RESEARCH ARTICLE

Three-Dimensional Structure of
Poliovirus at 2.9 A Resolution

J. M. Hogle, M. Chow, D. J. Filman

In 1908, Landsteiner and Popper iden-
tified poliovirus as the etiological agent
of poliomyelitis (I). Since then poliovi-
rus has played a unique role in biology
and medicine. Poliovirus was the first
virus to be grown in cultured cells (2), an
accomplishment that led to the develop-
ment of a killed virus and a live attenuat-
ed vaccine (3), to the physical and chem-
ical characterization of the virion and its

virus, the rhinoviruses, and the coxsack-
ie viruses. Poliovirus is approximately
310 A in diameter with a molecular mass
of 8.5 x 10° daltons (4). The virion is
composed of 60 copies each of four coat-
protein subunits—VP1 (306 amino acids,
~ 33 kD), VP2 (272 amino acids, ~30
kD), VP3 (238 amino acids, ~26 kD),
and VP4 (69 amino acids, ~7.5 kD), and
a single-stranded, plus-sense RNA

Abstract. The three-dimensional structure of poliovirus has been determined at 2.9
A resolution by x-ray crystallographic methods. Each of the three major capsid
proteins (VP1, VP2, and VP3) contains a ‘‘core’’ consisting of an eight-stranded
antiparallel beta barrel with two flanking helices. The arrangement of beta strands
and helices is structurally similar and topologically identical to the folding pattern of
the capsid proteins of several icosahedral plant viruses. In each of the major capsid
proteins, the ‘‘connecting loops’’ and NH,- and COOH-terminal extensions are
structurally dissimilar. The packing of the subunit ‘‘cores’’ to form the virion shell is
reminiscent of the packing in the T = 3 plant viruses, but is significantly different in
detail. Differences in the orientations of the subunits cause dissimilar contacts at
protein-protein interfaces, and are also responsible for two major surface features of
the poliovirion: prominent peaks at the fivefold and threefold axes of the particle.
The positions and interactions of the NH,- and COOH-terminal strands of the capsid
proteins have important implications for virion assembly. Several of the ‘‘connecting
loops’”’ and COOH-terminal strands form prominent radial projections which are the

antigenic sites of the virion.

assembly intermediates (4), and to char-
acterization of the virus life cycle within
the infected cell (5).

The genome structures and the RNA
sequences of several strains have been
determined (6). Upon transfection into
animal cells, full-length complementary
DNA (cDNA) copies of the viral ge-
nome yield infectious virus, permitting
the genetic analysis and manipulation of
the virus (7, 8). Recently, monoclonal
antibodies (9) and synthetic peptide anti-
gens (10-12) have been used to map the
antigenic sites of the virion onto the

amino acid sequences of the capsid pro- -

teins. As a result of these and other
studies, poliovirus has-become. one - of
the
gens.
Poliovirus is a member of the picorna-
virus family, which also includes foot
and mouth disease virus, hepatitis A
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best characterized viral patho-’

genome of approximately 7500 nucleo-
tides (6). The RNA is polyadenylated at

-its 3’ end (¢-8) and is covalently linked at

the 5’ end to the 22-amino-acid protein
VPg (13).

The RNA contains a single large open-
reading frame from which a 220 kD poly-
protein is synthesized (5, 6). All known
viral proteins are generated from this
polyprotein in a cascade of proteolytic
cleavages by virally encoded proteases
(I14). The capsid protein sequences are

-located at the NH,-terminus of the poly-
-protein in the order VP4-VP2-VP3-VP1

(6). Early in the cascade, the capsid
precursor Pl-1a (15) is cleaved from the
polyprotein. Subsequent cleavage of the
P1-1a protomer (16) to VP0-VP3-VP1 is
coupled with virion assembly. The final
step in virion maturation is the cleavage
of VPO, yielding VP4 and VP2 (4).

The three-dimensional structures of

several intact plant viruses have been
determined by x-ray crystallographic
methods, including tomato bushy stunt
virus (TBSV) (17), southern bean mosaic
virus (SBMYV) (18), and satellite tobacco
necrosis virus (STNV) (19). Analyses of
these structures have provided insight
into the architecture and assembly of
small spherical viruses. These studies
have also provided a background of
methodology and structural principles
for the crystallographic investigation of
animal viruses, for which the biology has
been better characterized. We report
here the structure of the Mahoney strain
of type 1 poliovirus as determined by x-
ray crystallographic methods; this struc-
ture provides a three-dimensional con-
text for studying the relationship be-
tween the structure of an animal virus
and its biological properties.

Crystallization and structure determi-
nation. Seed stocks of poliovirus type 1
(Mahoney strain) were obtained from an
isolated plaque produced by transfection
of HeLa cells with an infectious cDNA
clone of the viral genome (7). The virus
was propagated in HeLa cells, purified
by standard methods (20), and crystal-
lized by microdialysis at neutral pH (21).
Virus recovered from redissolved crys-
tals is fully infectious (22). The crystals
belong to the orthorhombic space group
P2:2,2 with a = 322.9, b = 358.0, and
¢ = 380.2 A and contain one-half virus
particle per asymmetric unit. The parti-
cle center is located on the crystallo-
graphic twofold axis at approximately
Z = 0.25 (21, 23). Three dimensional x-
ray diffraction data for native crystals
and for a platinum derivative (prepared
by soaking crystals in 5 mM K,PtCl, for
48 hours) were collected by oscillation
photography to 2.9 A resolution. Be-
cause the crystals were extremely sensi-
tive to x-irradiation, the data were col-
lected at —15°C, with 25 percent ethyl-
ene glycol as a cryosolvent. The photo-
graphs were digitized on a 50-pm raster
with an Optronics P-1000 scanner and
integrated and processed with the use of
locally developed software (24). These
and all subsequent calculations de-
scribed below were carried out on a
VAX 11/750 computer with 8 megabytes
of memory and a 500-megabyte disk.
Statistics for the native and derivative
data are shown in Table 1.

The orientation of the poliovirus parti-
cle about the crystallographic twofold
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axis was determined by evaluation of a
one-dimensional icosahedrally locked
rotation function, and the position of the
particle along the twofold axis was esti-
mated by inspection of native Patterson
maps. Platinum substitution sites in the
derivative crystals were determined by
an icosahedrally locked Patterson vector
search. One general and one fivefold
axial platinum site were found per icosa-
hedral asymmetric unit. Single isomor-
phous replacement (SIR) centroid
phases were applied to the native ampli-
tudes between 50 and 5 A resolution.
Native phases were refined at 5 A resolu-
tion by iterative electron density averag-
ing about the icosahedral symmetry ele-
ments as described by Bricogne (25).
Several times during this phase refine-
ment, the particle position and orienta-
tion, and the platinum substitution sites
in the particle were optimized, treating
them as variables in a systematic search
which maximized the electron density at
the predicted heavy atom sites in unaver-
aged derivative difference Fourier maps.
After the final application of SIR phases,
phase refinement at 5 A converged in
eight cycles; but the progress of the
refinement suggested that SIR phases
would be of limited use at higher resolu-
tion.

The structure determination was ex-
tended from 5 A to 2.9 A resolution by
the addition of 0.05 A shells of structure
factor amplitudes in each cycle of densi-
ty averaging. The new terms were
phased by inversion of the previous cy-
cle’s averaged electron density. Similar
methods have been used for phase exten-
sion in the structure determinations of
STNV (19) and hemocyanin (26).

Alpha carbon positions were deter-
mined for all four capsid proteins, and
correlated with the known amino acid
sequence, in 3.6 A averaged electron
density maps. Phase extension and re-
finement were subsequently continued

to 2.9 A resolution. The complete pro--

cess of extending phases between 5 and
2.9 A resolution required 67 cycles of
density averaging, yielding a quadratic R
value of 0.27 and a correlation coefficient
of 0.84 (27). Representative sections of
the final 2.9 A electron density map are
shown in Fig. 1. Residue placement and
side-chain identifications have been con-
firmed by inspection of this map. A full
atomic model to fit the 2.9 A map has not
yet been completed.

Capsid protein subunits. The quality of
the electron density map was such that it
was possible to locate and identify al-
most all of the residues in all four capsid
protein subunits. However, no electron
density was present for residues 1 to 20
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Table 1. Summary of the Mahoney native and platinum derivative data.

Items Mahoney native Pt derivative
Films (No.)* 120 37
Measurements (No.) 3,573,325 1,103,477
Unique 2kl measuredt (No.) 893,887 539,636
Selection criteriont (%) 50+ 40+
Unique Akl used§ (No.) 736,926 310,063
Ry, versus mean|| 0.182 0.226
R,y versus averaged whole| 0.141 0.092

*The 0.5-degree oscillation photographs were taken on CEA reflex 25 film with Supper oscillation or with
oscillation-precession cameras, with CuKa radiation from a Marconi GX-20 or GX-18 rotating anode
generator with a 100-m focus, and Franks mirror optics (34). Exposure times were 12 tq 18 hours with the
GX-20, and 6 to 8 hours with the GX-18. tOut of 950,000 unique reflections in the 2.9 A sphere. {Par-
tially observed reflections were corrected to their fully recorded equivalent by the method of Winkler, Schutt,
and Harrison (35). Partials observed to an extent less than the indicated percentage were not used in
constructing the unique data set. §A conservative cut based on the intensity and its standard deviation
was used to exclude poorly measured reflections. |IRsym compares multiply measured individual corrected
intensities (I;) with their sigma-weighted mean <I,,>.

Rsym =%Z ‘Ihi - <[> / ;z <Ih>
i j

YSame as (II), with <I,> computed with the use of fully recorded reflections only.

at the NH,-terminus of VP1, residues 1
to 7 at the NH,-terminus of VP2, resi-
dues 1 to 12 at the NH,-terminus of VP4
(all of which are in the interior of the
particle) and residues 234 to 238 at the
COOH-terminus of VP3 (on the outside
surface of the virion). In addition, there
was no significant unassigned density
that could correspond to the viral RNA

or to VPg. The lack of density for the
NH,-terminal residues and the RNA im-
plies that the interior of the virion is
spatially disordered with respect to the
icosahedrally symmetric protein shell.
The structures of VP1, VP2, and VP3
(Fig. 2) are remarkably similar to one
another and surprising similar to the coat
proteins of TBSV, SBMV, and STNV.

§ . + v y =g ) .
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Fig. 1. Five representative sections of the final 2.9 A averaged electron density map. The map
encloses the icosahedral asymmetric unit of the poliovirion, sectioned perpendicular to the
particle twofold axis. Sections from 120 to 124 A are shown. Labels indicate the approximate
positions of one fivefold and two threefold axes (which are skewed relative to the plane of the
map). In this map, the connectivity of the main chain is unambiguous, the side chains are
apparent, and there is partially resolved electron density for carbonyl oxygens. The quality of
the map is also indicated by the level of noise at the protein-solvent interfaces. The lack of
density at the top of the photograph is the result of solvent flattening.
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Fig. 2. Stereo picture of alpha carbon models of the poliovirus capsid proteins (36): VP1 (top),
VP2 (middle), VP3 (bottom). Portions of the main chain corresponding to the eight-stranded
antiparallel beta barrel are red; the conserved flanking helices are blue; variable internal loops
and terminal extensions are yellow. The NH,- and COOH-terminal extensions of VP1 and the
NH,-terminal extension of VP3 have been truncated for clarity.

Fig. 3. Schematic representation of the poliovirus capsid proteins. (a) Simplified diagram
showing the topology of the structurally conserved ‘‘core.” Beta strand designations are
consistent with those used to describe the capsid proteins of the plant viruses (38). Ribbon
diagrams show (b) VP1, (c) VP2, and (d) VP3. The NH,- and COOH-terminal extensions of VP1
and the NH,-terminal extension of VP3 have been truncated for clarity.
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Each of these proteins consists of a
‘““‘core,”” or common structural motif,
with variable ‘‘elaborations.”” The cores
are topologically identical. Each core is
composed of an eight-stranded antiparal-
lel beta barrel with two flanking helices.
Four strands (B, I, D, and G in Fig. 3a)
make up a large twisted beta sheet which
forms the front and bottom surfaces of
the barrels (Fig. 3, b to d). The remaining
four strands (C, H, E, and F) make up a
smaller, flatter beta sheet which forms
the back surface of the barrel. The
strands comprising the front and back
surfaces are joined at one end by four
short loops, giving the barrel the shape
of a triangular wedge. In poliovirus, each
of the three coat proteins has different
NH,- and COOH-terminal extensions,
and includes a different set of internal
insertions. The largest internal insertion
in VPI1 (residues 207 to 237) is the loop
connecting beta strands G and H. The
largest insertion in VP2 (residues 127 to
185) connects beta strand E with the
radial helix on the back surface of the
barrel. The most significant excursion in
VP3 (residues 53 to 69) connects the
NH,-terminal strand to beta strand B.
The NH,-terminal strands of VP1, VP2,
and VP3 fold beneath the barrels, while
the internal insertions and COOH-termi-
nal additions are located on the top sur-
face of the barrel.

In contrast to the compact structures
found in the other three coat proteins,
VP4 has a more extended conformation.
The only significant compact structure in
VP4 is a short two-stranded antiparallel
beta sheet near its NH,-terminus. VP4 is
similar in its position and conformation
to the NH,-terminal strands of VP1 and
VP3, and thus it appears to function as
the (detached) NH,-terminal extension
of VP2 rather than as an independent
capsid protein.

Protomer subunit. The position and
orientation of the four capsid proteins on
the icosahedral surface of the virion are
shown in Fig. 4. The closed end of the
barrel of VPI is located near the fivefold
axis. The closed ends of the VP2 and
VP3 barrels alternate around the particle
threefold axis. The subunits shown are
those that have the most extensive inter-
subunit interactions, and thus they are
likely to be the ones that are derived by
cleavage of the same P1-1a protomer. On
the outer surface of the particle, the
COOH-terminus of VPl wraps over
VP3, while residues 207 to 237 and 271 to
295 of VP1 flank the outer surface of VP2
(Fig. 4, center). On the inner surface, the
interactions are more extensive. The
NHj-terminal strand of VP3 wraps
around the base of the VP1 barrel, while
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the NH,-terminal strand of VP1 makes
extensive contacts with the inner surface
of the VP3 barrel (Fig. 4, bottom).

Outer surface of the virion. The contin-
uous protein shell of the poliovirion ex-
tends from approximately 110 to 140 A
radius (Fig. 5a). The exterior surface of
the virion (Fig. 5, b and ¢) is dominated
by two sets of prominent radial exten-
sions: A ribbed peak (extending to 165 A
radius) is formed at the fivefold axes by
residues from VP1, and a broad plateau
is formed at the threefold axes by resi-
dues from VP2 and VP3. The plateau
extends to 150 A radius at its center, and
is ringed by promontories. The peaks at
the fivefold axes are surrounded by
broad valleys, while adjacent plateaus
are separated by saddle surfaces at the
particle twofold axes. Thus, the exterior
surface of the poliovirus particle is ap-
proximated by the geometric construc-
tion shown in Fig. 6a. This construction
appears in the other figures to aid in
orientation.

VP1, VP2, and VP3 occupy sites in the
poliovirus capsid that are analogous to
those of the A, C, and B subunits, re-
spectively, in the T = 3 plant viruses.
However, the external surface of polio-
virus differs significantly from those of
SBMYV and of the S domain of TBSV. In
the T = 3 plant viruses, the upper sur-
faces of the cores of the three capsid
proteins in one icosahedral asymmetric
unit, and the three in a twofold related
icosahedral asymmetric unit are copla-
nar, forming the face of a rhombic tria-
contahedron (Fig. 6b). The greater relief
of the poliovirion surface can be ascribed
to differences in the packing and orienta-
tion of the capsid protein subunits.

A pronounced tilt of the closed end of
the VP1 barrel outward along the five-
fold axis is responsible for the prominent

Fig. 4. Alpha carbon models of the four
poliovirus capsid proteins which constitute a
protomer (derived by cleavage of a single
molecule of the P1-1a precursor) (36). VP1 is
blue, VP2 is yellow, VP3 is red, VP4 is green.
Portions of the structure close to the view
point are brighter than portions which are
further away. The edges of an icosahedron are
included to indicate the orientation of the
protomer relative to the icosahedral symme-
try elements of the virus particle. (Top) An
“‘exploded’” view of the capsid proteins,
showing the relationships of VP4 and the
terminal extensions of VP1 and VP3 to the
major compact domains of the capsid pro-
teins. (Center) Stereo picture of the protomer,
viewed from the outside of the virion. VP1 is
adjacent to the fivefold axis. VP2 and VP3
alternate around particle threefold axes. (Bot-
tom) View of the protomer from the inside of
the virion. This view is heavily depth-cued to
emphasize VP4 and the NH,-terminal exten-
sions of VP1 and VP3.
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fivefold peaks (Fig. 7, a and b). The
upper surface of the VP1 barrel forms
the slope of the peak, and the uppermost
three loops of the barrel (residues 96 to
104, 245 to 251, and 142 to 152) are
exposed at the summit. The top loop (96
to 104) twists out from the surface of the
subunit so that it is particularly well
exposed, giving the fivefold peak a
ribbed appearance. Indeed, this loop

Fig. 5. Major features on the surface of
poliovirus. VPI1 is blue, VP2 is yellow,
VP3 is red, VP4 is green. (a) Stereo
space-filling representation of the interi-
or surface (37). Four pentamers have
been removed from the capsid shell. The
thickness of the shell and the volume of
the cavity occupied by RNA are appar-
ent. (b) Stereo space-filling representa-
tion of the exterior surface (37). (¢) Pack-
ing of eight protomers on the exterior
surface of poliovirus (36). The symmetry
elements of the particle are indicated by
the edges of an icosahedron and a do-
decahedron (as described in the legend
of Fig. 6). Portions of the structure close
to the view point are brighter than por-
tions which are further away. In (b) and
(c), note the ribbed peak formed by VP1;
the broad plateau ringed by promon-
tories formed by VP2 and VP3; the broad
valley surrounding the fivefold peak: and
the saddle surface across the twofold
axis.
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contains the only trypsin-sensitive site in
the Sabin strain of type 1, and the Sabin
and Leon strains of type 3 poliovirus
8).

The outward tilt of the closed ends of
the VP2 and VP3 barrels along the three-
fold axes is less pronounced. As a result,
only the outermost two loops (residues
72 to 75 and 240 to 244 in VP2, and
residues 75 to 81 and 196 to 206 in VP3)

are exposed. The plateau at the threefold
axis is broadened by two sets of outward
projections. The smaller projection,
which extends to a radius of 155 A, is
formed by the insertion in the B strand of
VP3 (residues 53 to 69). The larger pro-
jection, which extends to 165 A radius, is
formed by the internal insertion in VP2
(residues 127 to 185), and is supported at
its base by the COOH-terminal strand of
VP2 (residues 261 to 272), and by resi-
dues 207 to 237 and 271 to 295 from VP1.

Subunit packing. In the T = 3 plant
viruses, the three subunits in each icosa-
hedral asymmetric unit (as defined in
Fig. 6b) are related by a local threefold
axis. Within the asymmetric unit, the
pairwise contacts between the A and B,
B and C, and C and A subunits are nearly
identical. In addition, the contact be-
tween fivefold related A subunits is near-
ly identical to one of the two distinct
types of interaction between B and C
subunits at the threefold axes (17, 18).
These similarities reflect the constraints
imposed by quasi-equivalent packing of
chemically identical subunits (29).

In poliovirus, VP1, VP2, and VP3 are
chemically distinct, so the constraints
are relaxed. The relaxation of con-
straints permits qualitative differences in
the “‘tilts”’ of the subunits (as described
above), causing significant differences in
the contacts between subunits. Two spe-
cific examples serve to demonstrate
these differences. (i) The ‘‘tangential”
helices of VP1 and VP3 (shown in the
front of Fig. 3a) are packed against one
another at approximately a 45-degree
angle. In contrast, the analogous packing
of helices between twofold related mole-
cules of VP2 resembles that in the T = 3
plant viruses, wherein the helix axes are
nearly parallel. (i) In VP2, VP3, and in
the A, B, and C subunits of the T = 3
plant viruses, the loop that connects beta
strand E to the ‘‘radial’’ helix (shown in
the back of Fig. 3a) lies in the interface
between subunits within the triangular
icosahedral asymmetric unit defined in
Fig. 6b. In contrast, the analogous loop
of VP1 does not lie in the VP1-VP3
interface. As a result of the pronounced
tilt of VP1, the loop is entirely exposed
on the surface of the virion. These differ-
ences in subunit contacts indicate that
the packing of VP1 cores around the
fivefold axes is dissimilar from the pack-
ing of VP2 and VP3 around the threefold
axes. They also demonstrate that, unlike
the T = 3 plant viruses, there is no satis-
factory local threefold axis relating the
subunits within an icosahedral asymmet-
ric unit.

Inner surface of virion. The interior
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surface of the capsid is formed by the
bottom surfaces of the beta barrels of
VP1, VP2, and VP3, by VP4, and by the
NH,-terminal strands of VP1, VP2, and
VP3. The NH,-termini form an extensive
network (Fig. 7c) which links fivefold
related protomers together to form pen-
tamers; twofold related pentamers are
also linked by this network, though less
strongly. The most striking feature of the
inner surface is the interaction between
the NH,-termini of VP3 and VP4 about
the fivefold axis (Fig. 7, ¢ and d). The
NH,-termini of five subunits of VP3 in-
tertwine about the fivefold axis forming a
five-stranded tube of extremely twisted
parallel beta structure. This twisted tube
is flanked on its lower surface by five
two-stranded antiparallel beta sheets
from the NH,-termini of VP4. A struc-
ture analogous to the twisted tube, de-
scribed as a ‘‘beta annulus,” occurs at
the threefold axes of the 7T = 3 plant
viruses (17, 18).

Implications for assembly. The exten-
sive network of interactions between
fivefold related protomers is consistent
with earlier proposals that the penta-
meric association of VP0, VP3, and VP1
is an intermediate in the assembly of
poliovirions (4). In particular, the twist-
ed tube formed around fivefold axes by
the NH,-termini of VP3 is a structure
that can form only upon pentamer as-
sembly. This structure may direct pen-
tamer formation and is expected to con-
tribute substantially to the stability of the
pentamers once formed. The role of the
NH,-terminal network in poliovirus dif-
fers from that of an analogous network in
the T =3 plant viruses, wherein the
‘‘arms’’ which are linked at the three-
fold “‘beta annuli’’ form a T = 1 scaffold
which determines local curvature and
thereby directs assembly of the T =3
capsid (30).

The cleavage of VPO, yielding VP4 and
VP2, is believed to be the final step in
virion maturation, occurring after capsid
assembly and the encapsidation of RNA
(4). The COOH-terminus of VP4 and the
NH,-terminus of VP2 are close to one
another in the interior of the mature
virion. Unless there is a substantial rear-
rangement of the capsid structure after
the cleavage of VPO, the cleavage site is
inaccessible to external proteases. Con-
sequently, the cleavage of VPO may be
autocatalytic. The internal position of
VP4 also suggests that the loss of this
protein upon inactivation of the virus at
elevated temperatures (55° to 60°C) or
upon cell attachment (4) signifies a sub-
stantial rearrangement of the virion
structure.
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One remarkable discovery resulting
from the structure determination is that
the NH,- and COOH-termini generated
by proteolytic processing of Pl-la to
VPO, VP3, and VP1 are spatially distant,
and indeed, are located on opposite sur-
faces of the pentamer. The separation of
these termini and the extensive interac-
tion of the NH,-terminal strands of VP3
about the fivefold axes are most consist-
ent with a proposed assembly pathway
(4) in which the cleavage of P1-1a occurs
prior to pentamer formation. Processing
of P1-1a after pentamer formation would
require far more elaborate conformation-
al changes. In either case, substantial
structural rearrangements must occur
subsequent to proteolytic cleavage. This

Fig. 6. Geometric representations of the exte-
rior surface features of poliovirus and of the
T = 3 plant viruses. (a) In this construction,
the edges of an icosahedron and a dodecahe-
dron intersect along twofold axes. The result-
ing surface resembles poliovirus in that it has
somewhat larger prominences at its fivefold
axes than at its threefold axes. Labels indicate
the positions of VP1, VP2, and VP3 from the
same protomer. Each protomer occupies an
icosahedral asymmetric unit bounded by one
fivefold, one threefold, and two twofold axes.
(b) A rhombic triacontahedron: a simplified
representation of the surface of southern bean
mosaic virus (/8), and tomato bushy stunt
virus (17). Labels indicate the positions of the
six capsid subunits that are contained in two
icosahedral asymmetric units. The A, C, and
B subunits of the T = 3 plant viruses lie in
positions analogous to those of the poliovirus
subunits VP1, VP2, and VP3, respectively.

confirms the proposal (4) that posttrans-
lational processing plays a significant
role in controlling virion assembly.
Sequence differences between strains
and serotypes. Sequence differences be-
tween naturally occurring strains of in-
fluenza virus have been used to identify
several distinct sites on the hemaggluti-
nin (31) and neuraminidase (32) which
are responsible for antigenic drift. The
success of this approach may be attribut-
ed to the availability of several strains
which were derived from one another in
a known temporal sequence under im-
mune selection. In poliovirus, however,
the evolutionary relationships between
the three serotypes are unknown, and
the role of immune selection in the emer-
gence of new field isolates is unclear. As
a result, specific sequence differences in
the existing strains cannot be ascribed to
immune selection with any confidence.
Differences in the amino acid se-
quences of the capsid proteins of type 1
Mahoney and type 3 Leon strains were
mapped onto the Mahoney structure.
The sequence differences were distribut-
ed widely over the inner and outer sur-
faces of the capsid proteins, but were
conspicuously absent from the cores of
the subunits. This distribution shows
that, notwithstanding the selective pres-
sures for change, the inherent con-
straints imposed by protein folding and
assembly exert a strong selective pres-
sure for sequence conservation.
Location of neutralizing antigenic de-
terminants. A more direct procedure for
determining antigenic sites is the use of
neutralizing antiviral monoclonal anti-
bodies to select for mutant viruses resist-
ant to neutralization (9). The locations of
sequence changes that confer such
resistance are shown in Fig. 7e. The
mutation sites map onto the major exter-
nal surface features of the virion. These
‘‘escape mutations’’ can be grouped on
the basis of proximity into four discrete
clusters (Fig. 7, e and f). Cluster 1 (col-
ored yellow) contains residues from the
loops of VP1 which form the fivefold
peak, as well as nearby residues from the
loop (162 to 178) that lies along the upper
surface of the VP1 barrel. Cluster 2
(blue) includes residues from the internal
insertion in VP3 and from the top loop of
the barrel in VP2. Cluster 3 (green) is
formed by residues from the internal
insertion in VP1, the internal insertion in
VP2, and the COOH-terminus of VP2.
The grouping of these three segments
into one antigenic cluster by proximity is
confirmed by the observation that a mu-
tation in the insertion of either VP1 or
VP2 conferred resistance to the same
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neutralizing monoclonal antibody (33).
Cluster 4 (red) contains residues from a
loop (271 to 295) in the COOH-terminal
strand of VP1. Although this site has
been identified as a distinct cluster, it is
sufficiently close to clusters 2 and 3 that
it might become continuous with either
one when a larger number of viral mu-
tants are identified. One unexplained ob-
servation is that most of the escape mu-
tations in the Mahoney and Sabin strains
of type 1 poliovirus occur in clusters 2

Fig. 7. Selected views of portions of the poliovirus structure (36). VP1 is blue,
VP2 is yellow, VP3 is red, VP4 is green. Portions of the structure close to the
view point are brighter than portions which are further away. The edges of an
icosahedron and a dodecahedron (as described in Fig. 6) are included as an
orientation aid. (a) The outer surface of five VP1-VP2-VP3-VP4 protomers,
viewed along the fivefold axis. Loops discussed in the text are labeled by
residue number. (b) Side view of the same pentamer shown in (a). (c) Network
formed by VP4 and the NH,-terminal extensions of VP1, VP2, and VP3, viewed

and 3, whereas nearly all of the escape
mutations in the Leon and Sabin strains
of type 3 poliovirus are located in cluster
1, in residues 90 to 103 of VP1. Nonethe-
less, all of the mutation sites occur in
exposed loops on the surface of the
virion which are readily accessible to
antibody binding. Thus, it is unnecessary
to propose that any of these mutations
allow the virus to escape neutralization
by acting at a site which is distant from
the antibody binding site.

from the inside of the virus particle. The remainder of the capsid protein
molecules have been omitted for clarity. Strands from eight protomers are depicted. (d) Stereo pictures showing the structure formed around the
fivefold axis by the interaction of five copies each of VP4 and the NH,-termini of VP3. The structure is located on the interior surface of the cap-
sid. Top: the view along the fivefold axis looking toward the particle center. Bottom: side view. (e) Dot surfaces indicate the positions of
monoclonal release mutations on the virion outer surface. (f) Dot surfaces have been color-coded to indicate clusters of monoclonal release
mutations grouped by proximity. Clusters 1, 2, 3, and 4 (as defined in the text) are colored yellow, blue, green, and red, respectively. Dot surfaces
in () and (f) were computed using a 3 A probe sphere and the alpha carbon model. Only residues corresponding to monoclonal release mutations

are highlighted
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Synthetic peptide immunogens have
also been used to identify the antigenic
sites of poliovirus (10-12). A number of
these peptides have been shown to in-
duce antibodies that bind or neutralize
virions (or both); or alternatively, to
prime animals for a neutralizing response
to a subsequent subimmunizing dose of
virions. With the exception of several
peptides from VP1, the immunogenic
peptides correspond to sequences that
are located on the outer surface of the
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virion, within the clusters of antibody-
induced mutation sites. One exception is
the peptide corresponding to residues
113 to 121 of VP1 (12). The NH,-terminal
portion of this peptide is partially ex-
posed and lies close to cluster 4, so that
it may represent an extension of this
cluster. The other exceptions are pep-
tides from the NH,-terminal strand of
VP1 or from the bottom loop of VP1
(residues 182 to 201), all of which are
deeply buried in the interior of the viri-
on. Two of these peptides (61 to 80 and
182 to 201) induce a significant (1: 150 to
1:200) neutralizing response in both rab-
bits and rats (/0). The ability of these
buried peptides to induce an antiviral
response may prove to be important in
understanding the mechanism of neutral-
ization.

In conclusion, the crystal structure of
poliovirus has yielded important insights
into the structure and assembly of small
spherical viruses. In addition, the struc-
ture furnishes a three-dimensional
framework for studying properties that
are especially relevant to animal viruses.
The mapping of monoclonal release mu-
tants and of peptides that induce neutral-
izing antibodies to virus has produced a
detailed description of the distribution of
antigenic sites on an intact virus. This
information is expected to lead to an
understanding of the mechanism of neu-
tralization. We also anticipate that the
structure will be useful for the design and
interpretation of experiments in other
areas of biological and medical impor-
tance, such as the role of capsid struc-
ture in host- and tissue-specificity, and in
the attenuation of neurovirulence. Thus,
the poliovirus structure provides an ex-
cellent opportunity to study viral patho-
genesis at the molecular level.
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