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ABSTRACT The tertiary structure of most icosahedral
viral capsid proteins consists of an eight-stranded antiparallel
18-barrel with a hydrophobic interior. In a group of picorna-
viruses, this hydrophobic pocket can be filled by suitable
organic molecules, which thereby stop viral uncoating after
attachment and penetration into the host cell. The antiviral
activity of these agents is probably due to increased rigidity of
the capsid protein, which inhibits disassembly. The hydropho-
bic pocket may be an essential functional component of the
protein and, therefore, may have been conserved in the
evolution of many viruses from a common precursor. Since
eight-stranded anti-parallel 13-barrels, with a topology as in
viral capsid proteins, are not generally found for other proteins
involved in cell metabolism, this class of antiviral agents is
likely to be more vius-specific and less cytotoxic. Further-
more, the greatest conservation of viral capsid proteins occurs
within this pocket, whereas the least conserved part is the
antigenic exterior. Thus, compounds that bind to such a pocket
are likely to be effective against a broader group ofserologically
distinct viruses. Discovery of antiviral agents of this type will,
therefore, depend on designing compounds that can enter and
fit snugly into the hydrophobic pocket of a particular viral
capsid protein. The major capsid protein, p24, of human
immknodeficiency virus would be a likely suitable target.

General

Atomic-resolution structures ofa few icosahedral RNA plant
and animal viruses have been determined in the last decade
(Table 1). In each case the essential shell domain consists of
an eight-stranded antiparallel 8-barrel (Fig. 1). In general, the
quaternary organizations of the plant and animal virus
icosahedral shells are also remarkably alike. The characters
of the three-dimensional viral structures are sufficiently
similar to make it most probable that many simple spherical
RNA viruses have evolved from a common precursor (9, 12).
The similarity in folding topology extends to the more
complex icosahedral DNA adenoviruses (11) and to the
bacillus-shaped RNA alfalfa mosaic virus (ref. 6; I. Pita and
M.G.R., unpublished results). In the latter case, the viral
capsid consists of a cylindrical capsid capped with a hemi-
icosahedron at either end. The length of these capsids is
dependent on the size of the RNA encapsidated. The protein
subunits, under suitable conditions, can reassemble into
complete icosahedra. It has also been shown that the core
protein of Sindbis virus is homologous to VP3 of foot-and-
mouth disease virus and may, therefore, also have the same
tertiary and quaternary structure (13). Sindbis virus has a
lipid envelope with an internal nucleocapsid core somewhat
similar to retroviruses.

Table 1. Viruses whose capsid proteins are similarly folded
and assembled

Capsid

Diameter,
Virus Symmetry A Ref.

Plant RNA viruses
Tomato bushy stunt virus T = 3 350 1
Southern bean mosaic virus T = 3 300 2
Satellite tobacco necrosis virus T = 1 190 3
Turnip crinkle virus T = 3 350 4
Cowpea mosaic virus P = 3 300 5
Alfalfa mosaic virus Bacillus 190 6, *

Animal RNA viruses
Human rhinovirus 14 P = 3 300 7
Poliovirus P = 3 300 8
Mengo virus P = 3 300 9

Insect RNA virus
Black beetle virus T = 3 300 10

Animal DNA virus
Adenovirus hexon - - 11

T (triangulation) = 3 implies that there are 3 x 60 capsid proteins
in the icosahedral viral shell. P (pseudo) = 3 implies that there are
60 copies ofeach of 3 different major proteins in the icosahedral viral
shell. However, the fold of the three different poplypeptides chains
is similar.
*, I. Fita and M.G.R., unpublished results.

A variety of antiviral agents that inhibit viral uncoating
have been reported for the rhino- and enterovirus members
of the picornavirus family (14-17). WIN 51711 is repre-
sentative of a class of compounds that inhibit picornavirus
replication in tissue culture (18) and in animal models of
human enterovirus disease (19, 20). The binding site for WIN
51711, as well as a variety of related compounds, on the viral
capsid of HRV14 has been examined by using x-ray crystal-
lography (21, 22). These compounds bind to the hydrophobic
interior of VP1 and HRV14, causing significant conforma-
tional changes in enlargement of the pocket within the viral
capsid. They stabilize the capsid by making the coat protein
sufficiently rigid to prevent the capsid proteins from disen-
gaging from each other during disassembly.
The presence of a potential hydrophobic pocket in the

typical viral capsid is probably not fortuitous. Some degree
of flexibility may be required to accommodate the assembly
and disassembly process. This can be provided by the loosely
packed internal hydrophobic pocket of the standard viral
capsid protein. If this pocket is filled by a molecule of
appropriate size and physical characteristics (e.g., WIN
51711), then conformational changes are induced and the
protein becomes rigid and fails to perform its normal assem-
bly and disassembly functions. Indeed, the requirement for
this function in a protein that can also assemble into an

Abbreviations: VP, viral capsid protein; HRV14, human rhinovirus
14; HIV, human immunodeficiency virus.
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FIG. 1. The eight-stranded antiparallel 8-barrel as found in viral capsid protein 1 (VP1) of human rhinovirus 14 (HRV14). The site of
attachment of antiviral agent WIN 51711 into the hydrophobic internal pocket is shown. NIm-IA and NIm-IB are neutralizing immunogenic sites.
Secondary structural elements (f3B, 8C, . . ., aA, aB, FMDV loop) and approximate sequence numbers are shown.

icosahedral particle may, in part, be the cause for the
retention of the same protein fold in the evolution of so many
viral capsid structures. The shape and size of the hydropho-
bic pocket varies from one virus to another according to the
particular amino acids that line the pocket. The pocket is not
necessarily equally accessible in different viruses. For in-
stance, Mengo virus (9) has a hydrophobic interior to VP1 but
it is not readily accessible and WIN 51711 is not active in this
virus. Similarly, the WIN compounds penetrate only into
VP1, not into the homologously folded VP2 or VP3 of
HRV14. The design of a suitable antiviral agent that inhibits
uncoating will thus depend on the knowledge of the precise
structure of the targeted virus capsid protein. The agent must
be sufficiently flexible to enter the pocket through an avail-
able pore on the capsid's exterior, sufficiently hydrophobic to
be retained by the pocket, and of suitable size to fit into the
pocket. Drug design can further be aided by experiments with
well-chosen compounds.
The eight-stranded antiparallel ,-barrel motif with a topol-

ogy as in viral capsid proteins has not been found in other
classes of proteins (23). Thus compounds like WIN 51711,
which have been particularly adapted to bind with high
affinity to a specific viral capsid protein, are unlikely to bind
with the same affinity to other types of proteins with different
folds. This is a possible explanation for the limited toxicity
seen with compounds of this class. In contrast, antiviral
agents targeted at (for instance) viral proteases or polymer-
ases have to have greater specificity in order not to interfere
with essential metabolic processes that are dependent on
proteins with similar function and, therefore, probably also
with a similar fold.
The greatest conservation between different picornavi-

ruses occurs in the internal residues, whereas the greatest
variability occurs on the antigenic surface (24). The high
surface variability (7) accounts for the large number of
serologically distinct viruses, which, nevertheless, bind to
only a few different receptors (25, 26). Thus, antiviral agents
such as WIN 51711 have a relatively large range covering not
only most rhinoviruses but also many enteroviruses as well.
The hydrophobic character of compounds such as WIN

51711 is essential for their binding to the hydrophobic pocket
in VP1 of picornaviruses. However, their hydrophobic char-
acter is likely to allow them to be absorbed and transported
across viral membranes. They could also be adsorbed on the

capsid during assembly. Thus, variations ofthese compounds
might be as useful to inhibit uncoating of enveloped viruses
such as Sindbis virus or human immunodeficiency virus
(HIV) as they are in inhibiting simple icosahedral viruses.

Application to HIV

The major capsid protein for HIV is p24, a post-
translationally modified gag gene product. The other prod-
ucts are p13 and p18. The exceedingly basic character of p13
suggests that it might be associated with the viral RNA (27),
as is also common with plant viruses (1, 2). The p18 protein
is probably associated with the HIV membrane. In HIV the
p24 protein forms a bacillus- or cone-shaped capsid (28)
containing about (2 x 9600) RNA bases. By proportionality
with similarly shaped bacillus-shaped particles of alfalfa
mosaic virus (6, 29), the p24 core capsid could have icosa-
hedral ends with T = 3 symmetry (30), a 300-A diameter, and
a 950-A-long cylindrical central component. Not only would
such an envelope be of sufficient size to contain the RNA, but
also it does correspond roughly with observed dimensions.

Coates et al. (31) predict-that the secondary structure of
p24 is mainly a-helical. However, the 24,000 molecular
weight of p24 roughly corresponds to the size of a standard
viral capsid protein. For instance, the molecular weights of
VP1, VP2, and VP3 in picornaviruses ranged from 24,000 to
35,000. While viral capsid proteins derived from different
viruses (e.g., picornaviruses and plant viruses) generally
have similar three-dimensional structures, they do not show
any obvious amino acid sequence equivalence. Yet "finger-
prints" determined from the alignments of diverse RNA
capsid proteins can also be detected in HIV p24 (Ann C.
Palmenberg, personal communication).

In light of these properties ofHIV p24 and the observations
that many virus capsid proteins have similar tertiary struc-
tures and have similar capsid organizations, it is probable that
p24 has the eight-stranded anti-parallel P-barrel structure
typical in other viruses. Hence, p24 might contain a hydro-
phobic pocket and would be a suitable target for antiviral
compounds that would inhibit viral uncoating. The efficacy of
these compounds is less likely to be affected by rapid change
in amino acid sequences of the p24 protein as a result of
immune surveillance.
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