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EMPTY capsids and complete virions of polyomavirus crystallize
isomorphously’. Here we use difference Fourier analysis of X-ray
diffraction data at 25-A resolution from these crystals to obtain
an electron-density map of the inside of the virion. The polyoma-
virus capsid is built from 72 pentamers of VP1 that form three
different types of connections in the T =7d icosahedral surface
lattice?. Self-assembly of purified recombinant VP1 into capsid-
like aggregates™® has shown that switching of the bonding
specificity to form the unanticipated® non-equivalent connections
is an inherent property of the VP1 pentamers. Our map of the
inside of the virion displays 72 prongs of electron density extending
from the core into the axial cavities of the VP1 pentamers. We
identify these prongs with the VP2 and VP3 molecules, which may
function to guide the assembly of the highly ordered capsid on the
nucleohistone core. The atomic structure of the closely related
simian virus-40 capsid has been determined from the high-resol-
ution diffraction data®. Our polymavirus map, calculated using all
the low-resolution diffraction data, shows no indication of regular
order inside the spherical core.

Diffraction data from virion crystals were collected by
screened precession photography, in the resolution range 200-
22.5-A spacing, for comparison with previously analysed capsid
data™’. Intensities for the three unrecorded lowest order virion
reflections and Fy,, were calculated by iterative interpolation
using the solvent-flattening restraint®, Below 50-A resolution,
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there are substantial differences between the virion and capsid
data due to diffraction from the inside structure, but at higher
resolution the two data sets are similar. To compute a difference
map, the two data sets were scaled over the range 0.02-0.044 A
by applying an adjustable temperature factor to account for the
somewhat greater disorder in the capsid crystals. The capsid
preparation® consisted predominantly of VP1 with only trace
amounts of VP2/VP3. On the approximation that the effective
number of scattering electrons in the virion and capsid are
proportional to their masses, Foy for the virion was scaled to
that for the capsid by the ratio of their relative molecular masses.
The relative molecular mass (M,) of an empty capsid, which
consists of 360 VP1 molecules®, is 15.3x10°. The complete
virion® includes the minor viral proteins VP2 and VP3 (M, of
35,000 and 23,000 (35K and 23K) respectively) and the 3,300K
circular double-stranded DNA molecule complexes with cellular
histones. Data from analyses of the nucleosome' and minor
protein'' compositions of the closely related SV40 and poly-
omavirus® indicate that the virion has an M, of 23,500K +3%.

Electron-density maps of the virion and capsid (Fig. 1a, b)
were computed at 25-A resolution from the scaled structure
factors and phases that were refined, starting with those pre-
viously obtained™’ for the capsid structure. The phases for the
virion and capsid were subjected to 18 cycles of real space
refinement consisting of icosahedral symmetry averaging and
solvent flattening outside an envelope whose contour loosely
followed the particle surface. For the empty capsid, the envelope
was ~10 A wider than that just enclosing the volume of the
360 VP1 molecules; for the virion, only the outside of this loose
envelope was applied in the refinement. The final R factors
comparing the transforms of the solvent-flattened, symmetry-
averaged virion and capsid maps with the corresponding data
were 0.103 and 0.095, respectively. The fluctuations in the
difference map (Fig. 1¢) within the capsid envelope are compar-
able to the noise level in the solvent volume, which demonstrates
the reliability of the phasing and scaling. Because the difference
map was calculated using all the low-resolution data and an
appropriately scaled Fyy, the mass distribution of all the inside
structure can be quantitatively evaluated.

Surface representations of the virion, capsid and difference
maps (Fig. 1d-f) indicate how the spherical core is connected
to the capsid by the 72 prongs. The core is separated from the
bases of the pentameric capsomeres by regions of low density
(Figs 1a and 2), as was observed in the 35-A-resolution recon-
struction of the SV40 virion structure by cryoelectron micros-
copy'?. The overall shape and mass distribution of a prong are
well defined by the symmetry-averaged difference map (Fig. 2).
Scattering matter in the portion of the prong nestled in the VP1
pentamer cavity is packed more densely than near the core,
indicating more ordered structure at the tip. Localized density
in the same region on the pentamer axis has been found in the
high-resolution electron density map of SV40 (rel’. 6), which has
been identified as a segment of VP2 or VP3,

Evidence for specificity in the interaction between VP1 and
the minor capsid proteins implies that the prongs connecting
the VP1 pentamers to the core consist of some portion of the
VP2/VP3 molecules. Empty capsids, isolated from infected cells,
lack detectable nucleohistone but generally contain residual
amounts of VP2/VP3, sometimes approaching the normal virion
content (W.T.M., unpublished results), indicating a preferential
association of the minor proteins with VP1. Furthermore, inter-
action between recombinant VP1 pentamers and VP3, which
requires the carboxyterminal 40-amino-acid segment of VP3,
has been demonstrated in vitro*.

The correspondence between the number of prongs (72) and
the estimated number of VP2 plus VP3 molecules per virion
((21+56) = 10%, as evaluated from scaling the SV40 minor pro-
tein bands to the VP1 component on SDS-polyacrylamide gels'')
indicates that each prong represents just one minor protein
molecule. VP3 and the C-terminal two thirds of VP2 are coded
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FIG. 1 Sections (a-c) and three-dimensional stereographic surface rep-
resentations (d-f) of the electron-density maps of the virion (top), the
capsid (middle) and the virion-capsid difference (bottom). The sections a-c
slice through the centre of the particles and the view is perpendicular to
both an icosahedral 5-fold axis (running vertically} and a local hexavalent
pentamer axis (22° to the right of the icosahedral 5-fold axis at the upper
part of the sections). The outer diameter of the capsid measured along a
5-fold axis is 500 A. The grey scale to the left defines the electron density
levels in the maps. Sections a-c are from the icosahedrally averaged maps

by the same DNA sequence”’. Deletion mutants of SV40 lacking
VP2 were found to reproduce slowly, but viable mutants without
VP3 were not detected'’. Thus, the N-terminal third of VP2 is
not required for viral assembly, but some portion of the VP3
sequence seems to be essential. We conclude that the prongs
comprise the part of VP3 or the equivalent part of VP2 involved
in connecting the VP1 pentamers to the nucleohistone core.
How much protein is in the connecting prongs has been
estimated by integration of the electron density distribution in
our difference map (Figs 1¢ and 2). In the hexavalent and
pentavalent positions, the mass-per-prong domain (as
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computed using the measured structure factors with the refined phases.
The three-dimensional surface display of the capsid map (e) was contoured
to contain a volume equal to that calculated from the mass and partial
specific volume of the 360 VP1 molecules. In d and e a 108° sector was
removed from the VP1 capsid structure, such that the cut surface is
equivalent to the section of the capsid in @ and b. The surface contour for
the difference map () was set such that the prongs projecting from the
core nestled inside the axial cavities of the VP1 pentamers in the virion
map (d).

delineated in Fig. 2) is 14.8K and 18.9K, respectively, but the
difference in these values is within the uncertainty of the
measurements. The mean mass of a 50-A-long prong domain
(15.5K) accounts for about two thirds of a VP3 molecule.
Although electron density carries no chemical label, the correla-
tion of biochemical and structural data indicates that the prong
domain corresponds to a major portion of the VP3 sequence.
Similarly, identification of the spherical core with an irregular
packing of the ~26 nucleosomes of the minichromosome is
consistent with data on the nucleohistone structure™'™'*,

The core density distribution appears spherically symmetric
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within the noise level measured from the solvent portions of the
maps (Fig. la-c). At the centre, the core density is higher than
near its surface, as shown by the spherically averaged density
profiles (Fig. 3). The measured density distribution can be
accounted for by about four nucleosomes that occupy the centre
of the core out to ~85 A radius, and a mean of ~22 nucleosomes,
less compactly packed, in the shell from ~85-170 A radius.
Although there is no evidence of any icosahedral order within
the core, there must be some type of local order among the
closely packed nucleosomes which varies from virion to virion
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FIG. 3 Spherically averaged electron-density profiles of a, the capsid (dashed
curve) and virion (solid curve) and b, the difference between them. These
spherical averages were computed from the three-dimensional maps, which
ware scaled according to the effective number of scattering electrons per
unit cell. with the solvent density of 0.35 electrons A . The virion and
capsid profiles superimpose from about 226 to 250 A radius. From 0-226 A
radius. the difference (b) between the virion and capsid profiles maps the
radial distribution of the matter inside the virion. The virion profile shows
a region of low density at around 175.A radius, which indicates the boundary
between the core and the bases of the capsomeres. The ripples in the core
region of the profiles are the order of the noise fluctuations in the spherically
averaged density measurements,
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FIG. 2 Section of the symmetry-averaged difference map of a prong inserted
in the outline of a VP1 capsomere, Five sections related by the local
hexavalent pentamer axis and one corresponding section of a pentavalent
pentamer (oriented as in Fig. 1¢) were averaged to generate this map. The
section of the prong map. displayed on a 12-step grey scale, is contained
inside the outline of the capsid envelope as contoured in Fig. 1&. The step
interval of the grey scale is 0.0065 electrons/A”, which corresponds to the
rm.s. noise level measured from the fluctuations in the solvent volume of
the electron-density map. The figure frame is 120.A square and the pentamer
axis is vertical at the middle. The plus sign marks the level defined as the
boundary between the core and the prong, which i1s at radii of 174 and
170 A on the pentavalent and hexavalent pentamer axes, respectively.

in the crystals. The liquid-drop model for the isolated compact
minichromosome, inferred from cryoelectron microscopy'®, may
also represent the irregular packing of the nucleosomes in the
virion.

Capsid proteins of the DNA tumour viruses are synthesized
in the host cell cytoplasm and are then transported to the nucleus
where they assemble with the viral minichromosomes to form
the icosahedral virus particles”. VPl molecules expressed in
insect cells are also transported to the nucleus where the pen-
tamers self-assemble into capsids independently of the minor
capsid proteins and minichromosome'®. In normally infected
cells, association of VPI pentamers with the common C-terminal
portion of VP2 or VP3 can occur in the cytoplasm' or in the
nucleus, because both VPI and the minor protein have their
own nuclear targeting sequences'’. Insertion of only a single
minor protein segment in the pentagonally symmetric cavity can
be accounted for by the steric restraints. The extended N-
terminal third of VP2, which is not required for viral assembly'?,
may form a flexible arm holding the terminal myristyl group,
which seems to enhance the efficiency of viral entry into the
host cell'™. The essential function of VP3 and the corresponding
part of VP2 is apparently to direct the self-assembly of VPI
pentamers on the nucleohistone core, thereby insuring formation
of the complete virion. a
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