti-mouse IgG F(ab’), (Invitrogen) fragments
were used as secondary antibodies for IFA. 4’,6-Diamidino-2-phenylin-
dole (DAPI) was used for counterstaining, if necessary. Confocal images
were captured with an LSM5 Pascal digital confocal microscope (Zeiss)
and analyzed by using its LSM Image Browser software.

293T cells transfected with plasmids were harvested after a 44-h incu-
bation period and solubilized in an immunoprecipitation (IP) buffer (20
mM Tris-HCI [pH 8.0], 0.15 M NaCl, 0.5% NP-40, 0.2% Triton X-100).
After sonication and centrifugation, the supernatants were incubated with
rabbit anti-GST-ORF40 antibody along with protein G Sepharose beads
(GE Healthcare) for 2 h at 4°C. The beads were washed with the IP buffer
4 times, and the bound proteins were dissociated by incubation in the SDS
loading buffer. The eluates were analyzed by immunoblotting using the
anti-FLAG tag antibody.

Transmission electron microscopy. Pellets of cells infected with VZV
(V-Oka) were prefixed with 2.5% glutaraldehyde in 0.1 M phosphate buf-
fer (pH 7.4) for 2 h at room temperature, postfixed in 1% osmium tetrox-
ide, and embedded in Epon. Ultrathin sections were stained with uranyl
acetate and lead citrate and then examined with a transmission electron
microscope (model H-7650; Hitachi Ltd., Japan) at 80 kV.

RESULTS

Identification of novel anti-VZV compounds with a reporter
cell assay. To identify anti-VZV compounds, MeWo cells were
infected with VZV (V-Oka) in the presence of chemical com-
pounds (final concentration, 20 uM) and then cocultured with
the MV9G VZV reporter cells, which express luciferase in a dose-
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FIG 1 (A) Structure of 35B2. (B) Confirmation of antiviral activity of 35B2. HEL cells were plated in wells of 24-well plates, infected with 2,000 PFU of cell-free
VZV (V-Oka), cultured in the presence of DMSO (closed circles), 20 M 35B2 (open circles), and 36 uM (8 pg/ml) ACV (closed squares), and then harvested
at the indicated time points. VZV copy numbers per cell were obtained by real-time PCR assays for the VZV IE62 gene and the human albumin gene. The relative
amounts of viral DNA under each of the conditions are shown by using the copy numbers per cell obtained from the infected cells treated with DMSO at 70 h after
infection as a 100% control. The experiments were done in triplicate, and the means of the relative amounts and the standard deviations are shown in the graph.
(C) HEL cells were plated in the wells of 12-well plates, infected with 6,000 PFU of cell-free VZV (V-Oka), and cultured in the presence of DMSO, 20 wM 35B2,
and 20 pg/ml ACV. At 18 h after infection, nuclei were prepared from the infected cells. VZV copy numbers per cell were obtained as described above, and the
relative amounts of viral DNA are shown by using the copy numbers per cell obtained from the infected cells treated with DMSO as a 100% control.

dependent manner upon VZV infection. In this study we used
mainly V-OKka, since only V-Oka can infect guinea pig fibroblast
cells and the transfection efficiency of guinea pig fibroblast cells is
better than that of human fibroblast cells. Four hundred com-
pounds that decreased luciferase activity were identified from the
9,600 compounds in the reporter assay. Approximately 350 com-
pounds were excluded from further study because they were cy-
totoxic at a 20 uM or 50 wM concentration. Seven compounds
were selected for further study based on their strong anti-VZV
activities in the reporter cell assay. Their anti-VZV activities were
confirmed by immunostaining of VZV-infected cells that were
cultured in the presence of each compound for 3 days (data not
shown). One compound, 2-[(2,6-dichlorophenyl)methylthio]-
3H-pyrazolo[1,5-¢c]1,3,5-triazin-4-one (35B2) (Fig. 1A), was se-
lected for further analysis.

Antiviral activity of 35B2. In addition to the immunostaining
experiment, we confirmed the antiviral activity of 35B2 by mea-
suring VZV DNA amounts in cultures after a multiple round of
infection (Fig. 1B).

ECss of 35B2 against VZV (V-Oka) determined by the plaque
reduction assay in GPL and HEL cells were less than 1 wM, which
were significantly lower than those for ACV (Table 1). Since 50%
cytotoxic concentrations (CCs,s) were ~160 M, 35B2 had selec-
tive indexes (SIs) of >200 in HEL and GPL cells. EC5,s of 35B2
against several laboratory and clinical strains were determined by
the focus reduction assay using cell-associated viruses as inocula,
since most low-passage-number VZV strains are cell associated. It
is well known that EC;,s obtained by using cell-associated viruses
as inocula are higher than those obtained by using cell-free viruses

TABLE 1 EC,s determined by plaque reduction assay

(44, 57). Growth of ACV-resistant strains V-Oka-YSR and Kanno
as well as other ACV-sensitive strains and clinical isolates was
inhibited by the 35B2 treatment at similar concentrations (Table
2). The compound only weakly inhibited growth of HSV-1 and
had no effect on HHV-6B or HCMV (data not shown).

Phase of infection inhibited by 35B2. To elucidate the phase
of infection inhibited by 35B2, we examined whether the com-
pound inhibited viral DNA synthesis in a single cycle of infection.
Since cell-free VZV stocks usually contain a great excess of defec-
tive but DNA-positive particles, to minimize carryover from the
defective particles attached to cells, nuclei of infected cells were
prepared for the quantification of replicating viral DNA. As shown
in Fig. 1C, 35B2 did not inhibit viral DNA synthesis, while ACV
did, suggesting that 35B2 targets a step after viral DNA synthesis or
a step that is independent from viral DNA synthesis.

Next, the effect of “time of addition” of 35B2 on virus growth
was analyzed. Addition of 35B2 to the cultures at 2 and 7 h but not
at 22 h after inoculation of cell-free virus had an inhibitory effect
(Fig. 2A). In addition, ORF62 mRNA and IE62 (ORF62) protein
were detected by RT-qPCR and by IFA with monoclonal antibody
against IE62, respectively, although there were slight decreases of
the expression levels (Fig. 2B; data not shown). MCP encoded by
ORFA40, a late gene product, was not detectable at 12 h after infec-
tion of HEL cells, became detectable at 16 h, and accumulated at
22 h (Fig. 2B; data not shown). At 22 h after infection, a part of the
IE62-positive cells formed foci containing 5 to 10 IE62-positive
cells along with an MCP-positive cell, while most IE62-positive
cells appeared to be single at 18 h after infection (data not shown),
suggesting that one cycle of infection takes 18 to 22 h. A single

HEL cells GPL cells
Strain ECs, (kM) CCsy (kM) SI ECs, (kM) CCsy (kM) SI
35B2 0.75 *+0.18 162.1 £ 1.3 216 0.47 = 0.06 152.5 £ 59 324
ACV 4.25+0.48 ND“ >25 ND

“ND, not determined.
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TABLE 2 EC;s of 35B2 against several strains

Strain ACV phenotype” EC,, (uM)?
V-Oka S 5.0 0.2
V-Oka-YSR R 4.6 0.2
Kanno R 4.0 = 0.0
CaQu S 4.4 +0.2
Ellen S 4.1+04
MSP S 43 *£0.1
79 ND 43 *0.2
132 ND 34*03
429 ND 4.0*0.3

4§, ACV sensitive; R, ACV resistant; ND, not determined.
b ECy,s were determined by the focus reduction assay.

cycle of VZV infection in this experiment seemed to be longer
than what was previously reported (34), probably due to infection
with cell-free virus in this experiment instead of infection with
cell-associated virus in the reported study. As expected, ACV in-
hibited accumulation of MCP. In contrast to ACV, 35B2 did not
inhibit expression of MCP. Thus, 35B2 inhibits the early or late
phase but not the immediate-early phase of infection.

Characterization of 35B2-resistant virus clones. Four inde-
pendent resistant clones were isolated from MeWo cells infected
with VZV (V-Oka) and 20 from V-Oka-infected GPL cells. EC5,s
for inhibition of focus formation were 2- to >20-fold greater than
for V-Oka (Table 3).

Resistance of the clones was also analyzed by comparison of the
amounts of VZV DNA in GPL cells that were infected with cell-
associated viruses and cultured in the absence or in the presence of
35B2 for 72 h. In contrast to the original V-Oka and ACV-resistant
V-Oka derivative V-Oka-YSR, most 35B2-resistant clones had no
inhibition of the accumulation of viral DNA in the cells cultured
in the presence of 10 M 35B2, and some clones had no inhibition
even in the presence of 25 WM 35B2. There was a good correlation
between the amounts of VZV DNA after a multiple round of in-
fection and the ECs, values obtained by the focus reduction assay
(Fig. 3). In the absence of 35B2, the resistant clones and the orig-
inal V-Oka grew similarly (data not shown).

Sequence analyses of the resistant clones. Nucleotide se-
quences were determined for all 69 ORFs of R1, one of the strongly
resistant clones. Nine positions differed from the parental V-Oka
sequence, five of which were silent mutations. The four coding
mutations altered the amino acid sequences of ORFs 0, 1, 31, 40,
and 62. A single mutation changed amino acid sequences of both
ORFs 0 and 1, since these ORFs overlap in V-Oka (23). To see
which of the mutated genes is responsible for the resistant pheno-
type, sequences of the 5 mutated ORFs were determined for three
additional resistant clones, R2, R3, and R4 (Table 3). All three of
the clones had at least one amino acid sequence alteration in
ORF40, while two were in ORF62 and one in ORFO. Since it ap-
peared most likely that amino acid changes in ORF40 or ORF62
contributed to the resistance, sequences of ORF40 and ORF62
were determined for 10 additional clones. None of these clones
had a mutation in ORF62 but all had a single mutation in ORF40
(Table 3). The ORF40 mutations were clustered; for example,
F1110S was in 5 clones, C93R was in 3 clones, and L196F, T192A,
V3431, and V1094F were in 2 clones. Interestingly, 21 of the 24
resistant clones contained mutations in ORF40 amino acid se-
quences that corresponded to the floor domain of HSV-1 MCP
(VP-5) (Fig. 4).
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No effect of 35B2 on scaffold protein-mediated translocation
of MCP. As previously reported (6), expression of ORF40 in the
absence of other VZV gene products resulted in the cytoplasmic
localization of MCP, and coexpression of ORF40 with ORF33.5
(VZV scaffold protein lacking the protease domain) resulted in
translocation of MCP from the cytoplasm to the nucleus (Fig. 5).
35B2 treatment did not affect MCP localization under either con-
dition (Fig. 5). An immunoblotting analysis demonstrated that
steady-state levels of MCP in cells transfected with the ORF40
construct and those with the ORF33.5 construct were not appar-
ently affected by 35B2 (Fig. 6A and B). The effect of 35B2 on the
interaction between MCP and the scaffold proteins was ana-
lyzed by using extracts from 293T cells transfected with the
ORF40 and/or FLAG-tagged ORF33.5 constructs. FLAG-
tagged ORF33.5 was immunoprecipitated by anti-GST-ORF40
antibody only from the extract of the cells cotransfected with
the ORF40 and ORF33.5 constructs, confirming the interaction
between MCP and scaffold proteins. In this assay, 35B2 did not
affect that interaction (Fig. 6C). 35B2 did not decrease the
levels of MCP in VZV-infected cells (Fig. 6D), in addition to
the transfected cells, and caused no apparent delay of the MCP
expression (Fig. 2B).

Effect of 35B2 on MCP localization. In GPL cells infected with

remove inocula

i assay
inoculate

MV9G
o RLU(x103)
1

pi. 0o 2 7 2 50 74h

[-35B2 I +35B2

B 7hr 16hr 22hr

DMSO

35B2

ACV

anti-IE62

anti-ORF40

FIG 2 (A) “Time of addition” experiment. MeWo cells were inoculated with
cell-free VZV (V-Oka) at the time point 0 h. The inocula were removed at 2 h,
and fresh media without (a, b, and ¢) and with (d) 35B2 were added to the cells.
35B2 was added to the cells at the time points 7 h (c) and 22 h (b). At 50 h,
MVIG VZV reporter cells were added and cultured for an additional 24 h.
Luciferase activities were expressed in terms of relative light units (RLU). (B)
HEL cells were infected with cell-free VZV (V-Oka). Two hours later, the
inocula were removed. The cells were cultured in the presence of DMSO, 20
M 35B2, and 20 pg/ml ACV for the indicated durations and fixed with ace-
tone. The antibodies used for IFA are indicated. Evans blue was used for
counterstaining.
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TABLE 3 EC;/focus reduction assay and alterations in ORF40 of 35B2-resistant clones

Amino acid change(s) in:

Clone EC,,/FRA (pM)* ORF40 ORF62 ORFO0 ORF1 ORF31
V-Oka 1.8 £ 0.2

V-Oka-YSR 1.1 £0.5

R1 37.6 = 4.1 L196F H275R S197G L52pP S88A
R2 42*0.2 F1110S V733A, Q1215R — — —
R3 35*+0.5 V80A, A1078T - — — —
R4 28.8 = 1.6 F1093S Several 1106V — —
GO1 14.0 £2.8 T121 — ND* ND ND
G02 26.3 = 3.8 T192A —_ ND ND ND
G03 32.8 £ 45 CI93R — ND ND ND
G04 94 *13 F1110S — ND ND ND
G08 6.0 = 0.7 V184F — ND ND ND
G09 173 £1.3 F79L — ND ND ND
G11 164 = 1.5 V1094F — ND ND ND
G15 185 £ 1.6 V1094F — ND ND ND
G17 252 *0.7 V3431 — ND ND ND
G18 25.0 = 0.3 Fo6C —_ ND ND ND
G10 10.8 £0.2 F1110S ND ND ND ND
GI3 ND F1110S ND ND ND ND
Gl6 ND CI93R ND ND ND ND
G28 >40 L196F ND ND ND ND
G29 31.5 £ 0.6 T192A ND ND ND ND
G31 >40 F791 ND ND ND ND
G32 6.1 0.3 Q962L ND ND ND ND
G36 ND CI93R ND ND ND ND
G40 222*1.2 V3431 ND ND ND ND
G41 ND F1110S ND ND ND ND

“ ECss were obtained by the focus reduction assay (FRA).

b __ no alteration.

“ND, not determined.

cell-free V-Oka, treatment with 35B2 changed MCP from being
widely distributed throughout much of the nucleus to being local-
ized in a small number (<20 per cell) of prominent discrete nu-
clear speckles (Fig. 7A and B). Similar results were obtained in
V-Oka-infected HEL cells (data not shown). Such speckles were
also present in the vicinity of the nuclear membrane in GPL and
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FIG 3 Comparison of the EC, values (Table 3) with the relative VZV DNA
amounts in cells cultured in the presence of 10 uM (top panel) or 25 pM
(bottom panel) 35B2 after multiple rounds of infection.
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HEL cells that were infected with cell-associated V-Oka and cul-
tured in the presence of 35B2 (Fig. 7D; data not shown). However,
35B2 did not change the localization of MCP in cells infected with
the 35B2-resistant clones R1 and G18 (Fig. 7F and H); thus, the
absence of speckles correlated with resistance.

Overexpression of the VZV scaffold protein encoded by
ORF33 by transient transfection restored the normal MCP local-
ization in the 35B2-treated infected GPL cells (Fig. 8C). Similar
results were obtained in ORF33.5-transfected 35B2-treated GPL
cells (data not shown). In these cells, scaffold proteins and MCP
colocalized as widely distributed signals in the nuclei, similar to
those in the transfected and DMSO-treated cells (Fig. 8A). In con-
trast, MCP exhibited perinuclear localization with discrete speck-
les in the cells lacking the expression of scaffold proteins (Fig. 8B)
or in those expressing the HHV-8 ORF50 transactivator as a con-
trol (data not shown). These data suggest that the abnormal MCP
localization induced by 35B2 can be overcome with high levels of
scaffold proteins.

Effect of 35B2 on capsid formation. To directly assess the ef-
fects of 35B2 treatment on capsid morphogenesis, ultrastructures
in the infected cells were observed by transmission electron mi-
croscopy. Normal capsid formation was detected in 1 of 50
DMSO-treated cells (Fig. 9A and B), consistent with the multiplic-
ity of infection (MOI) (~0.02) used for this experiment. In con-
trast to what occurred in the DMSO-treated cells, no capsid-like
structures were observed in >500 cells treated with 35B2, suggest-
ing that 35B2 is an inhibitor of capsid formation (Fig. 9C and D).

DISCUSSION

In this study, we screened 9,600 compounds and identified a de-
rivative of pyrazolo [1,5-¢]1,3,5-triazin-4-one (35B2) as an active
anti-VZV compound. Analyses of virus clones selected for resis-
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cleavage of the scaffold proteins (10, 58) and the lethal mutations that formed open capsid shells, those that formed no capsids, and those that did not accumulate
VP5 in infected cells (20, 56). The HSV-1 VP5 helices, H1 and H2, and the previously predicted VP5 upper and middle domains (3, 4) are boxed.

35B2

ORF40+
vector
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ORF40+
ORF33.5F
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vector

anti-FLAG

anti-ORF40

FIG 5 No effect of 35B2 on the scaffold protein-mediated translocation of the
VZV MCP. GPL cells were plated in media containing DMSO (left) or 20 uM
35B2 (right), transfected with phCMV-ORF40 along with pCMV-ORF33.5F
expressing FLAG-tagged ORF33.5 (ORF40+ORF33.5) or with an empty vec-
tor (ORF40+vector), cultured for 2 days, and then fixed with acetone. FLAG-
tagged scaffold protein (ORF33.5F) and MCP (ORF40) were visualized by IFA
using the anti-FLAG tag monoclonal antibody and the rabbit anti-GST-
ORF40 polyclonal antibody as primary antibodies, Alexa Fluor 594-conju-
gated anti-mouse IgG Fab’ and FLAG-conjugated anti-rabbit IgG Fab’ as sec-
ondary antibodies, and DAPI for counterstaining. Alexa Fluor 594, FITC, and
DAPI signals are shown in red, green, and blue, respectively.
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tance against this compound indicate that it targets VZV MCP
(ORF40) and thus represents a novel class of potential antiviral
compounds. Treatment with 35B2 changed MCP from being
widely distributed throughout the nucleus to being localized in a
small number of discrete nuclear speckles. The abnormal distri-
bution of MCP correlated with sensitivity to 35B2 treatment, since
resistant clones did not show the phenotype. Based on electron
microscopy (EM) observations, we consider it likely that 35B2
induces MCP aggregation and inhibits capsid assembly.

The capsid structures of an alphaherpesvirus (HSV-1), a beta-
herpesvirus (CMV), and a gammaherpesvirus (HHV-8) were ob-
served by cryoelectron microscopy. Comparison of these struc-
tures identified many similarities and some minor differences (53,
54, 61). VP5 is the most abundant protein in the HSV-1 capsid,
since the major components of the HSV-1 capsid are 150 hexons
(each hexon consists of 6 VP5 molecules encoded by the UL19
gene, a VZV ORF40 homolog), 11 pentons that consist of 5 VP5
and 5 VP26 molecules encoded by the UL35 gene, a VZV ORF23
homolog, 320 triplexes (each triplex consists of 1 VP19C molecule
encoded by the UL38 gene, a VZV ORF50 homolog, and 2 VP23
molecules encoded by the UL18 gene, a VZV ORF41 homolog,
and 1 portal at the 12th pentonal position that consists of 12 mol-
ecules of the UL6 product, a VZV ORF54 homolog (19). Since the
identities and similarities of MCPs between HSV-1 and VZV are
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FIG 6 (A) No effect of 35B2 on steady-state levels of MCP in ORF40-transfected cells. 293T cells were transfected with empty vector (vec) (lane 1) or with
phCMV-ORF40 (lanes 2 to 4), cultured in the presence of DMSO (lanes 1 and 2), 20 wM 35B2 (lane 3), or 20 pg/ml ACV (lane 4), and harvested at 44 h
after transfection. MCP was detected by immunoblotting using rabbit anti-GST-ORF40 antibody and peroxidase-conjugated anti-rabbit IgG. (B) No
effect of 35B2 on steady-state levels of scaffold protein in transfected cells. 293T cells were transfected with empty vector (lane 1) or with pCMV-ORF33.5F
(lanes 2 and 3), cultured in the presence of DMSO (lanes 1 and 2) or 20 wM 35B2 (lane 3), and harvested at 44 h after transfection. Scaffold protein was
detected by immunoblotting using anti-FLAG tag antibody and peroxidase-conjugated anti-mouse IgG. (C) No effect of 35B2 on the interaction between
MCP and scaffold proteins in transfected cells. 293T cells were transfected with phCMV-ORF40 (lanes 1 and 2), with phCMV-ORF40 and pCMV-
ORF33.5F (lanes 3 and 4), or with pCMV-ORF33.5F (lanes 5 and 6), cultured in the presence of DMSO (lanes 1, 3, and 5) or 35B2 (lanes 2, 4, and 6) and
harvested at 44 h after transfection. The cell extracts were reacted with anti-GST-ORF40 antibody and protein G. Samples after immunoprecipitation (IP)
were analyzed by immunoblotting (IB) using the anti-FLAG antibody. (D) No effect of 35B2 on steady-state levels of MCP in infected cells. HEL cells
infected with V-Oka were harvested at 22 h after infection. MCP was detected as described for panel A.
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FIG 7 Effect of 35B2 on localization of the VZV MCP in infected cells. (A and B)
GPL cells were infected with cell-free virus (V-Oka), cultured in the presence of
DMSO (A) or 20 uM 35B2 (B) and fixed 26 h after infection. (C through H) GPL
cells were infected with the cell-associated virus V-Oka (C and D) and 35B2-
resistant clones R1 (E and F) and G18 (G and H), cultured in the presence of
DMSO (G, E, and G) or 20 wM 35B2 (D, F, and H), and fixed 44 h after infection.
The cells were reacted with rabbit anti-GST-ORF40 and then with FITC-conju-
gated anti-rabbit IgG and counterstained with DAPI. The top panels show only
FITC signals (green), and the bottom panels show both FITC (green) and DAPI
(blue) signals.
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51% and 86%, respectively, and since the expression of VZV scaf-
fold protein with HSV-1 MCP forms complete capsids (32), it is
likely that the overall structure of VZV MCP is similar to that of
HSV-1 VP5. Studies based on cryoelectron microscopy and bioin-

anti-FLAG anti-ORF40

- .

DAPI

merge

FIG 8 Effect of overexpression of scaffold proteins on localization of the VZV
MCP in infected cells. GPL cells were plated in media containing DMSO (A) or 20
M 35B2 (B and C; same well) and transfected with pCMV-ORF33F expressing
FLAG-tagged ORF33. One day after transfection, the cells were infected with V-
Oka. Two days after infection, the cells were fixed with acetone. The FLAG-tagged
OREF33 protein and ORF40 protein were visualized by IFA using anti-FLAG tag
monoclonal antibody and rabbit anti-ORF40 polyclonal antibody as primary an-
tibodies, Alexa Fluor 594-conjugated anti-mouse IgG Fab’ and FITC-conjugated
anti-rabbit IgG Fab’ as secondary antibodies, and DAPI for counterstaining. Alexa
Fluor 594, FITC, and DAPI signals are shown in red, green, and blue, respectively.
There were cells with (C) and without (B) expression of FLAG-tagged ORF33 in
the same well, since the transfection efficiency was 30 to 40%.
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FIG 9 Nuclear ultrastructure in VZV-infected and 35B2-treated cells. HEL cells in T25 flasks were infected with cell-free virus (V-Oka) at an MOI of ~0.02,
cultured in the presence of DMSO (A and B) or 20 uM 35B2 (C and D), and harvested 46 h after infection. Panels B and D show magnified views of the regions

indicated with boxes in panels A and C.

formatics identified 39 alpha helices of greater than 2.5 turns and
4 beta sheets in HSV-1 VP5 (61) and predicted three major struc-
tural domains, the upper, middle, and floor domains. The upper
and middle domains interact with VP26 and the triplex, respec-
tively (3, 4). The floor domain is thought to interact with the
scaffold proteins, since mutations that complemented a mutation
in the protease cleavage site of the scaffold proteins were identified
mainly in the floor domain, mostly in the VP5 helixes, H1 (amino
acids 22 to 42) and H2 (amino acids 58 to 72) (the mutations are
highlighted in blue in Fig. 4) (10, 58). Furthermore, most HSV-1
mutants containing alterations in the 127 to V80 region of VP5
(highlighted in purple in Fig. 4) are lethal and exhibited abnormal
formation of capsids (open capsid shells and/or small capsid-like
particles), while HSV-1 mutants containing L71P and L75A
(highlighted in light green) assembled no capsid-like structures,
and those containing G59P, L65P, L67P, and F70A (highlighted in
dark green) did not accumulate VP5 (20). Thus, it was proposed
that H2 is important in capsid shell accretion and stabilization
(20).

Since some mutations in the floor domain of HSV-1 VP5 decrease
the stability of the protein, it was possible to consider that 35B2 un-
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stabilized VZV MCP. However, 35B2 treatment did not result in an
apparent decrease of MCP levels in ORF40-transfected cells or in
VZV-infected cells. Two major observations in this study led us to
hypothesize that 35B2 inhibits normal capsid formation through
blockage of the proper interaction between MCP and the scaffold
proteins.

First, the mutations in the 35B2-resistant clones are located
in regions corresponding to the HSV-1 VP5 regions targeted by
mutations complementing the scaffold protein mutation and
those producing abnormal or no capsid structures (Fig. 4).
Seven of the strong 35B2-resistant mutations are located within
or near the region corresponding to VP5 H2. Since the time-
lapse cryoelectron microscopic analysis suggested that the pri-
mary mechanism underlying capsid maturation is relative ro-
tation of VP5 domains (18), it will be interesting to see whether
35B2 affects such rotations.

Second, 35B2 treatment led to aggregation of VZV MCP into
discrete speckles in the vicinity of the nuclear membrane, and
overexpression of scaffold protein restored normal MCP localiza-
tion. Ultrastructural analysis revealed that 35B2 treatment re-
sulted in some electron-dense areas in nuclei that might be aggre-
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gates of MCP. However, the aggregation of MCP is not unique to
the defect in MCP. Accumulation of immature and/or abnormal
capsids in the vicinity of the nuclear envelope was also observed in
cells infected with HSV-1 mutants that have defects in the scaffold
proteins (13) or in the UL17 and UL25 genes, which encode cap-
sid-associated proteins (37, 41).

Our hypothesis seems to be inconsistent with other observations:
there were no effects of 35B2 on the scaffold protein-mediated trans-
location of MCP from the cytoplasm to the nucleus or on the inter-
action between MCP and scaffold proteins in cells transiently trans-
fected with the constructs for MCP and scaffold proteins. However,
35B2 treatment did not generate nuclear puncta in the transfected
cells. It is likely that additional capsid components, such as ORF23, or
host factors induced upon VZV infection are required to generate the
MCP aggregates. Therefore, an alternative hypothesis would be that
35B2 induces conformational changes of MCP that affect capsid as-
sembly. This study had a limitation in the detection of scaffold pro-
teins in VZV-infected cells. It will be critical to see whether 3582
causes changes in the steady-state levels of scaffold proteins and other
capsid components as well as whether it inhibits the interaction of
MCP with scaffold proteins or with other capsid components in in-
fected cells.

Several antiviral compounds target herpesvirus capsid or nucleo-
capsid formation. For example, WAY-150138 {N-[3-chloro-4[(5-
chloro-2,4-dimethoxyphenyl)carbamothioylamino]phenyl]-2-fluo-
robenzamide} specifically inhibits HSV encapsidation, and a related
compound, compound I (2-fluoro-N-(4-{3-[1-(4-fluoro-phenyl)-
ethyl]-thioureido}-phenyl)-benzamide), similarly affects VZV (29, 55).
Some derivatives of [2,3-d]oxazinone inhibit the protease activity of the
scaffold proteins of HSV, VZV, and CMV (11, 59). Dimerization of scaf-
fold proteins is required for the protease activity; compounds that
blocked their dimerization were recently reported for HHV-8 (42). Be-
cause 35B2 is the first antiviral that targets the conserved herpesvirus
MCP, its novel antiviral mechanism can be exploited to target other her-
pesviruses.

In our next study, to further confirm the genetics of our
sequencing analysis-based results and to systematically analyze
which amino acid residues of VZV MCP are involved in the
interaction with 35B2, it would be desirable to introduce vari-
ous mutations into ORF40 using a VZV bacterial artificial
chromosome (BAC) system. It will be important to do chemi-
cal structure-activity relation (SAR) analysis and to screen
35B2 derivatives to identify compounds with even stronger
inhibitory activity against VZV and a target spectrum that in-
cludes other herpesviruses. Study of the binding kinetics of
VZV MCP and its mutants with 35B2 and related compounds
identified in the SAR analysis will help us to see whether 35B2
interacts with a tertiary structural element conserved among
herpesviruses. Further studies are also required to see whether
such anti-MCP compounds are effective in assays that repre-
sent various aspects of VZV infections in vivo, such as T lym-
phocyte cultures, skin raft/organ cultures, and SCID-hu mouse
models (25, 28, 35, 46, 51).

In conclusion, we identified a novel anti-VZV compound
that targets MCP and inhibits capsid formation. Given that
MCP is structurally conserved among the Herpesviridae, this
compound may provide a clue for the development of a pan-
herpesvirus inhibitor.
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