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The mechanism of action of the antiviral compound 3(2H)-isoflavene against Sabin type 2 poliovirus has
been studied, and interference with virus uncoating was demonstrated. Isolation and sequencing of drug-
resistant variants revealed single amino acid substitutions (I1194M or D131V) in the VP1 capsid protein. While
M194 is located in a hydrophobic pocket and should partially fill the space occupied by the isoflavene ring,
V131 is exposed on the VP1 surface, forming a contact with VP4. The D131V mutation most likely induces local
conformational changes in VP1 and/or VP4 that affect viral flexibility. Two dependent variants, N53S of VP1
and KS8E of VP4, both located on the inner surface of the capsid, near the threefold axis of symmetry, were
also selected. Both mutations affected viral stability, allowing the transition to 135S particles in the absence of

drug, without the involvement of the viral receptor.

Enteroviruses, a genus of the family Picornaviridae, which
includes polioviruses, echoviruses, group A and B coxsackievi-
ruses, and numbered enteroviruses (48), have been implicated
in a large variety of human diseases, ranging from mild ill-
nesses to severe clinical diseases such as myocarditis, menin-
gitis, encephalitis, and paralysis (31, 37).

Polioviruses, the prototype of the enterovirus group, have a
positive-sense single-stranded RNA genome packaged inside a
protein capsid. The genome codes for 11 individual polypep-
tides, initially synthesized as a large precursor and subse-
quently processed into mature polypeptides by virus-encoded
proteases. The icosahedral capsid contains 60 copies of each of
the VP1, VP2, and VP3 proteins, which interact with an addi-
tional smaller polypeptide, VP4, situated on the inner capsid
surface (42). The first step in the poliovirus replication cycle is
the attachment of the viral particle to its receptor on the cell
surface (32). The availability of the three-dimensional struc-
tures of poliovirus and other members of the picornavirus
family, alone or in complex with their receptors, has greatly
enhanced the understanding of the receptor binding and the
early steps of poliovirus replication at the atomic level (14, 22,
36, 45). The poliovirus receptor binding site has been mapped
to the bottom of a canyon around the icosahedral fivefold axis
formed by VP1, VP2, and VP3 molecules (14). The canyon is
also the site of entry into an internal hydrophobic pocket
normally occupied by an uncharacterized sphingosine-like
molecule (pocket factor), the precise function of which is still
unknown (11, 21, 27).

Cell surface attachment is followed by conformational
changes of the viral capsid leading to uncoating of the viral
genome. The loss of the VP4 protein and the extrusion of the
VP1 amino terminus generate an altered A particle with a
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reduced sedimentation coefficient and increased hydrophobic-
ity (14). It is still unknown whether uncoating of poliovirus
RNA occurs concomitantly with penetration or subsequently in
the cytosol. Successful completion of this process is a prereq-
uisite for the initiation of the replication cycle (10, 21), thus
making receptor binding and virus uncoating important targets
for antiviral therapy, as demonstrated by the extensive litera-
ture describing antipicornavirus drugs (17, 44, 49, 56).

Human rhinovirus (HRV) and poliovirus infections can be
prevented by uncoating inhibitors that either block virus-re-
ceptor interactions (major-group HRVs) or prevent the low
pH-induced conformational change necessary for uncoating
(minor-group HRVs) (2, 13, 17, 25, 38, 39, 56). Among these
inhibitors, the drug pleconaril (Viropharma, Exton, Pa.), a
novel molecule with broad antipicornavirus activity, has been
used for the treatment of the common cold in humans (19) and
more recently to cure enterovirus infections and poliovirus
type 2 (PV2) and PV3 excretion in immunodeficient subjects
(28, 30, 40, 43, 46, 47).

4',6-Dichloroflavan, a natural compound extracted from
plants, is a potent inhibitor of replication of several rhinovirus
serotypes and prevents viral uncoating (1, 52). A synthetic
derivative of this molecule is 3(2H)-isoflavene, which has been
reported to be effective not only against rhinovirus but also
against a broader spectrum of picornaviruses (4, 16, 51).

Previous biological characterization of the Sabin PV2 and
3(2H)-isoflavene drug-resistant and -dependent variants se-
lected after multiple passages suggested that the compound
may act by interfering with viral replication at a phase between
uncoating and viral RNA synthesis (9, 15).

In the present study, we report on the molecular character-
ization of resistant and dependent viral variants capable of
either bypassing the 3(2H)-isoflavene-induced block of viral
replication or growing only in the presence of the compound.
Differently from previous investigations, these variants were
selected by a single-step passage in cell culture, thus allowing
the identification of single mutations that correlate with the
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associated phenotype. Our results demonstrate that 3(2H)-
isoflavene exerts its action during the uncoating step and ex-
clude an effect of 3(2H)-isoflavene on viral RNA synthesis.
Analysis of mutations conferring drug resistance within the
structural context of the poliovirus capsid also provides strong
evidence that 3(2H)-isoflavene inserts into the well-known hy-
drophobic pocket, thereby blocking the uncoating process.

The binding and uncoating of drug-dependent variants were
unaffected by the drug: the mutations conferring dependence
on the compound for infectivity were identified and found to
be important for the stability of the derived viruses.

MATERIALS AND METHODS

Compounds. 3(2H)-Isoflavene was synthesized as described previously (4, 9).
A stock solution in ethanol (1 mg/ml) was stored at 4°C before dilution to a final
concentration of 20 uM with tissue culture medium. WIN 51711 (5-[7-[4-(4,5-
dihydro-2-oxazolyl)phenoxyl|heptyl]-3-methylisoxazole) was obtained from the
Sterling-Winthrop Research Institute (Rensselaer, N.Y.) and was used as a
control at a final concentration of 1.5 pg/ml of medium (4.4 wM) in dimethyl
sulfoxide (13, 56).

Cells and viruses. HeLa R19 cells were grown in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum (FCS), 200 U of
penicillin per ml, and 200 pg of streptomycin per ml (growth medium). PV2
Sabin (ATCC VR-1003) was used as the reference strain. A PV2 viral stock was
produced after transfection of HeLa cells with viral RNA transcribed from
pBR322 plasmid p2/T7/SAB2 (41). This preparation was used for selection of
resistant and dependent variants. Confluent cells were infected with PV2 Sabin
at a multiplicity of infection (MOI) of 5 PFU per cell in DMEM with 2% FCS
(maintenance medium). After virus adsorption for 1 h at 37°C, fresh mainte-
nance medium was added and the cells were incubated at 37°C. When the viral
cytopathic effect was complete, the cells were harvested and titration of virus was
performed by plaque assay (15).

Selection of resistant and dependent variants. PV2-resistant and -dependent
variants were selected in HeLa cell monolayers by plaquing serial dilutions (10~*
to 107> PFU) of viral stock and including 20 wM 3(2H)-isoflavene in the overlay
medium during growth, which corresponds to approximately 12.0 times the 50%
effective concentration (1.7 uM) (16). Several single well-developed viral plaques
were randomly picked from each plate. Differentiation between drug-resistant
and drug-dependent variants was achieved by comparing the titers in the pres-
ence of the compound and those in the absence of the compound. The selected
plaques were than subjected to at least two further cycles of plaque purification
in the presence of the compound. Before the experiments were run, stock viruses
were treated with chloroform to remove the compound (52).

Sequence determination. Sequencing of the entire genomes of viral variants
and PV2 Sabin was carried out as described previously (12). After heat dena-
turation, genomic RNA was subjected to reverse transcription and cDNA am-
plification with a panel of synthetic oligonucleotides as primers. The amplified
products were purified and sequenced with a Dye Deoxy Terminator cycle
sequencing kit (Applied Biosystems, Perkin-Elmer, Foster City, Calif.) and the
same primers used for amplification. The sequences obtained were aligned with
the sequence of the reference PV2 Sabin strain (41, 53).

Construction of recombinant variants. Variant viral RNA fragments contain-
ing the selected mutations were reverse transcribed, amplified by PCR, and
subcloned into plasmid p2/T7/SAB2 (41). To obtain the A919G mutation, a
fragment spanning from nucleotides 162 to 1340 of the D6/01 viral genome was
generated and restricted with Mlul-Sacl; the A2639G mutation was obtained
after reverse transcription-PCR amplification of the region from nucleotides
1201 to 2840 of D7/01 RNA and digestion with SacI-BssHII; the fragments from
nucleotides 2700 to 4640 of R1/01 and R2/01, which contain the mutations
A2873G and A3063G, were amplified by PCR and restricted with BssHII-BstEII
and BssHII-SnaBl, respectively. Nucleotide changes were confirmed by sequenc-
ing the recombinant plasmids. Viruses were obtained by transfection of HeLa
cells with RNAs transcribed from the plasmids.

RNA transfection. RNA transfection was performed as described previously
(9, 15), with minor modifications. Briefly, HeLa cells at 60 to 70% confluence
were transfected with viral RNAs of PV2 Sabin and recombinant variants in the
presence of 0.5 mg of DEAE-dextran (molecular weight, 500,000) per ml in
phosphate-buffered saline (PBS) with calcium and magnesium ions. Following
incubation for 30 min at room temperature in the presence or absence of the
drug, the inoculum was removed and maintenance medium was added. After 6 h
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at 37°C, the cells were frozen-thawed three times and centrifuged at low speed to
remove cell debris. Titers were determined by plaque assay in the absence of
drug for PV2 Sabin and resistant variants and in the presence of 3(2H)-isoflavene
for the dependent variant.

Viral RNA synthesis. HeLa cell monolayers in 60-mm-diameter dishes were
incubated for 30 min at 37°C with PV2 Sabin and viral variants at MOIs of 10 or
were transfected with RNA extracted from purified viruses. After a single step of
viral replication (6 h postinfection) in the presence or absence of drug (20 nM),
the cells were treated with TRIzol reagent (Invitrogen, Glasgow, United King-
dom) and total RNA was extracted by following the instructions of the manu-
facturer. Dot blot analysis was performed with 5 to 10 pg of RNA as described
previously (54). Filters were hybridized with a 3?P-labeled probe whose sequence
spanned from nucleotides 1500 to 1940 of the PV2 genome sequence. Following
autoradiography, RNA was quantified with Quantity One software (Bio-Rad
Laboratories, Hercules, Calif.).

Heat inactivation. Experiments of heat inactivation of viral infectivity were
performed as described previously (16). Briefly, viral suspensions diluted in PBS
(5 X 10® PFU/ml) were incubated overnight at 4°C with or without 3(2H)-
isoflavene (20 pM) or with WIN 51711 (4.4 uM) and for 30 min at temperatures
of 37, 42, and 48°C. After the mixtures were cooled on ice to stop the reaction,
they were diluted and the titers were determined by plaque assay in the presence
or absence of the compound.

Virus labeling and purification. Viruses were radiolabeled with [3*S]methi-
onine (1,000 Ci/mmol; ICN) as described previously (9) and purified by CsCl,
gradient centrifugation. The titers of the purified viruses were determined by
plaque assay.

Binding assay. Six-well dishes containing HeLa cell (8 X 10°) monolayers were
precooled on ice for 10 min, washed with maintenance medium, and then incu-
bated for 1 h at 4°C with 200,000 cpm of [>*S]methionine-labeled virions in the
presence or absence of compounds [20 wM 3(2H)-isoflavene, 4.4 uM
WINS51711]. The cells were washed three times with ice-cold PBS to remove
unbound virus and lysed in 0.2 ml of 0.2% Nonidet P-40 in PBS. Cell-associated
radioactivity was determined by scintillation counting. The assay was performed
in triplicate.

Sucrose gradient analysis. HeLa cell monolayers in 60-mm-diameter dishes
were chilled for 30 min on ice and infected with 500,000 cpm of [**S]methionine-
labeled viruses in the presence or absence of 3(2H)-isoflavene or WIN 51711.
Adsorption was allowed to proceed for 60 min on ice. The cells were washed
three times with ice-cold PBS to remove unbound particles, and 1 ml of DMEM
supplemented with 2% FCS with or without the drugs was added. The cells were
incubated at 37°C for 0, 30, or 60 min. The monolayers were washed twice with
ice-cold PBS, lysed with 0.8 ml of lysis buffer (0.01 M Tris [pH 7.2], 0.15 M NaCl,
0.1% sodium dodecyl sulfate, 1% deoxycholate, 1% Triton X-100), and frozen at
—80°C. The lysates were thawed, clarified by centrifugation at 10,000 X g for 5
min, and layered onto 15 to 30% sucrose gradients prepared in PBS. Gradients
were centrifuged at 4°C in a Beckman SW41 rotor at 40,000 rpm for 1.5 h.
Fractions were collected from the top, and the radioactivity of each fraction was
determined in a scintillation counter.

Thermostability assay for the dependent variant. Variant D6/01 at an MOI of
10 PFU was bound to HeLa cells for 1 h at 4°C in the absence of the drug. Cells
were washed and incubated at different temperatures (25, 29, 33, and 37°C) for
6 h in the presence (20 wM) or absence of the compound. Viral titers were
determined by plaque assay in the presence of the compound. The drug-plating
index was expressed as the ratio of the viral titer obtained in the presence of the
compound to that obtained in the absence of the compound.

Modeling and structural analysis. Substitutions on individual residues were
analyzed in the structural context of the PV2 (strain Lansing) crystal structure
(Protein Data Bank [PDB] entry 1IEAH) (3, 26) with Insight IT modeling soft-
ware (Accelrys, San Diego, Calif.). The few amino acid sequence differences (no
insertions or deletions) that existed between the Sabin strain and the Lansing
strain VP1 to VP4 capsid proteins could readily be modeled into the 1IEAH
template structure without consequences regarding the local or overall protein
conformation. Modeling of the 3(2H)-isoflavene compound into the pocket was
performed manually by using PDB entry 1IEAH and related structures of polio-
virus-inhibitor complexes as a guide. Icosahedral assemblies were constructed by
using the BIOMT transformations provided in the IEAH PDB file. Pictures were
generated with WebLab software (Accelrys).

RESULTS

Selection of 3(2H)-isoflavene-resistant and -dependent vari-
ants. Drug-dependent and -resistant variants were isolated by
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TABLE 1. Nucleotide and amino acid changes in PV2 Sabin and
3(2H)-isoflavene-resistant and -dependent variants

Variant(s) Phenotype Nlé}c]fr?gtide Amino acid change®
R1/01 Resistant A2873T Asp to Val (1131)
R2/01 to R5/01 Resistant A3063G Ile to Met (1194)
D6/01 Dependent A919G Lys to Glu (4058)
D7/01 Dependent A2639G Asn to Ser (1053)

“ The first digit of each number in parentheses is the number of the viral capsid
protein, and the next three digits give the number of the amino acid in that
protein.

selection of primary plaques developed during a single passage
in HeLa cells in the presence of 20 wM 3(2H)-isoflavene. Viral
stocks from seven randomly selected PV2 variants were prop-
agated in the presence of drug, and titers were determined in
the presence or absence of the compound. Five of the seven
variants showed a resistant phenotype, growing at the same
titer and exhibiting a similar plaque shape independent of the
presence of compound, with a drug-plating index of approxi-
mately 1. The remaining two variants behaved as drug-depen-
dent variants, requiring the presence of the compound to yield
high-titer viral progeny (drug-plating index, >10%).

Amino acid substitutions in 3(2H)-isoflavene-resistant and
-dependent variants. Full-length genome sequencing of the
new viral variants revealed that a single amino acid substitution
was associated with each phenotype (Table 1). Four of the five
drug-resistant variants (R2/01 to R5/01) carried an identical
mutation, an isoleucine-to-methionine change at residue 194
of the VP1 capsid protein; in the remaining variant (R1/01),
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aspartic acid was replaced by valine at residue 131 of VP1. The
amino acid changes of the drug-dependent phenotype were
located either in VP4 (variant D6/01), with lysine 58 replaced
by glutamic acid, or in VP1 (variant D7/01), with asparagine 53
replaced by serine.

Recombinant variants carrying the respective single nucleo-
tide changes were constructed by site-specific mutagenesis,
confirming that the amino acid changes identified were both
necessary and sufficient to generate the observed phenotypes.

Computer-assisted modeling of 3(2H)-isoflavene-PV2 inter-
action and mechanism of drug action. Although no structural
data are available for the PV2 Sabin strain, the high amino acid
sequence conservation of the VP1 to VP4 capsid proteins
among polioviruses (for example, PV2 Sabin and PV2 Lansing
[PDB entry 1IEAH]) (26) allowed us to construct very accurate
structural models and to address the mechanisms of drug bind-
ing. By placing 3(2H)-isoflavene at the bottom of the known
hydrophobic pocket in VP1, a mechanism of action can be
supposed for the four identical Ile194Met resistance mutations
(in R2/01 to R5/01) (Fig. 1A): addition of a methyl group at the
end of the amino acid 194 side chain would affect drug binding
inside the hydrophobic pocket by steric hindrance. An analo-
gous mechanism which confers resistance to WIN 51711, a
known inhibitor of poliovirus uncoating, was reported for mu-
tation Ile192Phe in PV3 Sabin (34).

Because the mutation is located immediately outside the
hydrophobic pocket, the mutation of Aspl31 to valine can
abolish both contact to VP4 (mediated by the VP1 His265 side
chain) and contact to the backbone (mediated by the NH of
Tyr198) of the neighboring B strand that is part of the pocket

FIG. 1. Localization of drug-resistant and -dependent mutations and modeling of drug binding. (A) Close-up of the 3(2H)-isoflavene binding
site near VP1 Ile194. The 3(2H)-isoflavene ligand (yellow) is modeled into the bottom of the hydrophobic pocket formed by VP1 Ile110, Phe134,
Phe136, Tyr159, Pro181, Ile194, Val196, and Leu240. Mutation of Ile194 into a longer Met side chain (indicated by an orange arrow) partially fills
the bottom of the pocket, abolishing efficient binding of the isoflavene. Also shown is VP1 Asp131 (red), a second mutation (Asp—Val) that
confers drug resistance. Asp131 forms contacts with VP4 (through His265) and the backbone (NH of Tyr198) of one of the beta strands that is
part of the pocket wall. In particular, loss of the latter contact could induce a local conformational change of the Val196-Pro197-Tyr198 backbone
segment (highlighted in red), leading to a change in shape and, possibly, also leading to a change in the accessibility of the pocket. (B) The locations
of the two mutations resulting in a drug-dependent phenotype, VP1 AsnS53 to Ser and VP4 LysS8 to Glu, are shown in the context of a VP1 to
VP4 pentamer seen from inside the capsid (VP1, blue; VP2, green; VP3, red; VP4, white). Both residues lie on the inner surface of the capsid and
are far from the isoflavene-binding pocket (yellow).
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wall (Fig. 1A). The absence of the latter contact and the rear-
rangement of the hydrophobic Vall31 side chain could induce
a local conformational change of the segment Val196-Pro197-
Tyr198 that affects the pocket shape and/or that increases the
flexibility of VP1. The latter effect has been postulated to
confer drug resistance by the mutation Asp129Val found in the
WIN 51711-resistant PV3 Sabin variant (34).

While the model allowed us to derive an acceptable explana-
tion for drug resistance, conclusions regarding the underlying
mechanism for the opposite phenotype, drug dependence, asso-
ciated with VP1 Asn53Ser and VP4 Lys58Glu mutations, were
much harder to draw. Both residues are situated on the inner
surface of the capsid (Fig. 1B), far from the drug-binding pocket,
with VP4 Lys58 completely exposed and VP1 Asn53 making
contacts with other VP1 and VP3 residues. These contacts would
be weakened or abolished if asparagine was replaced by serine.
Similar mutations, including an identical VP1 Asn51Ser change,
have been observed in WIN 51711-dependent PV3 Sabin variants
(34), confirming that this internal region of the capsid is a hot spot
for drug-dependent mutations.

Although the modeling analysis and the location of the mu-
tations within VP1 strongly suggested that 3(2H)-isoflavene
interferes with the viral cell entry and/or uncoating process, we
also performed a more detailed biological characterization of
one resistant variant (R2/01) and one dependent variant
(D6/01).

Effect of 3(2H)-isoflavene on viral RNA synthesis. To ex-
clude a possible direct interaction of the compound with viral
RNA synthesis, HeLa cells were transfected with purified RNAs
of the VP2 Sabin, R2/01, or D6/01 variant in the presence or
absence of drug. The cells were lysed 6 h after transfection. Total
RNAs were extracted and adsorbed on filter paper, and RNA
synthesis was measured by dot blot hybridization, as described in
Materials and Methods (Fig. 2A). Viral infection with the PV2
Sabin strain or variants was monitored in parallel (Fig. 2B). HeLa
cells were infected with the three viruses at MOIs of 10 at 37°C in
the presence or absence of the compound. Infection was stopped
at 6 h to avoid a possible inhibitory effect of the drug on newly
synthesized viral particles.

As shown in Fig. 2A, 3(2H)-isoflavene had no effect on RNA
synthesis of PV2 Sabin or the R2/01 and D6/01 variants when
it was added after RNA transfection. On the contrary, the
presence of the compound during infection led to a 95% de-
crease in the level of PV2 Sabin RNA synthesis (Fig. 2B). As
expected, the D6/01 variant underwent efficient genome repli-
cation only in the presence of 3(2H)-isoflavene, whereas the
drug did not interfere with RNA synthesis of the resistant
variant (Fig. 2B).

Effect of 3(2H)-isoflavene on thermal inactivation. To inves-
tigate whether 3(2H)-isoflavene could bind to PV2 Sabin or
R2/01 variants and protect them from heat inactivation, the
viruses were first incubated overnight at 4°C and then at 37, 42,
and 48°C for 30 min in the presence or absence of the com-
pound. Viral titers were determined by plaque assay. The cap-
sid binding compound WIN 51711 was included as a control.
As shown in Fig. 3A, PV2 Sabin was stable up to 42°C in the
absence of drug, and a significant (approximately 3 log,,) de-
crease in viral titer was observed only when the virus was
incubated at 48°C. At this temperature, the presence of 3(2H)-
isoflavene completely protected PV2 Sabin from thermal inac-
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tivation with an efficiency comparable to that of WIN 51711. At
48°C, variant R2/01 was sensitive to heat inactivation in either
the presence or the absence of the compound (Fig. 3B). The
reduction in viral titer of approximately 4 log,, PFU/ml,
slightly higher than that observed for PV2 Sabin, strongly in-
dicated that the drug did not bind to the capsid of this variant.
The R1/01 variant showed a heat inactivation profile identical
to that of R2/01 (data not shown).

Effect of 3(2H)-isoflavene on binding and uncoating. To
determine whether 3(2H)-isoflavene could interfere with bind-
ing of PV2 Sabin during infection, we measured the amount of
cell-associated radiolabeled virus after 1 h of adsorption to
HeLa cells at 4°C in the presence or absence of the compound.
The resistant and dependent variants were also assayed. As
shown in Fig. 4, PV2 Sabin and R2/01 bound to the cells to the
same extent in the presence or absence of the drug, indicating
that 3(2H)-isoflavene did not affect virus adsorption to cells.
The D6/01 variant showed a binding capacity similar to that of
PV2 Sabin in the presence of drug. Conversely, binding of this
variant decreased (2.7-fold) in the absence of drug. This result
is more likely due to the instability of the D6/01 variant rather
than to a decrease in binding capacity: this is better demon-
strated by the thermolability experiments described below.
Similar results have been also reported for PV3 WIN 51711-
dependent variants (33).

The effect of the compound on viral uncoating was studied
by analyzing the pattern of viral particle and subviral particle
accumulation during HeLa cell infection with PV2 Sabin. The
R2/01 and D6/01 variants were also included in the study.
Binding of radiolabeled purified viruses was synchronized by
1 h of incubation at 4°C; after removal of unbound viruses, the
cells were kept at 37°C for 0, 30, and 60 min in the presence or
absence of compound and then lysed. The conversion from
160S native virions into 135S particles was measured after
sucrose gradient centrifugation of cell-associated radiolabeled
viruses. WIN 51711 was included as a control (13, 56). As
shown in Fig. 5A, 3(2H)-isoflavene completely inhibited the
formation of PV2 Sabin 135S particles, proving to be as effec-
tive as WIN 51711. The PV2 subviral particles released in the
medium were to a large extent composed of 160S particles and
a very small amount of 135S particles, which appeared after 30
to 60 min at 37°C (data not shown). In the case of the R2/01
variant, uncoating was unaffected by the drug, and the kinetics
of conversion from 160S to 135S and 80S particles were faster
compared to those for PV2 Sabin. In the presence of drug, the
D6/01 variant showed a normal uncoating process, with the
kinetics comparable to those for variant R2/01. In the absence
of drug, D6/01 160S virions were converted to 135S and 80S
particles even at time zero after binding, indicating the marked
instability of this virus (Fig. 5A).

The instability of the dependent variant was also confirmed
by experiments in which radiolabeled D6/01 particles were
incubated at 37°C with or without drug in the absence of cells.
Analysis by sucrose gradient centrifugation showed that, in the
absence of drug, mature 160S viral particles were rapidly con-
verted into the thermodecay products of 135S and 80S (Fig.
5B). Conversely, the addition of the compound restored the
sedimentation profile characteristic of PV2 Sabin (Fig. 5B).
Similar experiments could not be performed with the D7/01
variant due to the extreme instability of this virus in the ab-
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FIG. 2. Effect of 3(2H)-isoflavene on RNA synthesis of PV2 Sabin, R2/01, and D6/01 variants. (A) HeLa cells monolayers at 60% confluency
were transfected with purified viral RNA from PV2 Sabin and viral variants in the presence of 0.5 mg of DEAE-dextran per ml. Following
incubation for 6 h in the presence or absence of the drug (20 uM), RNAs were extracted, adsorbed on filter paper (10 ng), and hybridized with
a probe (specific for PV2 nucleotides 1500 to 1940). After autoradiography, RNAs were quantified as described in Materials and Methods.
(B) HeLa cell monolayers were infected with viral variants and the reference Sabin PV2 strain at MOIs of 10 and incubated at 37°C in the absence
or presence of the antiviral compound (20 wM). After a single step of viral replication (6 h postinfection), total RNAs were extracted and adsorbed
(5 pg) on filter paper. Hybridization was performed as described for panel A. Solid bars, without antiviral compound; shaded bars, with antiviral

compound.

sence of the compound, which did not enable the purification
of 160S viral particles (data not shown).

Thermolability of the drug-dependent variant. In an attempt
to prevent the spontaneous degradation of the D6/01 variant in
the absence of drug at 37°C, further experiments were carried
out at lower incubation temperatures. After virus adsorption to
HelLa cells for 1 h at 4°C, the cells were incubated for 6 h at 25,
29, 33, or 37°C in the presence or absence of the compound.
Viral titers were determined by plaque assay in the presence of

the compound. As shown in Fig. 6, the stability of the viral
particles was gradually recovered by lowering the growth tem-
perature. At 25°C, the titers in the absence or presence of drug
were found to be closer (drug-plating index, approximately 2).

DISCUSSION

Even though successful vaccination with live oral vaccine has
pushed poliomyelitis to the verge of global eradication (6, 23),



2238 SALVATI ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

A PV2 Sabin

Viral titer (pfu/ml)

R2/01

1,E+09
1,E+08 - -
E  1,E+07 -
e
&
5 1,E+06
£ LE+05 -
>
1,E+04 | -
1,E+03 -

4°C 37°C

42°C 48 °C

FIG. 3. Effect of 3(2H)-isoflavene on thermal inactivation of PV2 Sabin and R2/01. Each virus (5 X 10% PFU) was incubated overnight at 4°C
in the presence or absence of antiviral compounds. Following 30 min of incubation at the indicated temperatures, the viruses were chilled on ice
and titers were determined by plaque assay (the data represent the means of three separate experiments). Solid bars, without antiviral compounds;

shaded bars, with WINS51711; open bars, with 3(2H)-isoflavene.

the discovery of prolonged poliovirus excretion by immunode-
ficient individuals (24, 29) has raised increasing concern in the
World Health Organization. These individuals could in fact
represent reservoirs for both wild-type and vaccine-derived
poliovirus strains after eradication. Indeed, at least three out-
breaks of poliomyelitis caused by highly mutated vaccine
strains have been reported so far (7, 8, 24). The only available
therapy for these patients is immunoglobulin substitution ther-
apy, which, however, has not proved to be sufficient for virus
clearance from the intestine for some long-term poliovirus
excretors. Recently, the new compound pleconaril (VP 63843;
Viropharma) has been used for this purpose, proving effective
against PV2, PV3, and other enteroviruses but not against PV1
(30). Treatment of these patients thus requires the develop-
ment of new specific therapies active against poliovirus infec-

tions and, possibly, also other important picornavirus infec-
tions against which vaccines are not yet available (18, 55).

Soon after cell entry, native infectious poliovirus particles
undergo a conformational change induced by the cellular re-
ceptor (PVR), resulting in the formation of subviral A particles
which sediment at 135S and which still contain genomic viral
RNA. Release of the RNA from the protein shell creates the
subviral B particles, which sediment at 80S. During this process
the virus presumably penetrates into the cytosol by breaking
the endosomal membrane (21). Understanding of the relevant
events during early viral infection has been greatly improved by
the availability of specific inhibitors and the analysis of resis-
tant and dependent variants (33-35).

3(2H)-isoflavene, a derivative of 4',6-dichloroflavan, specif-
ically inhibits poliovirus type 2 replication in HeLa cells at a
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FIG. 4. Effect of 3(2H)-isoflavene on binding of PV2 Sabin, R2/01, and D6/01 variants. HeLa cell monolayers were infected with 200,000 cpm
of [**S]methionine-labeled purified viruses in the presence or absence of the drug (20 wM). After 1 h of incubation at 4°C, the cells were washed
with PBS and lysed with 0.2% Nonidet P-40, and the cell-bound radioactivity was measured in a beta-scintillation counter. A polyclonal antibody
against PV2 Sabin was used as the virus binding inhibitor. The experiment was repeated three times. Solid bars, without 3(2H)-isoflavene; shaded

bars, with 3(2H)-isoflavene; open bars, with anti-PV2 antibody.

concentration of 20 wM. At this concentration, viral protein
synthesis and virus-induced shutoff of cellular protein synthesis
are inhibited (15). The results presented in this report show
that the compound does not affect binding of poliovirus to the
cellular receptor and efficiently blocks uncoating of Sabin PV2,
proving that it is as effective as WIN 51711. Genovese et al.
(15) found evidence for a possible effect of 3(2H)-isoflavene on
viral RNA synthesis. Most likely, this observation was caused
by the long incubation time in the presence of the antiviral
agent prior to virus recovery from transfected cells (18 h). In
the present study, a shorter incubation period (6 h) discrimi-
nated the effect of the drug on the uncoating of newly synthe-
sized viral particles from apparent interference with transcrip-
tion from input RNA.

To identify the compound binding site, drug-resistant vari-
ants were isolated and sequenced and the amino acid substi-
tutions responsible for the observed phenotype were localized.
We demonstrated that single amino acid substitutions
(Ile194Met or Aspl31Val) in the VP1 capsid protein are re-
sponsible for the resistant phenotype, and site-directed
mutagenesis confirmed that they independently confer drug
resistance.

The major determinant of 3(2H)-isoflavene resistance, VP1
Met194, is located in the well-known VP1 hydrophobic pocket,
with a second resistance mutation, Asp131Val, being close by.
The pocket is normally occupied by sphingosine-like molecules
(pocket factor), including palmitic and myristic acids (50) of
unknown function, and has been shown to represent the bind-
ing site for a variety of distinct hydrophobic compounds (11).
Given their vicinity to the pocket, both mutations could affect
drug binding by changing the pocket properties: by steric hin-
drance for Ile194Met or through local conformational changes
in the case of Asp131Val. This hypothesis was also supported
by the inability of the drug to protect the resistant variants
against thermal inactivation or inhibit the conversion of ma-

ture R2/01 160S particles into 135S particles, indicating a com-
plete loss or a significant reduction of virus-drug binding.

The mutations found in 3(2H)-isoflavene-resistant and -de-
pendent viruses map into regions that coincide with regions
harboring analogous mutations for PV3 Sabin WIN 51711 re-
sistance variants (34), with two mutations being identical and
one occurring at the identical position. At a first glance this
might be expected, given the high amino acid sequence identity
between the two viruses. However, the observed mutations are
induced by two structurally unrelated compounds, 3(2H)-
isoflavene and WIN 51711, which show very similar antiviral
effects on early virus-cell interactions: prevention of uncoating
without interference with host cell functions. More impor-
tantly, these overlapping spectra of mutations clustered in two
distinct separate regions, suggesting that these mutations do
not occur in a random fashion. Apparently, the structural
transformations that the virus undergoes during its life cycle
are only compatible with a limited repertoire of possible mod-
ifications that the virus can use to counterbalance the inhibi-
tory effects of drugs.

The sedimentation profile of the drug-dependent variant
after binding to cells at 4°C for 1 h in the absence of drug
indicated a rapid conversion to 135S and 80S particles. This
capacity to initiate uncoating at temperatures lower than those
required for the wild-type virus suggests that the observed loss
of infectivity at 37°C in the drug-dependent variant results
from thermolability. This was indeed confirmed by experi-
ments in which the D6/01 variant was incubated at 37°C for 30
min in the absence of compound and cell substrate. This con-
dition was sufficient to rapidly convert 160S mature particles
into thermodecay products sedimenting at 135S and 80S. The
addition of the drug completely restored the stability of this
variant.

In the absence of the compound, virus stability was gradually
recovered when infection was carried out at lower tempera-
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FIG. 5. Effect of 3(2H)-isoflavene on sucrose gradient sedimentation profiles of PV2 Sabin (Sab), R2/01, and D6/01 variants. (A) Binding of
purified [*>S]methionine-labeled viruses to HeLa cells was synchronized by 1 h of incubation at 4°C in the presence or absence of the compound
(20 pM). After removal of unbound virus, cells were incubated in the presence or absence of the compound at 37°C for the indicated times and
then lysed. Cell-associated radiolabeled viral particles were centrifuged through a 15 to 30% sucrose gradient. Fractions were collected, and
radioactivity was measured in a beta-scintillation counter. The percentages of mature 160S and 135S viral particles are indicated. WIN 51711 was
used in the assay as an inhibitor of uncoating. (B) [**S]methionine-labeled variant D6/01 virions were incubated with or without compound at 37°C
without cells for the indicated times. Virus-associated radioactivity was analyzed on a 15 to 30% sucrose gradient, as specified above. The
percentages of the 160S, 135S, and 80S viral particles are indicated.

tures that reached a maximum at 25°C. In fact, at 4°C a de- While 3(2H)-isoflavene is apparently not critical for the at-
tectable amount of the D6/01 variant also bound to cells in the tachment or uncoating of the dependent variant, during infec-
absence of the compound, and at 25°C almost all virus pene- tion it promotes stabilization of the thermolabile variants long
trated into the cells and could be rescued after a single step of enough to allow them to survive during the interval between
growth. release of the progeny virus in the extracellular medium and
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FIG. 6. Thermostability of the dependent variant. HeLa cells were incubated with the D6/01 variant in the absence of the drug for 1 h at 4°C.
After infection for 6 h in the presence or absence of the drug at the indicated temperatures, the cells were lysed and viral titers were determined
by plaque assay in the presence of the compound. The drug-plating index is expressed as the ratio between the plaque titer in the presence of the
drug and that in the absence of the drug.
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infection of new cells. Similar findings were observed for PV3
WIN 51711-dependent variants that were also protected
against thermal inactivation (5, 20, 33, 44). The enhanced un-
coating shown in the case of R2/01 and D6/01 in the presence
of drug may possibly reflect a faster process of decapsidation,
which is accounted for by the corresponding amino acid
changes that for the latter are most likely also related to the
increased instability of the capsid.

In summary, we have shown that 3(2H)-isoflavene acts as a
potent inhibitor of PV2 uncoating and targets the VP1 protein.
Elucidation of the underlying mechanism of action provides
additional information about the process by which the capsid
triggers the conversion of native virus into 135S particles and,
in particular, the involvement of the VP1 protein in this pro-
cess. The possible use in vivo of 3(2H)-isoflavene or other
halogen-substituted derivatives of 4’,6-dichloroflavan available
in our laboratories is under investigation in animal models of
poliovirus infection.

In addition to the effects of 3(2H)-isoflavene on PV2 Sabin
reported herein, the drug also inhibits PV3 and PV1 replica-
tion (the latter is inhibited to a lower extent, however) and
coxsackievirus type A9 replication (data not shown). Modifi-
cation of the compound could therefore enhance its capability
to interact with and inhibit a larger number of viruses belong-
ing to the family Picornaviridae. Although picornavirus infec-
tions cause significant morbidity and even mortality, no vac-
cines are available at present, with the exception of vaccines
against poliovirus and hepatitis A virus. The development and
possible exploitation of drugs for therapeutic use are therefore
needed, in addition to the design of effective and safe vaccines.
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