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4',6-Dicyanoflavan (DCF), a new antirhinovirus compound, was shown to inhibit an early event of rhinovirus
type 1B replication in HeLa cells. When DCF was present from the beginning of infection or was added no later
than the first hour of infection, the compound completely prevented viral RNA and protein synthesis and the
virus-induced shutoff of host translation. DCF had'no adverse effect either on virus binding to the cell
membrane or on virus penetration into cells, whereas it delayed the uncoating kinetics of neutral red-
encapsidated rhinovirus. DCF also prevented mild acid or thermal inactivation of virus infectivity, although it
reversibly interacted with virions. These results suggest that the stabilizing effect of DCF on virion capsid
conformation is responsible for uncoating inhibition.

Flavanoids are among the most potent inhibitors of human
rhinovirus (HRV) replication. In the last few years, we have
synthesized new anti-HRV flavanoids that are structurally
related to the well-known flavanoid 4',6-dichloroflavan
(BW683C) (1). An interesting feature of the synthesized
flavanoid compounds is' that, besides having an effect on
HRV (2), they exhibit an antiviral spectrum that is wider
than that of BW683C. They show good antiviral activity
against poliovirus type 2 (4), coxsa'ckievirus type B4, echo-
virus type 6, enterovirus type 71 (8), hepatitis A virus (18),
and astrovirus (17). Studies on the mechanism of action
indicate that they affect some early process of the virus life
cycle (5), similar to the effect of BW683C (20).

Recently, in an attempt to improve their antiviral potency,
we synthesized new flavans, isoflavans, and isoflavenes
substituted with halogens as well as cyano or amidino
residues (3). The cyano residue is a strong electron-with-
drawing group known to increase the antipicornavirus activ-
ity of substituted phenoxybenzene (13); the amidino group is
present in some proteinase inhibitors with antiviral activity
(6, 19). Among these drugs, 4',6-dicyanoflavan (DCF)
proved to be more active than the reference molecule
BW683C when they were tested under the same experimen-
tal conditions (3). DCF had no adverse effect on cell cultures
up to a concentration of 40 ,uM, which is about 1,740 times
the 50% inhibitory concentration (IC50) of HRV type 1B
plaque formation (IC50 = 0.023 ,uM).
The aim of the present work was to elucidate whether the

replacement of chlorine with cyano groups could influence
the mechanism of the antiviral action of this type of mole-
cule.

MATERIALS AND METHODS
Cells and virus. The HeLa (Ohio) cell line was routinely

grown in Eagle's minimum essential medium (MEM) as
described previously (5).
HRV type 1B (HRV 1B) was propagated in HeLa cells as

reported previously (5). The virus titer was measured by
plaque assay (2).

* Corresponding author.

Radioactively labeled virus was grown in the presence of
10 p,Ci of 5-[3H]uridine (27 Ci/mmol; Amersham Interna-
tional) per ml and actinomycin D (0.1 ,ug/ml). The prepara-
tion was digested with 1 mg of RNase A per ml (30 min,
33°C) to remove nonencapsidated RNA, and the virus was
sedimented at 70,000 x g for 2.5 h (4°C). The pellet was
taken up in phosphate-buffered saline (PBS; pH 7.4).

Virus yield reduction. Confluent monolayers of HeLa cells
in 24-well plates were infected at a multiplicity of infection of
5, in the presence or absence of DCF. After 1 h at 33°C,
excess virus was removed and the monolayers were washed
twice with PBS. Then, MEM with or without the compound
was added. Single-cycle conditions were achieved by incu-
bating the cells at 33°C for 9 h postinfection (p.i.). The
cultures were freeze-thawed three times, and the cell debris
was removed by low-speed centrifugation. After extraction
of the drug with chloroform (5), the supernatants were
titrated by plaque assay.
DCF was stored as a 0.1% stock solution in ethanol and

diluted in culture medium shortly before use.
Time of addition or removal of compound. In order to

determine which stage of virus replication is affected by the
drug, DCF was added or removed from virus-infected cul-
tures at various times p.i. and the virus yield was determined
after a single cycle of virus replication. The infection was
synchronized by allowing the virus, at a multiplicity of
infection of 5, to attach to the cell surface in the cold (1 h,
0°C) and then raising the temperature to 33°C to permit
internalization. At various times p.i. (0, 15, and 30 min and
1, 2, and 3 h), culture medium containing DCF at a concen-
tration of 3.2 F±M or not containing DCF was added or
removed, and the cells were incubated for 9 h. The virus
yield was determined as described above.

Virus inactivation and stabilization. Virus suspensions with
or without DCF at different concentrations were incubated
at 33°C for 1 h. The virus titer was determined by plaque
assay before and after chloroform extraction (5).
The virus was incubated with or without DCF for 1 h at

33°C before mild acid or thermal treatment. For mild acid
treatment, the pH of the mixtures was adjusted to 5.0 by
adding 0.2 M acetate buffer (pH 5.0). After incubation at
33°C for 30 min, the mixtures were neutralized with 0.85 M
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Tris base. For thermal treatment, the mixtures were incu-
bated for 20 min at 56°C (pH 7.2) and then refrigerated on
ice. All samples were extracted with chloroform, diluted,
and titrated as described above.

Viral RNA synthesis. Cell monolayers were infected (1 h,
33°C) with HRV 1B at a multiplicity of infection of 25 and
were then added to MEM containing actinomycin D (2
,ug/ml). At the indicated times after infection, 20 ,uCi of
5-[3H]uridine per ml was added, and the cells were incubated
for 1 h. Thereafter, the monolayers were washed three times
with PBS and were precipitated with 10% trichloroacetic
acid (TCA). TCA was removed and the cells were washed
with ethanol. After drying under an infrared lamp, the
content of each well was dissolved in 0.02 N NaOH plus
0.1% sodium dodecyl sulfate (SDS). An aliquot was sus-
pended in scintillation liquid to evaluate the radioactivity.

Cellular and viral protein syntheses. Cellular and viral
protein syntheses were assayed as described previously (4).
Briefly, HeLa cells were incubated in methionine-free me-
dium in the presence of 20 ,uCi of [35S]methionine (1,176
Ci/mmol; DuPont, New England Nuclear) per ml from hours
8 to 9 p.i. The cells were washed three times with PBS and
collected in lysis buffer. Incorporation of [35S]methionine
into newly synthesized proteins was determined by precipi-
tation with 10% TCA, filtration through nitrocellulose filters,
and counting of the radioactivity by liquid scintillation.

Electrophoresis was performed as described by Laemmli
(9). Samples were boiled for 5 min before being applied to
15% SDS-polyacrylamide gels.
Virus binding and internalization. HeLa cell monolayers in

four-well plates were washed twice with ice-cold PBS, and
[3H]uridine-labeled HRV 1B (7,000 cpm per dish), with or
without the compound, was added. Adsorption was allowed
to proceed for 2 h. Thereafter, the monolayers were washed
five times with cold PBS to remove unbound particles, and
TCA-precipitable cell-associated radioactivity was counted
after three cycles of freezing-thawing of the cell cultures.
To measure virus entry, [3H]uridine-labeled HRV 1B

(7,000 cpm per dish) was incubated with cells for 1 h at 33°C.
After washing five times with PBS, the monolayers were
incubated for 1 h at 0°C with 5 mM EDTA to remove
noninternalized virions (10). After washing five times with
cold PBS, the cells were processed as described above.

Neutral red-sensitized virus preparation and measurement
of viral uncoating. Photosensitive HRV 1B was propagated
in HeLa cells for more than three serial passages in the dark
in the presence of 10 ,ug of neutral red per ml, as described
by Mandel (12).
To examine uncoating kinetics, virus that was mock

treated or treated with 3.2 ,uM DCF (1 h, 33°C) was adsorbed
to cell cultures in darkness in the cold (1 h, 0°C) at dilutions
suitable for plaque determination. Unadsorbed inoculum
was removed by washing the culture three times with cold
PBS, and the cells were covered with MEM (2% fetal calf
serum) and warmed to 33°C. After the indicated intervals,
one set of plates was irradiated for 15 min with a white light
(300 W). The other set of cultures, which were kept in the
dark, was submitted to identical treatment to serve as a

control. After removal ofMEM, the cells were overlaid with
medium for plaque determinations and were incubated for 72
h at 33°C. The unaltered titer of photosensitive HRV prep-
arations after digestion with 1 mg of RNase A per ml for 30
min at 33°C demonstrated the lack of free viral RNA, which
possibly interfered with the results. Results of control ex-

periments with dye-free virus indicated that illumination has
no effect on the virus-cell system.

TABLE 1. Effect of DCF on infectivity and effect of heat (56°C)
or acid (pH 5) inactivation of HRV 1B

Reduction in titer (log1o PFU/ml) compared with that of
controls

DCF Virus inactivation Stabilization against
concn (pH 7, 33'C) inactivation by:

Before After pH 5 56°C
CHC13 CHC13

0 0.00 0.00 -4.06 -6.21
0.023 0.00 0.00 -4.06 -6.21
0.32 -0.05 0.00 -3.66 -5.06
3.2 -0.05 0.00 -1.16 -3.96

a Values are given as differences from the titer of the control virus; the titer
of the control virus was 7.46 log1o PFU/ml.

RESULTS

Direct effects ofDCF on virus infectivity and stability. Virus
infectivity titers were found to be not significantly different
in suspensions incubated with or without DCF at different
concentrations (Table 1). The doses used (3.2, 0.32, and
0.023 ,uM) were about 140, 14, and 1 time, respectively, the
IC50 for HRV 1B in a plaque reduction test (3). The virus
titer of DCF-treated samples was completely restored to the
original value after extraction of the drug with chloroform.
Table 1 shows that the infectivity of control virus de-

creased significantly after exposure to either pH 5 or 56°C.
No protective effect was observed with the lowest concen-
tration of DCF tested. In the presence of the compound at
0.32 or 3.2 ,uM, the drop in infectivity was reduced in a
concentration-dependent manner.

Dose-response effect of DCF on yield of HRV 1B. Under
one-step growth conditions, a concentration of 3.2 ,uM DCF
reduced the virus yield by about 99% (data not shown). The
IC50 was about 0.18 ,uM.
When multiple-cycle virus growth (24 h p.i.) was exam-

ined under similar conditions, the virus yield in 3.2 ,uM
DCF-treated cells was still reduced by approximately 90% of
that in the control. Therefore, the DCF concentration of 3.2
,uM was chosen for further experiments.

Effect of time of addition or removal of DCF on yield of
HRV 1B. To prevent virus growth by about 80%, DCF had to
be added immediately after adsorption (zero time). When
addition was delayed to 30 min after infection, a 55%
reduction in infectious yield was observed. Addition of the
compound later than 1 h had only a minor inhibitory effect on
virus infection (data not shown).
Removal of DCF at 30 min p.i. caused only a 25%

reduction in virus yield, while at 1 h the inhibition reached
about 60%. The reduction was almost irreversible at 2 h p.i.
(data not shown).

Effect of DCF on the kinetics of HRV 1B RNA synthesis.
Detectable viral RNA incorporation began at 2 h p.i. and
reached a maximum at 6 h (Fig. 1). The addition of DCF at
the beginning of infection, i.e., together with the virus
inoculum, completely prevented viral RNA synthesis. Addi-
tion of DCF when the bulk of viral RNA synthesis began (2
h p.i.) did not alter the kinetics of incorporation of [3H]uri-
dine in HRV-infected cells.

In the absence of actinomycin D, DCF had no effect on
RNA synthesis in uninfected cells (data not shown).

Effect of DCF on HRV lB-induced shutoff of host transla-
tion and viral protein synthesis. After infection with HRV 1B,
[35S]methionine incorporation into the proteins of HeLa
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I~~~~~~~~~~~

FIG. 1. Effect of DCF on HRV 1B RNA synthesis by determi-
nation of incorporation of [3H]uridine into the TCA-insoluble frac-
tion of virus-infected cells (2 X 10' cells) in the presence of
actinomycin D. *, untreated cells; O, cells treated with DCF from
the beginning of infection; A, cells treated with DCF from 2 h p.i.
Each point represents the average of two separate experiments. Cell
controls were included for each reading, and the cell background
activity was deducted for each reading.

cells decreased significantly (about 75%). The addition of
DCF at the beginning of infection prevented almost com-
pletely the decrease of cellular protein synthesis. A similar
effect was observed when the compound was present only
during the viral adsorption period (1 h, 33°C). Addition of the
drug 1 h p.i. or later had a negligible effect on shutoff of
cellular protein synthesis (data not shown).
HRV 1B protein synthesis in the presence of DCF was

analyzed by SDS-polyacrylamide gel electrophoresis. Figure
2 shows that a complete inhibition of viral protein synthesis
was observed when the compound was present either
throughout the entire incubation time or during the first hour
of infection (33°C) only. The appearance of viral proteins
was unaffected when DCF was added to cells at different
times p.i. Protein synthesis in uninfected cells incubated
with DCF for 9 h at 33°C appeared to be normal.

Effect ofDCF on adsorption and internalization ofHRV 1B.
Virus binding to HeLa cells was not modified by the pres-
ence of the compound, as measured by two procedures. In
measuring the yield of infectious virus after a single growth
cycle in cells exposed to the drug only during the attachment
step (1 h) at 0°C, no differences were found in the yields
between DCF-treated (7.7 x 105 PFU/ml) and control (7.9 x
105 PFU/ml) cells. Also, in counting the amount of radioac-
tive virus bound to cells after 2 h of contact at 0°C in the
presence (total TCA-precipitable count [mean ± standard
deviation], 981 ± 85) or absence (total TCA-precipitable
count, 897 ± 79) of DCF, no differences were observed.

Similarly, the compound did not appear to affect internal-
ization (1 h, 33°C) of [3H]uridine-labeled HRV (total TCA-

FIG. 2. Analysis by SDS-polyacrylamide gel electrophoresis of
the proteins synthesized in HRV lB-infected HeLa cells. Cells were
labeled with 20 ,uCi of [35S]methionine per ml from 8 to 9 h p.i. and
were processed as described in the text. Lanes: 1, uninfected,
untreated cells; 2, uninfected, drug-treated cells; 3, infected, un-
treated cells; 4, infected cells treated with DCF from the beginning
of infection; 5, infected cells treated with DCF during virus adsorp-
tion only (1 h, 33°C); 6, infected cells treated with DCF after virus
adsorption; 7 to 9, infected cells treated with DCF from 1, 2, and 3
h after infection, respectively. Molecular weights are given on the
left (in thousands), and viral proteins (VPs) are indicated on the
right.

precipitable counts [mean ± standard deviation], for con-
trols, 299 ± 32; for DCF-treated cells, 310 ± 28).

Effect ofDCF on uncoating ofHRV 1B. Neutral red-labeled
HRV 1B preparations preincubated with or without DCF
were tested for their ability to uncoat at different times after
being inoculated into the cells. The complete lack of plaque
development in cultures exposed to light immediately after
adsorption (0°C, 1 h), before uncoating could occur, demon-
strated the photosensitivity of the HRV preparation used
(Fig. 3). The number of infective virus centers which had
become photoresistant in cultures infected with mock-
treated virus reached nearly 80% after incubation at 33°C for
1 h. In contrast, in DCF-treated virus-infected cultures
exposed to light, the number of light-resistant virus centers
increased to only 27% after 1 h. These results were ob-
served, in addition to the very small reduction (<10%) of the
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mode of action of capsid-binding compounds can vary with
the particular HRV serotype and, possibly, with receptor
grouping. There is good evidence that compounds that
inhibit the uncoating of minor serotypes, such as HRV 1B,
are able to prevent adsorption of major serotypes (15).

It is known that uncoating of picornaviruses requires the
participation of cell components (16). The main disadvantage
of the experimental conditions that we used to measure the
uncoating was that they allowed only the study of the effect
of DCF bound to virus. In fact, the continuous presence of
the compound until the time of exposure to light entirely
blocked plaque formation of both exposed and unexposed

offin 15nfln 3otfln 6omninlnOtifn cultures (data not shown). Therefore, this experimental
tine p.i. design is not suitable for evaluation of the requirement of

ct of DCF on the uncoating kinetics of HRV 1B. cellular functions in the HRV uncoating process. This leaves
'eled HRV 1B was incubated (1 h, 33°C) with or open the possibility that DCF could interact with some
serially 10-fold diluted, and inoculated onto HeLa cellular targets.
0°C. After washing three times with PBS, the cells Soon after HRV particles enter the cells, the proteins of
Irug-free medium and were incubated at 330C in the the capsid begin to undergo conformational changes (uncoat-
ferent lengths of time, half of the cultures were ing) similar to those produced by acidification or thermal

t (300 W), thus inactivating any virus which had not treatment of virions. Although DCF did not inactivate virus
virus plaque number was counted 72 h later. Data are infectivity, it stabilized the virion structural conformation
to three separate experiments. The results are
ercentages of the inhibitor-free controls that were against mild acid or thermal degradation. These data indicate
light. Values reported for drug-treated virus are that the compound interacts directly with the virions andleight of reported found. that binding is probably important to the inhibitory action,ieeffect of residual compound. although it was largely reversible by dilution.

DCF, like chalcone (14), BW683C (21), disoxaril (7), and
r produced by drug-treated virus kept in the other antiviral agents, probably acts by binding directly with
of residual DCF. Almost all DCF-treated virus viral capsid proteins, making HRV resistant to uncoating.
r photosensitive after an additional 1.5 h of Unlike DCF, BW683C has been found to be inactive against
330C. other viruses (1). The different inductive effect and/or the

capacity for bond formation between chlorine and the cyano
DISCUSSION group could result in a stronger interaction with the amino

DISCUSSION acid residues present at the same or different hydrophobic
ly we examined the antiviral mechanism of sites on the viral capsid proteins and could explain the
'in cell cultures infected with HRV 1B. DCF is broader antiviral spectrum of DCF compared with that of
e anti-HRV 1B compound in a series of cyano- BW683C. However, more detailed knowledge of the molec-
bstituted flavans, isoflavans, and isoflavenes ular aspects is necessary to clarify how DCF interacts with
y us (3). the virus.

. - . N

Analysis of virus growth in drug-treated cells suggested
that DCF acts on the early stages of the HRV 1B replicative
cycle. Experiments on viral RNA and protein syntheses
confirmed the early effect of the compound, since the
presence ofDCF from the beginning of infection suppressed
synthesis of both viral RNA and viral proteins. However,
the lack of inhibition observed when the compound was
added after adsorption indicated that DCF has no direct
effect on HRV 1B RNA or protein synthesis. DCF com-
pletely reversed the virus-induced shutoff of host translation
when it was present either during the entire cycle of infection
or during the adsorption period only. Inhibition of host cell
protein synthesis after picomavirus infection is an early
event, and translation of parental viral RNA is a prerequisite
for inhibition to occur (11). Therefore, the compound could
act on early events that occur prior to translation of the RNA
of the infecting virus.
A more detailed investigation carried out during the early

steps of infection indicated that prevention of virus binding
to the cell membrane is not the basis for HRV inhibition.
Furthermore, the amount of internalized [3H]uridine-labeled
virions was virtually the same in untreated and drug-treated
cultures, indicating that DCF affects viral processes distinct
from attachment and penetration into cells. Indeed, the
experimental results obtained with neutral red-sensitized
HRV 1B treated with DCF indicate that the site of inhibition
is located at the uncoating level. It is interesting that the
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