JOURNAL OF VIROLOGY, Oct. 2004, p. 11061-11069
0022-538X/04/$08.00+0 DOI: 10.1128/JV1.78.20.11061-11069.2004

Vol. 78, No. 20

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Structural and Virological Studies of the Stages of Virus Replication
That Are Affected by Antirhinovirus Compounds

Ying Zhang,' Alan A. Simpson,' Rebecca M. Ledford,” Carol M. Bator,' Sugoto Chakravarty,'f
Gregory A. Skochko,” Tina M. Demenczuk,” Adiba Watanyar,” Daniel C. Pevear,” and
Michael G. Rossmann'*

Department of Biological Sciences, Purdue University, West Lafayette, Indiana," and ViroPharma
Incorporated, Exton, Pennsylvania®

Received 21 May 2003/Accepted 17 June 2004

Pleconaril is a broad-spectrum antirhinovirus and antienterovirus compound that binds into a hydrophobic
pocket within viral protein 1, stabilizing the capsid and resulting in the inhibition of cell attachment and RNA
uncoating. When crystals of human rhinovirus 16 (HRV16) and HRV14 are incubated with pleconaril, drug
occupancy in the binding pocket is lower than when pleconaril is introduced during assembly prior to
crystallization. This effect is far more marked in HRV16 than in HRV14 and is more marked with pleconaril
than with other compounds. These observations are consistent with virus yield inhibition studies and radio-
labeled drug binding studies showing that the antiviral effect of pleconaril against HRV16 is greater on the
infectivity of progeny virions than the parent input viruses. These data suggest that drug integration into the
binding pocket during assembly, or at some other late stage in virus replication, may contribute to the antiviral

activity of capsid binding compounds.

The family of small, icosahedral RNA animal viruses known
as Picornaviridae (45) has been subdivided into nine different
genera (22), including the rhinoviruses (the leading causative
agents of viral upper respiratory tract infections in humans)
and the enteroviruses (responsible for respiratory tract infec-
tions, but often associated with more severe systemic disease).
Picornavirus capsids consist of 60 copies of 4 viral proteins,
VP1, VP2, VP3, and VP4. Whereas the core structures of VP1,
VP2, and VP3 are eight-stranded, antiparallel B-barrels, the
small protein VP4 is an extended polypeptide chain located on
the internal surface of the capsid. Rhino- and enteroviruses
have a surface depression (canyon) running around each five-
fold vertex (42), which is the binding site of many immuno-
globulin-like cell surface molecules that are often utilized by
these viruses as receptors (43).

Most rhino- and enteroviruses that have been studied struc-
turally were found to have a pocket factor bound into a hy-
drophobic pocket within the VP1 B-barrel, beneath the floor of
the “canyon.” This ligand is probably a lipid-like molecule
derived from the host cell (10, 21, 33, 34), although solvent
molecules, such as polyethylene glycol used in crystallization
(47), have also been found to bind. It has been hypothesized
that pocket factor binding in this hydrophobic cavity plays a
role in maintaining picornavirus capsid stability (24, 34, 41).
Such an effect could be important to maintain capsid integrity
during cell-to-cell transport of the virus or to ensure proper
capsid function once the virus engages the cellular receptor or
encounters the reduced pH environment of the endosome.
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Several classes of low-molecular-weight compounds have been
identified that displace pocket factor, leading to the inhibition
of functions associated with the virus capsid, including attach-
ment to cellular receptors for some viruses (17, 38, 46) and
RNA uncoating (1, 12, 29, 31, 32, 46).

The cocrystal structures of several capsid-binding antiviral
compounds complexed with human rhinovirus 14 (HRV14) (3,
6, 15, 48), HRV16 (14, 34), HRV1A (20), HRV3 (50), HRV2
(49), polioviruses (13, 19, 27), coxsackievirus A9 (18), and
coxsackievirus B3 (33) are known. The hydrophobic binding
pocket consists of a closed “toe” at one end and an open
“pore” at the other. A well-characterized group of capsid bind-
ing compounds consists of a methylisoxazole ring (ring A), a
substituted phenoxy group (ring B), and a five-member het-
eroatom ring (ring C) (Fig. 1). One such compound, pleconaril,
has improved activity against a broad spectrum of HRV and
enterovirus serotypes relative to its predecessors (26, 37, 40).
This compound has been shown to be efficacious in treating
picornavirus common colds in phase 3 human clinical testing
(7, 16, 37, 40).

We report here the crystal structures of HRV14 and HRV16
with bound pleconaril. Pleconaril was introduced either during
virus assembly or by diffusion into the mature virus. When the
viruses were grown in the presence of pleconaril, the occu-
pancy was found to be higher than when the drug was intro-
duced into the already-assembled viruses. Therefore, the anti-
viral compounds appear to affect viral replication during
assembly.

MATERIALS AND METHODS

Crystal preparation. Pleconaril was introduced into the virus by soaking crys-
tals (soak_with), by cocrystallization (cryst_with), or by growing the virus in the
presence of the compound (grown_with). HRVs, except for the grown_with sam-
ple, were propagated and purified as described previously (34, 42). When the
virus was grown in the presence of pleconaril, HRV was adsorbed on HeLa cells
for 2 h at room temperature, after which the infected cells were incubated at
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FIG. 1. Schematic diagram of pleconaril bound into one of the
pockets in the virion and the chemical structure of a selected set of
antiviral compounds. The EC;, values, listed in the right column, are
defined as the effective compound concentration (in M) that gave
50% protection against virus-induced cytopathic effect to cells in a
monolayer. A, methylisoxazole ring; B, substituted phenoxy group; C,
five-member heteroatom ring.

33°C for 4 h. Pleconaril was then added to the medium at a final concentration
of 2.85 pg/ml (the molecular mass of pleconaril is 381 Da), and the incubation
was continued for an additional 6 h. The resultant virus was purified as described
previously (34, 42). The hanging drop vapor diffusion method was used for
crystallization, with the reservoir solution containing 0.25 M HEPES, 0.25 M
NaCl, 0.1 M CaCl,, and 0.3% polyethylene glycol 8000. The crystallization
conditions were the same for all methods of introducing the drug into the virus.
For cryst_with, pleconaril was dissolved in 0.2% (vol/vol) dimethyl sulfoxide and
introduced into the crystallization drop, giving a final concentration of 20 wg/ml.
The crystallization solution for the grown_with crystals did not contain additional
pleconaril. For soak_with HRVs, pleconaril was diffused into crystals by using the
procedure described by Smith et al. (48). Crystals were soaked for a few minutes
in a cryoprotectant solution containing 3% polyethylene glycol 8000 and 22%
glycerol and were then flash frozen in a stream of nitrogen gas at 100 K.
TCIDs, assay. Virus titer was quantified in a 50% tissue culture infectious dose
(TCIDs) assay. HeLa Ohio cells were seeded into 96-well tissue culture cluster
plates at 4 x 10* cells/well in Eagle’s minimal essential medium (EMEM)
supplemented with 5% fetal bovine serum, 5% Fetalclone (HyClone, Logan,
Utah), glutamine, and antibiotics (vancomycin, amphotericin B, and gentamicin)
(hereafter referred to as complete EMEM), followed by overnight incubation at
37°C. The growth medium was then removed, and serial 0.5 log,, dilutions of
virus were added to the plates in duplicate. Subsequently, M199 medium sup-
plemented with 5% fetal bovine serum and antibiotics was added after the virus
had been absorbed. After 3 days of incubation at 33°C, the plates were fixed by
the addition of 5% glutaraldehyde and stained with crystal violet (0.5% solution
in water). After rinsing and drying steps, the optical density of residual stained
cells was measured spectrophotometrically at 570 nm on a Molecular Devices
Vmax tunable plate reader (Sunnyvale, Calif.). The serial dilution data were

J. VIROL.

A
o 100 o
bt
s
3
w 101
o
R4
214
> a
X 1
0‘1 T T L} T T
0 2 4 6 8 10
Time of Drug Addition (Hrs. post-infection)
B -o- HRV16, No Drug
1600 - —o—HRV16, 4 hr

——HRV16, -1 hr

0 10 20
Fraction Number

FIG. 2. Addition of pleconaril to HRV16 at differing times postin-
fection during a single cycle of growth. (A) The yield, expressed as a
percentage with respect to virus growth when no drug was added, is
shown as a function of the time the drug was added. (B) Particle
production monitored by radiolabeling the virus with 35S methionine
is plotted against the fraction number in a sucrose gradient. Fraction 1
was at the bottom of the gradient; fraction 18 was at the top.

subjected to analysis by a four-parameter curve-fitting program, from which a
TCIDs, value was derived.

Pleconaril binding during virus assembly. Time-of-drug-addition experiments
were conducted to determine the stage at which pleconaril affected virus repli-
cation. Six-well tissue culture cluster plates were seeded with 1.6 X 10° HeLa
Ohio cells in 4 ml of complete EMEM and incubated overnight at 37°C. The
following day, the growth medium was removed, and the wells were infected with
HRV14 or HRV16 at a multiplicity of infection of about 1 in duplicate for 1 h at
33°C. Pleconaril (7.5 M) was added at t = —1 (during attachment), 0, 1, 2, 4, 6,
8, or 10 h postinfection. All wells were washed twice with 2 ml of Dulbecco’s
phosphate-buffered saline (DPBS) (Gibco) after the attachment phase of infec-
tion to remove inoculum virus. The plates were incubated for a total of 10 h
(postattachment; a single cycle of HRV growth) and then frozen at —80°C.
Samples were triple chloroform extracted prior to quantification by a TCIDs
assay (Fig. 2).

In vitro radiolabeled pleconaril binding studies. Binding of [*H]pleconaril to
HRV14 and HRV16 (Fig. 3) was measured by the separation of free radiolabeled
drug from drug bound to virus through G-50 Sephadex spin columns, a modifi-
cation of a procedure used previously (12, 36). The Sephadex G-50 (fine) Quick
Spin columns (Roche Diagnostics Corp., Indianapolis, Ind.) were equilibrated
with 100 pl of 1X DPBS (without Ca and Mg), which was allowed to drip through
the column directly prior to use. The *H-labeled drug (with a specific activity of
15 Ci/mM) was mixed with 1 pg of purified HRV14 or HRV16 in 1X DPBS
(without Ca and Mg) for a final concentration of 0.1 pM. In order to minimize
nonspecific sticking of virus or drug, all binding reactions were performed in
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FIG. 3. Invitro radiolabeled pleconaril binding studies at 33 and 21°C. One microgram of purified HRV14, HRV16, or BSA was incubated with
0.1 uM [*H]pleconaril for the times and at the temperatures indicated, followed by separation of bound and unbound drug on equilibrated G-50

Sephadex spin columns, as described in Materials and Methods. DPM, disintegrations per minute; BSA, bovine serum albumin.

clear glass vials. Those reactions were incubated at 21°C and were measured over
periods of 24, 48, and 72 h, by which time equilibrium binding was observed.
Reactions incubated at 33°C were measured up to 4 h only, due to virus insta-
bility at later time points. At the end of the incubation period, 100 pl of the

TABLE 1. Data collection, density averaging, and refinement statistics

sample was added to the equilibrated G-50 Sephadex spin column and centri-
fuged at 250 X g for 4 min at room temperature in order to separate unbound
drug from drug bound to virus. Total counts (before centrifugation) and bound
counts (eluate) were determined by scintillation spectroscopy on a Wallac 1409

HRV16 HRV14
Parameter
Native Cryst_with Grown_with Soak_with Grown_with
Data collection and processing

Space group P22,2, P22,2, P22,2, P23 P23
Unit cell parameters (A)

a 360.3 360.3 3595 438.7 437.2

b 3433 3433 343.7

c 332.6 332.6 3322
Data collection temp (K) 100 100 100 100 100
Wavelength (A) 1.00 1.00 1.00 1.00 1.00
No. of images 300 454 61 150 60
No. of crystals 1 1 1 1 1
Oscillation range/image (degrees) 0.25 0.25 0.25 0.20 0.20
Resolution (A) 20-2.5 20-2.8 20-2.7 20-2.5 20-3.3
No. of observations 1,294,215 1,224,998 1,107,533 1,675,367 545,390

No. of unique reflections (o

cutoff [F])

% Overall data completeness”

R a,b

sym

Density averaging statistics
Initial resolution (A)

Final extended resolution (A)

Overall R factor®*

Overall correlation coefficient®*

CNS refinement statistics

R factor (Rp.)”

Rums bond length (A)
Rwms bond angles (degrees)
Average B values (A%)

Occupancy of pleconaril or pocket

factor®

PDB accession no.

710,094 (=0c)

52.3 (20.9)
0.038 (0.081)

2.8
25

0.160 (0.370)
0.92 (0.46)

0.202 (0.206)
0.0060

1.36

16.2

0.8 Pocket factor

IND2

731,062 (=30)

95.1 (62.6)
0.082 (0.191)

2.8
2.8

0.163 (0.269)
0.9 (0.77)

0.247 (0.243)
0.0065

1.34

30.4

0.4 Pleconaril

IND3

452,981 (=00)

409 (34.9)
0.133 (0.395)

2.8
2.7

0.219 (0.339)
0.87 (0.59)

0.249 (0.248)
0.0061

1.37

19.7

0.9 Pleconaril

INCR

671,838 (=00)

70.3 (26.3)
0.077 (0.456)

2.8
25

0.111 (0.307)
0.97 (0.68)

0.217 (0.216)
0.0078

1.54

30.9

0.8 Pleconaril

INCQ

320,952 (=00)

77.8 (68.2)
0.164 (0.477)

33
33

0.145 (0.266)
0.94 (0.74)

0.222 (0.228)
0.0096

1.54

382

0.9 Pleconaril

INA1

“ Parentheses indicate highest resolution.
b Rym = Z2l1(h) — <I(h)>[3,%, I(h), where I(h) is the ith observation and <I(k)> is the mean of all measurements of I(h).
¢R factor = 3|F,—F|/SF,, where F, and F, are the observed and calculated amplitudes of the structure factor.
4 Correlation coefficient = S[(<F,> — F,)(<F.> — F)S[(<Fo> — Fo)* 3 (<F.> — F.)*]'2 where F, and F, are defined as above.
¢ For cryst_with HRV16 data, the occupancy of pleconaril was calculated from a vector difference map, while the occupancies for the other data sets were estimated
by grouped occupancy refinement.



11064 ZHANG ET AL.

iw

HRV16 nat:v
\f

W
£y ’“iz

/(

b

!/‘ S
)

7

W:
wﬁ—(
X
’\\
S

FIG. 4. Electron densities and atomic models for (A) native
HRV16, (B) grown_with HRV16, (C) cryst_with HRV16, and (D) a
vector difference map for [cryst_with HRV16 — (1 — k) native HRV16]
with a k value of 0.35 (see Materials and Methods). The atomic models
of the pocket factor (A) and pleconaril (B, C, D) are shown in ball-
and-stick representations. The protein model is shown in black bonds.

spectrophotometer. An equivalent amount of bovine serum albumin served as
the control for nonspecific drug binding.

X-ray diffraction data processing and density averaging. All diffraction data
were collected at the Advanced Photon Source’s 14BMC beam line (Table 1).
Diffraction data sets were processed using the DENZO program (35) and scaled

J. VIROL.

FIG. 5. Electron densities of pleconaril in (A) grown_with HRV16
and (B) grown_with HRV14. The structures of pleconaril as it occurs in
HRV16 (thick lines) and HRV14 (thin lines) are superimposed.

with the SNP (4) or SCALEPACK (35) program. The virus particle orientations
and positions in the crystal unit cells had been determined previously (2, 14, 34)
for room temperature data. The previous structures were used to calculate a
phasing start for the low-temperature data sets. Phases were refined and ex-
tended by density averaging and solvent flattening (Table 1). The noncrystallo-
graphic symmetry parameters were refined by using the “climb” procedure in the
ENVELOPE program (44), which resulted in movement of less than 0.15 A of
the viral center. The averaged maps (Fig. 4 and 5) showed that the pleconaril in
the grown_with HRV16, grown_with HRV14, and soak_with HRV14 crystals was
well defined, indicating that there was a drug molecule in nearly every pocket,
whereas there was only partial occupancy in the cryst_with HRV16 crystals. The
occupancy of pleconaril was determined by crystallographic refinement in every
case except for the cryst_with HRV16 structure. In that case, the possible pres-
ence of pocket factor in pockets not occupied by pleconaril had to be considered.
The effect of pocket factor on the estimation of pleconaril occupancy for the
grown_with HRV16 data was negligible as the occupancy was nearly 100%. The
pleconaril occupancy (k) can be determined by calculating vector difference
maps, with Fourier coefficients Fp,. If it is assumed that Fgopp is composed of
a drug-complexed (Fp) component and an uncomplexed (Fy) component, then
Feomp = kFp + (1 — k)Fy. Here, Feopp and Fy represent the structure factors
of the observed, pleconaril-associated, virus complex crystals and the native,
pocket factor-complexed virus crystals, respectively. The occupancy of pleconaril
was determined by adjusting the k value such that the electron density of the drug
had about the same magnitude as the protein surrounding the binding pocket in
difference maps computed with F, = [Feonmpe — (1 — k) X Fyl/k coefficients
(Fig. 4D).

Atomic refinement of the pleconaril complexes. Starting coordinates were
based on the previously determined HRV14 and HRV16 structures. Pleconaril
was built into the averaged electron density maps. Restrained individual posi-
tional and temperature factor (B) refinements were performed with the program
CNS, by using constraints to define the noncrystallographic symmetry relation-
ships (5) (Table 1). The maximum likelihood target function was used for re-
finement. The structural parameters for pleconaril used in the refinement were
based on the charge distribution and geometry calculated for WIN52084 (28) and
structures of trifluorinated ligands in the Protein Data Bank (PDB). The geom-
etry and charge distribution for the putative pocket factor of HRV16 was cal-
culated based on the coordinates of pocket factor in the 2.16-A resolution native
HRV16 structure (PDB accession number 1AYM) with the program XPLO2D
(23). The positions and temperature factors of water molecules were refined
assuming full occupancies. Water molecules whose temperature factors exceeded
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TABLE 2. Binding sites of pleconaril in HRV14 and HRV16*

HRV14

HRV16

Residue Pleconaril

Residue Pleconaril

Aliphatic chain and ring B

Ring A

... Aliphatic chain and ring B

... Trifluoro group

Trifluoro group

Rings B and C and trifluoro group
...Ring C and trifluoro group

... Trifluoro group

Trifluoro group

Ring C and trifluoro group

Aliphatic chain and ring B

Ring A

...Ring B

... Trifluoro group

Ring C and trifluoro group

MI143 e Trifluoro group

...Rings B and C and trifluoro group
... Trifluoro group

Trifluoro group

Trifluoro group

Ring C and trifluoro group

Ring B

Ring B

Ring A

Ring A

Rings A and B and aliphatic chain
Ring C and trifluoro group

“ Structurally aligned residues within 4 A of pleconaril are listed on the same line. Residues are labeled with a four-digit notation. The first digit represents the viral
protein, while the last three digits are the sequential amino acid number for that viral protein and that particular serotype.

50 A2 were excluded from further refinement. The occupancy of pleconaril in the
cryst_with HRV16 was determined by means of vector difference maps (see
above). The occupancies of pleconaril in the soak_with HRV14, grown_with
HRV16, and grown_with HRV14 were determined by grouped and unrestrained
occupancy refinement, assuming the B factor of pleconaril to be the average B
value of residues lying within 4 A of the drug molecule. The same method was
used to calculate the occupancy of a putative pocket factor in native HRV16. The
refined coordinates of these data sets were then superimposed and compared
with the coordinates of HRV16 complexed with WIN61209, WIN68934, and
WIN65099 (Fig. 1).

The coordinates for the various structures have been deposited with the PDB
(accession numbers are given in Table 1).

RESULTS AND DISCUSSION

Differences between HRVs at room temperature and 100 K.
Unlike previous studies of rhinovirus-antiviral complexes, the
present study reports the first such structures identified at
cryotemperatures. The freezing techniques (39) that have been
introduced to macromolecular crystallography in the last de-
cade or more have made it possible to collect complete three-
dimensional data sets on a single crystal, thus greatly reducing
the errors involved in data collection and eliminating errors
due to the absence of complete data sets. However, the process
of freezing might introduce some artifacts.

It was found that the structure of frozen native HRV16 is
very similar to its structure at room temperature, with a root
mean square (RMS) distance of 0.22 A between equivalent C,
atoms. Similar results have also been reported for other rhi-
noviruses (8, 47). The largest difference between C, atoms is
0.5 A, where the temperature factors are greater than 40 A2,
Differences between side chain atoms are as big as 0.6 A. A few
larger differences can probably be attributed to model building
errors in either the warm or cold structures. There is little if
any difference in temperature factors between room tempera-
ture and frozen crystals for VP2 and VP3. However, the tem-
perature factors for the frozen crystal are systematically about
5 A? lower in VP1 than in those of the room temperature
crystal. The increased flexibility of VP1 at room temperature

correlates with the increased sequence variability in VP1. No
X-ray diffraction data were collected for frozen native HRV14
crystals. Hence, no exact structural comparison could be made
between frozen and room temperature HRV14 crystals. Nev-
ertheless, similar results were obtained when comparing warm
native and frozen drug-complexed crystals of HRV14, showing
that the freezing of these crystals produced only small struc-
tural changes outside the drug binding pocket.

Structures of virus-pleconaril complexes. Pleconaril binds to
HRV16 and HRV14 (Table 2 and Fig. 5 and 6), with ring A
close to the entrance of the pocket and ring C at the toe end.
This orientation is the same as in nearly all other related
compounds, except for very long compounds, such as
WINS52084 and WINS51711, that bind into the pocket in the
opposite direction (3, 48). Rings B and C are roughly coplanar,
whereas ring A is approximately perpendicular to the other
two rings when pleconaril or related WIN compounds (Fig. 1)
bind to either HRV16 or HRV14 (14). The primary difference
in the binding of pleconaril to these two viruses is that rings B
and C, which are in contact with Ile1122 (see Table 2 for an
explanation of the numbering system) in HRV16 (Fig. 5), are
displaced by the more bulky Tyr1128 in HRV14 (Fig. 5 and 6).
Similar differences are observed for other compounds when
bound to HRV14 (20) or HRV16 (34). The displacement of
the pocket factor by pleconaril in HRV16 results in conforma-
tional changes of less than 0.8 A for any virus atom. The largest
of these changes is for the Tyr1144 that is displaced by ring B
of pleconaril. More substantial changes occurred when ple-
conaril was introduced into empty HRV14 pockets, resulting in
a displacement of the C_ atoms in residues 1213 to 1224 by as
much as 4.3 A, similar to displacements produced by other
compounds (3, 48).

Correlation between structure and EC, values in HRV16.
The four compounds listed in Fig. 1 have similar binding sites
on the virus, but ring C in pleconaril and WIN65099 is flipped
by 180° compared with WIN61209 and WIN68934 (Fig. 6).
Pleconaril and WIN65099 have higher 50% effective concen-
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FIG. 6. Pleconaril in the environment of (A) HRVI16 and
(B) HRV14. Residues that have at least one atom lying within 4 A of
pleconaril are shown in black. Pleconaril is shown in color (C atom,
yellow; O atom, red; N atom, blue; and F atom, green). (C) Positions
and conformations of pleconaril (yellow), WIN61209 (blue), and
WIN65099 (red) in HRV16.

trations (ECs,s) against virus-induced cytopathic effect to cells
in a monolayer (see legend to Fig. 1) than WIN61209 and
WIN68934, demonstrating that the flip in ring C correlates
with the difference in their potency against HRV16. The
flipped trifluoromethyloxadiazole in pleconaril and methylox-
azoline in WIN65099 (rings C) are more polar and have a
bigger volume than the corresponding methyltetrazole rings in
WIN61209 and WIN68934 (Fig. 1) and probably have a less
favorable interaction with the surrounding hydrophobic side
chains, such as Tyr1144 and Phel179. The ECs,s in plaque
reduction assays, for a selected set of similar compounds when
bound to HRV14, correlate well with the binding dissociation
constants (11). Thus, the ECys of pleconaril and WIN65099
might be associated with high dissociation constants and,
therefore, less favorable binding energy. The difference in
ECss between pleconaril and WIN65099 might result from
the hydrophilic trifluoro (CF5) group in pleconaril or the ad-

J. VIROL.

ditional nitrogen in ring C. Indeed, the environment of the CF;
group is somewhat hydrophilic as a consequence of the main
chain atoms belonging to residues Tyr1142, Met1143, Tyr1144,
and Alal166. It is also possible that the CF5 group makes entry
into the pocket more difficult.

Factors controlling the occupancy of pleconaril in HRVs.
Antiviral compounds, such as pleconaril, can be studied crys-
tallographically when complexed with the virus by diffusion
into grown crystals (soak_with), by cocrystallization (cryst
_with), by incubation with the virus prior to crystallization, or
by adding the drug to cells at the time of protein folding and
virus assembly prior to purification and crystallization (grown
_with). In all previous crystallographic examinations, the drug
was added at a late stage after the virus had been fully assem-
bled. Occupancy of pleconaril in HRV16 was surprisingly low
(0.4) when cocrystallized (cryst_with) relative to its antiviral
potency in cell culture (ECs, value of 0.2 ng/ml), considering
the high concentration of the drug used during crystallization
(20 pg/ml with a 1-month exposure). In contrast, the occu-
pancy of pleconaril in HRV16 when added during viral prop-
agation prior to virion assembly and subsequent crystallization
was high (0.9), although there was no pleconaril in the mother
liquor during crystallization, demonstrating that once ple-
conaril was introduced into the pockets of the virus, it could
not diffuse out. The apparent irreversible binding of pleconaril
to HRV16 and HRV14 when pleconaril was introduced during
assembly is consistent with the inability to regain infectivity of
the virus by attempts to extract pleconaril with organic solvents
(see Materials and Methods). The in vitro radiolabeled drug
binding studies at two different temperatures (Fig. 3) suggest
that this effect probably cannot be attributed to the elevated
temperature during the association of the drug with the virus in
the grown_with experiments. It would seem more likely that
pocket access constraints may be reduced during virus assem-
bly, permitting higher occupancy of pockets than is observed in
the soak_with or cryst_with experiments.

The pore leading to the drug-binding pocket of HRV16 is
more restricted than that of HRV14 (Fig. 7). Specifically,
His1260 is in the center of the pore of HRV16, whereas the
equivalent residue in HRV14 is Gly1267. Although this residue
is in a highly variable loop among different serotypes, it is a
glycine in only HRV14 and HRV3, among known HRVs. This
fact may relate to the absence of pocket factor when these
viruses are purified because of the greater ease with which the
pocket factor can enter and exit the pocket. Thus, the lower
occupancy of pleconaril in cryst_with HRV16 (0.4), compared
to that in soak_with HRV14 (0.8), may be due in part to the
restriction at the entrance (pore) to the pocket. However,
other compounds with similar potency as pleconaril have high
occupancy (14) in soak_with crystals (Table 3), demonstrating
that the occupancy is determined by both the nature of the
compound and the residues lining the pocket and pore.

In time-of-drug-addition experiments, the addition of ple-
conaril at any time up to 8 h postinfection in a 10 h single cycle
of growth resulted in a significant reduction of virus yield (Fig.
2A). Virus radiolabeling studies under conditions similar to
those of the time-of-drug-addition experiments showed that
the addition of pleconaril at any time in the single cycle of
HRV16 growth did not significantly decrease particle produc-
tion (Fig. 2B). This seemingly paradoxical finding (a profound
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HRV16

FIG. 7. Left, stereographic views of the pore (the entry portal into the pocket that binds pocket factor or antiviral compounds), looking into
the virus from the outside and showing the electron density surface. The electron densities were contoured at a 1.0 o level. Pleconaril is shown
in black. Right, atomic structure of the pore regions, shown in the same orientation as used on the left. The structure is slabbed to include only
those atoms that are on the outside of the virus.

antiviral effect in the absence of an effect on progeny virus
production) can probably be attributed to the binding of
pleconaril to progeny virions during assembly or at some
point late in the virus growth cycle. The results are consis-
tent with the observed occupancies of pleconaril in HRV16
crystals (low occupancy in previously assembled virus [0.4];
high occupancy when the drug is present during virus prop-
agation [0.9]).

Several factors may contribute to the observed higher
occupancy of pleconaril in HRV16 (and, to a lesser extent,
in HRV14) when the drug is present during virus replica-
tion. It is likely that the drug-binding pocket is more readily
accessed in virus intermediate particles, such as the 5S pro-
tomer, the 14S pentamer, or premature uncleaved virions.

In addition or alternatively, intracellular concentrations of
pleconaril, and in particular drug concentrations at the site
of virus assembly, may be higher than those that can be
achieved and maintained in solution in the extracellular
medium or in the crystallization mother liquor. Whatever
the reason for these findings, it is clear that in a single cycle
of HRV16 growth, essentially all of the antiviral activity of
pleconaril is exerted on progeny virions and not on input
virus. If this antiviral activity is indeed due to more ready
accessibility of the drug-binding pocket during virion assem-
bly, it follows that it could represent an important mecha-
nism for the antiviral activity of pleconaril (and other capsid
binding compounds) against many HRV serotypes.

TABLE 3. Virus-compound complex structural study of HRV16 and HRV14

Method of complex Concn of the

Drug® Serotype formation Incubation time compound (jug/ml) Occupancy Reference
WIN61209 HRV16 Soak_with 36 h 100 ~1° 14
WIN68934 HRV16 Soak_with 36 h 100 ~1b 14
WIN65099 HRV16 Soak_with 36 h 100 ~1° 14
Pleconaril HRV14 Soak_with 30 h 2 0.8° This paper
Pleconaril HRV14 Grown_with 10 h 2.85 0.9¢ This paper
Pleconaril HRV16 Cryst_with ~1 mo 20 0.4¢ This paper
Pleconaril HRV16 Grown_with 10 h 2.85 0.9¢ This paper

“ The molecular mass of pleconaril is 381 Da, and the other WIN compounds have very similar molecular masses.

> Occupancy was estimated by comparing the electron density height of the compound with that of the surrounding protein directly. The virus was almost fully
occupied.

¢ Occupancy was estimated by a refinement of the occupancy of the compound.

@ Occupancy was estimated by use of a vector difference map (3).
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