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A Novel Basis for Capsid Stabilization by
Antiviral Compounds
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Picornaviruses are inactivated by a family of hydrophobic drugs that bind
at an internal site in the viral capsid and inhibit viral uncoating. A basis
for the capsid stabilization previously unrecognized is revealed by
molecular dynamics simulations of the antiviral drug WIN52084s bound to
a hydrophobic pocket of solvated human rhinovirus 14. Isothermal
compressibilities of the complex and human rhinovirus 14 without the
antiviral drug calculated from density fluctuations show that the presence
of WIN52084s increases the compressibility of the viral capsid near the
antiviral drug. This counterintuitive result is understandable on the basis
of the empirical evidence of thermal melting temperatures and
protein-folding entropies of globular proteins. Based on this evidence, we
propose that a larger compressibility from drug binding confers greater
thermal stability to capsid proteins by increasing the conformational
entropy of capsids, thereby diminishing the entropy gain with uncoating.
We suggest that compressibility is fundamental to the structural integrity
of viral capsids and that examination of compressibility and antiviral

activity will provide insights into the disassembly process.

© 1995 Academic Press Limited

Keywords: antiviral; protein compressibility; molecular dynamics;

*Corresponding author

rhinovirus; thermal stability

Mechanisms of antiviral activity are of consider-
able interest not only for developing a rationale for
designing new antiviral drugs, but also as a means
to understand the viral life cycle. A family of
hydrophobic drugs has been developed against
human rhinovirus (HRV), the causative agent of the
common cold. These drugs, including the subject of
this study WIN52084s (Figure 1A), bind in an
internal site in the viral capsid that is naturally
occupied by water molecules (Rossmann et al., 1985)
or a long-chain molecule of unknown identity
(Filman et al., 1989; Rossmann, 1994), and can
inhibit viral uncoating, resulting in the disruption of
the viral life cycle (Pevear et al., 1989).T The WIN
compounds inhibit uncoating of HRV at high

Abbreviations used: HRV, human rhinovirus; SBMD,
stochastic boundary molecular dynamics; HRP,
horseradish peroxidase.

T Antipicorna-viral compounds in some cases also
prevent intracellular adhesion molecules on the surface
of host epithelial cells from recognizing binding sites
on the viral protein surface (Pevear et al., 1989).
Although both types of inhibition are known, the
analysis described here relates only to inhibition of
uncoating.
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temperatures (Bibler-Muckelbauer et al., 1994) and
at low pH (Heinz et al., 1990). The latter may be
significant to antiviral activity because of the low
pH environment of the endosome enclosing the
virus in the host cell prior to uncoating. While
studies of WIN-type compounds show that these
drugs stabilize the capsid, the mechanism of
stabilization is not known.

As a first step toward understanding the basis of
this stabilization, we have investigated by computer
simulation methods the dynamics of the pocket
region of HRV14 when the pocket is occupied either
by water or by WIN52084s. HRV14 is the subject of
this study because of the availability of both
unligated (Rossmann et al., 1985) and drug-bound
(Badger et al.,, 1988) atomic resolution virus
structures. A comparison of compressibility esti-
mated from density fluctuations in the absence or
presence of WIN52084s suggests a previously
unrecognized basis for structural stabilization by
the antiviral compound.

HRV14 is an icosahedral virus comprising 60
protomers of four polypeptides (VP1, VP2, VP3 and
VP4) in the mature virion (Figure 2A). Crystallo-
graphic studies revealed a deep groove, or
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“canyon”, in the surface of the capsid, which
encircles each viral 5-fold axis. The drug-binding
pocket is located in VP1 below the groowve, toward
the interior of the capsid, such that a WIN
compound occupying the pocket lies partially
within the B-sandwich characteristic of most viral
capsid proteins (Figure 1B). With one pocket per
protomer, there are 60 drug-binding sites per virion.
Similar pockets are seen in other picornaviruses,
such as poliovirus (Filman et al., 1989), suggesting
a functional role for the pocket in viral replication
(Smith et al., 1986; Heinz et al., 1989; Grant et al.,
1994). WIN binding produces conformational
changes of as much as 4 A in the main-chain and
7.5 A in the side-chain atoms (Smith et al., 1986).
Other, smaller, pocket-binding compounds cause
similar conformational changes (the root-mean-
square difference between the backbone atoms of
HRV14-WIN52084s and HRV14 complexed with a
smaller compound is less than 0.4 A), but stabilize
the capsid against high temperatures to a lesser
extent than the larger WIN compounds (Bibler-
Muckelbauer et al., 1994). In crystallographic studies
the binding site occupancy is only 50 to 60%
(Badger et al., 1989) after the crystals were
equilibrated against 28 pM WIN (Smith et al., 1986).
In contrast, the minimum inhibitory concentration
of WIN52084s that reduces cell plague counts by a
half is 0.03 uM (Rossmann, 1990). Together these
factors suggest that inhibition of uncoating occurs
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without full occupancy of the drug-binding sites.
Understanding drug-enhanced stability may re-
quire addressing the question of how capsids are
stabilized with only fractional occupancy.

Given that filling the pocket with a WIN
compound can arrest the viral life cycle at the
uncoating step (Fox et al., 1986; Pevear et al., 1989),
it may be proposed that a certain structural
flexibility of the pocket is required for the
disassembly of the viral capsid. A series of
molecular dynamics trajectories were calculated to
investigate the influence of WIN compounds on the
structural flexibility and dynamic properties of
solvated HRV14 and HRV14-WIN52084s. This
communication highlights the effect of WIN52084s
on the structural flexibility as described by the
isothermal compressibility, Br, estimated from the
simulations. The computational results indicate that
solvated HRV14-WIN52084s has a greater com-
pressibility than solvated HRV14, counterintuitive
to what might be expected for binding a ligand in
an internal pocket. However, these results are
indeed consistent with an increase in structural
stability according to the empirical relationship
between Br and structural stability in proteins first
recognized by others (Gekko & Hasegawa, 1986),
and provide an insight into the mechanism of the
antiviral activity of inhibition of uncoating. We
propose that the antiviral activity derives from an
entropic stabilization of the capsid, rather than a

Figure 1. A, The chemical struc-
ture of the antiviral compound
WIN52084s. Chirality is specified
for the methyl group of the oxazo-
line ring. B, MOLSCRIPT (Kraulis,
1991) ribbon drawing of VP1 with a
space-filling model of WIN52084s.



Figure 2. A, Schematic drawing of the HRV14 icosahedral capsid. Colors indicate viral proteins; VP1, blue; VP2, green;
VP3, red. B, MOLSCRIPT (Kraulis, 1991) trace of the highlighted pentamer in A of the Ca vectors of VP1, VP2 and
VP3. WIN52084s is shown in yellow. C, MOLSCRIPT (Kraulis, 1991) drawing of the spherical SBMD simulation region.
Colors as in B, plus VP4, purple. The box shows the region used for the density fluctuation calculations.

The stochastic boundary molecular dynamics (SMBD) method was applied to the spherical region of the virus shown
in part C as described in detail by Brooks and Karplus (1989). The simulations were carried out using the CHARMM
macromolecular mechanics program (Brooks et al., 1983) version 22. The CHARMM version 19 polar hydrogen
parameter set was used; with these parameters only hydrogen atoms that can form hydrogen bonds are explicitly
included, other hydrogen atoms are implicitly modelled as extended heavy atoms. The TIP3 model represents water.
The parameters for WIN52084s were slightly modified from those of Lybrand & McCammon (1988); details of the
modifications are contained in a forthcoming paper on these simulations. The water and the explicit hydrogen-heavy
atom bonds were fixed using SHAKE (Ryckaert et al., 1977). Three 800 ps trajectories were calculated for both solvated
HRV14 and solvated HRV14-WIN52084s.

The SMBD method is used to efficiently model the dynamics of large systems by focusing on the region of interest.
Rather than follow the trajectories of all virus coat protein atoms (with more than 50,000 residues in all) the system is
spatially subdivided into reaction, buffer and reservoir regions. The reaction region (so named because it often includes
the active site of an enzyme) here is a 20 A radius sphere centered about the drug-binding pocket, and where Newtonian
dynamics determines the atomic trajectories. The buffer region, a radial shell extending from 20 to 22 A from the center
of the reaction region, acts as a transition between the reaction and reservoir regions. Buffer atoms are propagated by
Langevin dynamics. Reservoir region atoms are removed and their influence on the system is mimicked by stochastic
forces applied to the buffer atoms. Harmonic constraints referenced to the X-ray coordinates are applied to protein atoms
in the buffer region and thus help to maintain the structural integrity of the system. The harmonic constraints for protein
atoms and friction coefficients for non-hydrogen atoms in the buffer region are implemented as described by Brooks &
Karplus (1989). Finally, the X-ray structure is overlayed with equilibrated boxes of water molecules to eliminate
water-sized holes in the simulation sphere. A deformable stochastic boundary applies a rapidly increasing force to water
molecules beyond a 22 A radius (Brooks & Karplus, 1983). After overlaying, the system is energy minimized with the
protein atoms fixed to their X-ray coordinates. Then the entire system is energy minimized and an equilibration
and heating period of 100 ps initiated. The time step is 0.001 ps, and the target temperature is 300 K. The data collection
period is 800 ps during which time the temperature remains constant at 297(+6) K for all simulations. In addition, the
total energy of the system remains stable for all simulations (standard deviation in fluctuations is less than 1%).

The 22 A radius sphere is sufficiently large for the same protein atoms (a total of 2300 atoms), with identical harmonic
force constants, to be present in the drug-free and drug-bound simulations. The presence of WIN results in fewer water
molecules in the drug-bound virus simulation, but otherwise the drug-free and drug-bound systems have been made
as identical as possible.
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loss of structural flexibility that kinetically hinders
disassembly.

For computational efficiency in this initial study,
a stochastic boundary molecular dynamics (SBMD)
method (Brooks et al., 1985) was used to simulate a
22 A spherical region centered at the pocket (shown
in Figure 2C). With the SBMD method, the positions
of a subset of approximately 2500 atoms are
propagated by Newtonian dynamics, while those of
700 atoms at the boundary layer of the sphere are
propagated by Langevin dynamics to account for
the remainder of the system in a continuum sense
(see the legend to Figure 2).

Density fluctuations may be related to a
macroscopic thermodynamic quantity, the isother-
mal compressibility, Br, by the following equation
(Reif, 1965):

2
pr= (00 M

where p is the particle density N/V, with N the
particle number and V the fixed volume, p is the
equilibrium particle density, (Ap)? is the mean
square fluctuation in particle density about p, k is
Boltzmann’s constant, and T is the absolute
temperature. Density fluctuations, typically con-
sidered with grand canonical ensembles, can also be
evaluated for an open portion of a larger system, as
done here. The density is calculated by overlaying
a regular array of grid points on the region of
interest (Figure 2C) and finding the fraction of
points which are inside the van der Waals radii
of any protein, solvent, or WIN52084s atom present.
As such, for computational convenience, p is given
as a fractional density rather than the number of
atoms per unit volume. The variance of the number
density was calculated for time frames saved every
100 fs over the 0.8 ns trajectory. The calculated
compressibilities are given in Table 1, along with the
fractional equilibrium densities. In recognition of
the possible influence from the solvent boundary
model on simulated compressibilities, we con-
sidered three types of solvation boundary con-
ditions.

A comparison of the corresponding free virus and
WIN-bound virus simulations from Table 1 shows
that in every case HRV14-WIN52084s has a larger
compressibility than HRV14, with the compress-
ibilities ranging from 7x10° to 15x10° bar™
Although experimental compressibilities include
effects from protein hydration, the calculated
intrinsic compressibilities are very close to exper-
imentally determined values which range from
1x 107°to 15 x 10-® bar* for globular proteins. These
results are also of comparable magnitude to those
obtained by Kitchen et al. (1992) when they
calculated B+ for bovine pancreatic trypsin inhibitor
with constant pressure simulations. An increase
of 50% or greater by binding a small ligand
representing only about 1% of the overall protein
mass has precedent; Fidy et al. (1992) measured the
compressibility of horseradish peroxidase (HRP)
with and without a small hydrophobic molecule
bound near the peroxidase heme by an optical
hole-burning technique. The presence of this small
hydrophobic molecule increases the compressibility
of HRP by a factor of 3. The trend of increased
compressibility with increased hydrophobicity is
not limited to HRP; it is generally found that
systems characterized by weaker molecular inter-
actions have larger compressibilities than those with
stronger dipolar interactions (Weber & Drickamer,
1983). The molecular dynamics simulation results of
Kitchen et al. (1992) show the greater compressibil-
ities of water-hydrating nonpolar groups and the
lower compressibilities of water-solvating charged
groups.

How the change in compressibility upon binding
WIN compounds relates to the antiviral activity is
seen from a correlation recognized by Gekko and
Hasegawa (1986); proteins with larger compressibil-
ities have higher thermal denaturation points, Tn,
(Figure 3). The data in Figure 3 demonstrate a trend
of increasing T, with increasing Br, suggesting that,
in the case of HRV14, the inhibition of uncoating
in the presence of WIN compounds is due to
stabilization from a greater compressibility. Follow-
ing the trend in Figure 3, the increases in Br shown

Table 1. Calculated isothermal compressibilities and fractional equilibrium densities

HRV14-WIN52084s HRV14-pWIN52084s

HRV14
fractional Bre
Solvation? density® p /(10°% bar~?)
22 A boundary (359, 309) 0.821 8.9
22 A boundary (416, 375) 0.818 71
oo boundary (416, 375) 0.789 10.4

fractional Bre fractional Bre
density® p /(106 bar?) density® p /(10°¢ bar-?)
0.785 11.8
0.792 9.3 0.810 7.3
0.755 154 0.814 13.4

2The boundary potential is repulsive at radial distances greater than that indicated from the SBMD active site center. The total

number of water molecules in the simulation is given in parentheses. The first number corresponds to HRV14 and the second number
to either HRV14-WIN52084s or HRV14-pWIN52084s. Note that only a fraction of this number is within the box shown in Figure 2C
which primarily contains protein or protein and WIN atoms.

b5 is the average fractional density from the 0.8 ns trajectory:.

¢ Isothermal compressibility calculated from equation (1) using the standard deviation in the density. The most appropriate direct
comparisons are among simulations in the same row that have the same solvation conditions. The densities are calculated from 8000
trajectory points taken every 100 fs using an 18 A x 18 A x 10 A grid with a spacing of 0.2 A (shown in Figure 2C). It is determined
whether a grid point is inside or outside the van der Waals radius of protein, WIN, or H.O atoms, and the fraction of points within
these radii gives the density for a given coordinate set. The results were verified with a smaller grid spacing (0.1 A) and by increasing
the box size by as much as 50%.
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Figure 3. The thermal denatura-
tion temperature of several proteins
is plotted as a function of isothermal
compressibility, Br. The proteins
designated above are: 1, B-lacto-
globulin (bovine)?; 2, a-lactalbumin
(bovine)?; 3, myoglobin (whale)*®;
4, insulin (bovine)®; 5, ovalbumin
(egg)?; 6, lysozyme (egg white)®;
] 7, serum albumin (bovine)?*®; 8,
ribonuclease A (bovine)®; 9, catalase
(bovine)?; 10, carbonic anhydrase
(bovine)?; 11, a-chymotrypsino-
gen A (bovine)?; 12, trypsinogen
1 (bovine)®. Hemoglobin, which is
used in the similar figure of Gekko
& Hasegawa (1986), is not used here
because they use T, from bovine
hemoglobin and Br from human

5.0 7.0 9.0 11.0 13.0

B, /(107° bar™)

15.0 hemoglobin. In addition, conalbu-
min was excluded due to the high
heating rate used by Donovan et al.

(1975) to obtain Tn. All Br values are from Gekko & Hawegawa (1986) and T, values from either 2Stellwagen & Wilgus
(1978) or "Bull & Breese (1973). The regression coefficient for the continuous line is 0.61.

in Table 1 would correspond to an increase in T, of
approximately 5 to 12 deg. C.

Why should greater compressibility correlate
with enhanced thermal stability? Increased com-
pressibility suggests a greater accessible confor-
mational space and larger entropy of
HRV14 WIN52084s relative to HRV14. This sugges-
tion is born out by the compilation from the
literature shown in Figure 4 for the entropies of
unfolding per residue at 25°C versus compressibility
for several proteins. The value ASR diminishes for
proteins of greater Br. If the entropy per residue in
the unfolded state is assumed to be constant, the
smaller difference between the denatured and
native states means the entropy in the folded state
increases with the compressibility.

The variation in compressibility for these groups
may be rationalized on the basis of the nature of
intermolecular interactions. To do so, consider the
relationship between the free energy of the system
and the compressibility, or density fluctuations (see
equation (1)). Following the discussion of Reif
(1965), for 2(N) dN, the probability that the particle
number of a systemt is between N and N + dN is:

2(N) dN oc exp [— GOK(TN)} dN @)

where Go(N) is the free energy with particle

number N. Fluctuations about the free energy
minimum, Gmin, can be expanded:

(6 (0G0 (anye

t The discussion here is in terms of fluctuations in
the particle number since this quantity is calculated
from the simulations. However, a discussion in terms
of volume fluctuations is equivalent.

with AN = N = N, where N is the particle number at
Gmin. At equilibrium, the free energy, Go, is
stationary, therefore (0Go,/0dN)r = 0. Also, we have
from standard thermodynamics (Hill, 1994):

°Go\ _ V2[(oP
()= %(®), o
T TN
where P is the pressure. Recalling the thermodyn-

amic definition of the isothermal compressibility,
Br= —1/V (0V/0P)r, this gives us:

°Go V
| = 5
<6N2>T NZBT ( )
Thus, for small AN equation (3) becomes:
AN)*V
Go(N =Gmin+( < 6
o(N) 2Ry (6)

Combining equation (6) and equation (2) and
collecting constants into B yields:

2(N) dN :Bexp[—z(kAT'\‘Rﬁ\ﬂ 0

Therefore the variance in particle number is:

_ 2
(AN)Z = % (8)
which at constant V gives equation (1).

Two points should be noted from the relationship
between free energy and compressibility apparent
in equations (5), (6) and (7). Firstly, changes in
compressibility, as a general principle, involve
changes in the curvature of G, as given by
(0°Go/ON?)1, and secondly, are not related to relative
levels of free energy as given by Gmin. Thus, Br does
not reflect the value of Gmin, but the curvature of the
free energy surface; a smoother free energy surface,
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with weaker forces of interaction, corresponds to
greater compressibilities and larger density fluctu-
ations.

We examined the response of pBr estimated
from the simulations to a change in the nature of
the free energy surface by the use of a hypo-
thetical “polar” WIN52084s named pWIN52084s.
pWIN52084s is the same as WIN52084s except
that the parameters for the most hydrophobic
atoms have been changed so that they have a
charge either 0.5 more or 0.5 less than the
unmodified WIN52084s parameters while main-
taining charge neutrality This hypothetical
pWIN52084s has a polarity more similar to
the six to eight water molecules present in the
wild-type HRV14 pocket than a hydrophobic
WIN52084s. Results from 800 ps SBMD simulations
with pWIN52084s (Table 1) vyield compressi-
bilities lower than WIN-bound simulations but
somewhat greater than the drug-free simulations.
The ordering of compressibilities of HRV14.
WIN52084s > HRV14-pWIN52084s > HRV14.
(pocket water), while the ordering in strength of
intermolecular interactions is HRV14-WIN52084s
<HRV14.pWIN52084s and HRV14-WIN52084s
<HRV14 (pocket water). Because Br reflects the
strength of intermolecular interactions the differ-
ence in compressibility between WIN-bound and
WIN-free rhinovirus is not a consequence of the
difference in protein structure.

Additional evidence that the stabilization of
HRV14 does not arise from conformational changes
in VP1 comes from the drug-fragment studies of
Bibler-Muckelbauer et al. (1994). They have found
that the conformational changes associated with
drug fragments are very similar to those found for
larger drugs, but that the thermal stabilization is not
as good. Consequently, the conformational change
alone does not appear to be sufficient to enhance
capsid stability significantly. This is consistent with
the conclusion suggested by pWIN and the

8.0 T T T T

compressibility-stability relationship that we postu-
late; the protein structure in the pWIN simulations
are nearly identical to those for normal WIN but the
compressibility differs significantly.

We have described here an increase in the
compressibility of drug-bound rhinovirus over that
of drug-free virus and have proposed that this
increased compressibility is related to greater
thermal stability via an increase in the confor-
mational entropy of the drug-bound virus. Earlier
work on viruses (Lauffer et al., 1958, Prevelige et al.,
1994, Da Poian et al., 1995) has shown that there is
a strong entropic driving force in the assembly of
these viruses. However, we note that these authors
interpret the entropy change to result from the
release of water molecules from apolar side-chains
and the consequent exchange of water-protein
interactions for weaker protein-protein interactions.
This basis for entropic stabilization (suggested by
these authors) differs from the change in protein
conformational entropy described here. The in-
crease in conformational entropy with drug binding
has the virtue of helping to rationalize the efficacy
of the drug with less than full occupancy. With this
increase in entropy there is a greater density of
conformational states for the deposition of thermal
energy, leading to enhanced stability when only a
few sites are occupied. Moreover, since both
subunit-subunit contacts and tertiary structure
interactions are present in the simulation system,
the observed effects on compressibility may be
relevant to either the dissociation or unfolding of
subunits during the disassembly process. Thermo-
dynamics gives no simple proportionality between
S and Br, thus the relationship shown in Figure 4
may be particular to proteins. The results presented
here suggest that compressibility is a fundamental
property significant for understanding antiviral
activity and uncoating that should be considered in
examinations of viral capsid structural stability and
disassembly.

8
|

6.0

4.0 |

2.0

ASY, [(ev/residue) @25°C

0.0 |

-2.0 ¥ 1

Figure 4. Proteins are numbered
as in Figure 3, plus 13, trypsin and
14, o-chymotrypsin. ASy is the
change in entropy per residue for
the transition of the native (N) to the
denatured (D) state at 25°C. Entropy
data are from Table | of Privalov &
Gill (1988), except for chymotrypsin-
ogen (Brandts, 1964) and a-lactalbu-
min (Xie et al., 1991). All Br values
are from Gekko & Hasegawa (1986).

m»
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14.0 The regression coefficient for the

continuous line is —0.79.
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Note added in proof: After acceptance of this paper we became aware of an article (Gerstein et al., 1995,
J. Mol. Biol. 249, 955-966) relating to calculation of volume fluctuations of proteins using \Voroni

polyhedra.



