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Infectious bursal disease virus (IBDV), a member of the Birnaviridae group, is a commercially important
pathogen of chickens. From electron micrographs of frozen, hydrated, unstained specimens, we have computed
a three-dimensional map of IBDV at about 2 nm resolution. The map shows that the structure of the virus is
based on a T=13 lattice and that the subunits are predominantly trimer clustered. The subunits close to the
fivefold symmetry axes are at a larger radius than those close to the two- or threefold axes, giving the capsid
a markedly nonspherical shape. The trimer units on the outer surface protrude from a continuous shell of
density. On the inner surface, the trimers appear as Y-shaped units, but the set of units surrounding the
fivefold axes appears to be missing. It is likely that the outer trimers correspond to the protein VP2, carrying
the dominant neutralizing epitope, and the inner trimers correspond to protein VP3, which has a basic
carboxy-terminal tail expected to interact with the packaged RNA.

Infectious bursal disease virus (IBDV) is a member of the
Birnavirus group, so called because the genomes of these vi-
ruses consist of two segments of double-stranded RNA (5, 9).
It is a commercially important pathogen of young chickens.
After infection, IBDV multiplies rapidly in the B lymphocytes
of the bursa of Fabricius, leading to immunosuppression and
increased susceptibility to other diseases (for a review, see
reference 14). Recent virulent strains have resulted in high
rates of mortality (6, 19).

Segment A of the RNA (~3.4 kb) codes for a precursor
polyprotein, which is proteolytically cleaved to yield three
structural proteins of the mature virion (13). These are termed
VP2 (~40 kDa), VP3 (~32 kDa); and VP4 (~28 kDa). VP2
and VP3 are major components of the virus, while VP4 is
present in smaller amounts. VP2 carries major neutralizing
epitopes (1, 2), suggesting that it is at least partly exposed on
the outer surface of the capsid. VP3 contains a very basic
carboxy-terminal region, which is likely to interact with the
packaged RNA and therefore to be on the inside of the capsid
(13). Segment B of the RNA (~2.9 kb) codes for the viral
RNA polymerase VP1 (~90 kDa), which is packaged in the
virion.

Electron microscopy of negatively stained preparations has
shown that the virus is an isometric particle with a diameter of
about 60 to 65 nm (16). It is nonenveloped and appears to be
single shelled. Detailed analysis of images of negatively stained
and of shadowed preparations has suggested that the archi-
tecture of the capsid of IBDV is based on the geometry of a
skew T=13 icosahedral lattice of the right-handed type
(T=13d) (16).

We have used electron microscopy of unstained, frozen,
hydrated specimens combined with computer image processing
to make a three-dimensional map of IBDV at about 2 nm
resolution. The advantage of this approach compared with
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negative staining is that the specimen is preserved in a near-
native environment and that the biological material rather than
the stain is imaged, so that internal details of the particle can
be visualized. The map shows that the capsid of IBDV is based
on the architecture of a T=13 lattice, with trimer clustering of
the subunits. The overall thickness of the capsid is about 9 nm.
At outer radii between 31 and 33 nm, the relative arrangement
of trimers produces a honeycomb pattern on the surface of the
virus. At inner radii between 26 and 30 nm, the trimers have
triangular or Y-shaped profiles and pack more closely to form
a nearly continuous shell. The subunits nearest to the fivefold
axes lie at a larger radius from the center of the particle than
do those around the three- or twofold axes, giving the capsid a
markedly nonspherical shape.

MATERIALS AND METHODS

Virus preparation. IBDV (isolate from Archangel, Russia, 1995) was propa-
gated in Lohmann brown chickens. Freshly dissected bursae were homogenized
in 0.02 M Tris-HCI, pH 7.8 (10%, wt/vol), and the virus was precipitated with
polyethylene glycol (10%, wt/vol). The pellet was resuspended in 0.02 M Tris-
HCI-0.15 M NaCl, pH 7.8, and chloroform was added (30%, vol/vol). After
centrifugation at 17,000 X g for 20 min in a Beckman J2-21 centrifuge, the
aqueous phase was collected. The material was further purified by gradient
centrifugation (Sorvall OTD-65, AH-627 rotor, 70,000 X g, 6 h, 10°C) on CsCl
(mean density, 1.37 g/cm?®) overlaid with sucrose (mean density, 1.04 g/cm?).
Fractions (0.5 ml) were collected and monitored at 280 nm (LKB Uvicord
spectrophotometer). Appropriate fractions were dialyzed overnight against 0.01
M Tris-HCI, pH 7.8. The virus was further purified by centrifugation through
CsCl (mean density, 1.27 g/cm?), and the pellet was resuspended in 0.02 M Tris
HCI, pH 7.8. The virus concentration was estimated spectrophotometrically, and
the quality of the material was checked by electron microscopy of negatively
stained preparations.

Cryomicroscopy. The virus suspension (2 wl) was frozen at room temperature
(4, 11) in a controlled-environment freezing device (3). Micrographs were taken
under low-dose conditions at a nominal magnification of X60,000 on a Philips
EM420 operating at 120 kV using a Gatan cold stage with a focus level range of
0.5 to 3.5 pm under focus.

Image processing. Micrographs were scanned with a modified Joyce Loebl
densitometer. A step size of 30 pm/pixel, corresponding to 0.5 nm on the
specimen, was used. The orientation of particles was determined initially by using
self-common lines (7) and later by using cross-common lines to projections of
calculated three-dimensional maps of IBDV (4, 8). After refining the orientation
and origin, the relative magnification of each particle image was also determined
by cross-common line fitting to the model by using a variable radial scale factor.
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FIG. 1. Micrograph of IBDV particles in an unstained, frozen, hydrated
preparation. Some of the particles (arrowheads) appear uniformly dark, but most
appear blotchy, with the dark ring of the capsid standing out clearly. The former
are likely to be complete particles with a full complement of RNA, whereas the
latter have probably lost some or all of their RNA. Bar, 100 nm.

Individual three-dimensional maps were computed from particles coming from
the same micrograph. The defocus value for each micrograph was determined by
summing the intensities of the Fourier transforms of all of the particles selected
from a particular micrograph, which was usually a greater number than was
included in the final three-dimensional map, and by then using the positions of
the minima observed. Maps from 10 different micrographs at different degrees of
defocus were then combined, correcting for the contrast transfer function and
allowing for 6% amplitude contrast (4). The resolution of the final maps was
assessed by Fourier shell correlation or weighted phase residuals (20). The maps

J. VIROL.

were displayed as surface-shaded representations by using the SURF program
(21).

Because the capsid of IBDV proved to be markedly nonspherical, the density
distribution within the thickness of the protein shell was not adequately displayed
by sampling on simple spherical shells. We accordingly developed a program for
sectioning of the map on faceted icosahedral shells, dividing each icosahedral
face into three triangular facets. Each facet, corresponding to an asymmetric unit
of the icosahedron, has two vertices on neighboring fivefold axes and one vertex
on the threefold axis. By specifying the direction cosines of vectors to the corners
of each facet plus a radial scale factor along each direction, it was possible to tilt
the facets. In a regular icosahedron, the distances from the center at which the
five-, two-, and threefold axis, respectively, intersect the surface are at a ratio of
1.176:1.0:0.934. In our faceted representation, based on a unit perpendicular
distance of each facet from the center of the icosahedron, the corresponding
distances at which the five-, two-, and threefold axes cut the faceted surface are
1.194, 1.015, and 1.004, respectively. In a depiction of the faceted sections (see
Fig. 4), the radial distances specify the perpendicular distance of the facets from
the center, and other distances can be calculated by multiplying by the appro-
priate factor.

RESULTS

The appearance of IBDV particles when imaged in a frozen-
hydrated but unstained state is shown in Fig. 1. The particle
profiles are about 70 nm in diameter at their widest points.
Some views have a noticeably angular shape, indicating that
the capsid has marked departures from a spherical distribu-
tion. The contrast in the images of some particles is uniformly
dark, but many others have a blotchy appearance, with the
capsid appearing as a dark ring. The latter particles are likely
to have lost some or all of their RNA, which can be seen as a
fibrous network in the background. Other reports have noted
the instability of some strains of IBDV on banding in CsCI (1,
14), and that seems to apply here too. We have made separate
maps from images where the particles appear to be full and
where they appear to be partly empty and could not detect any
significant differences in the structure of the capsid between
the two states. The map shown here was computed from a set
of particles, the majority of which were partly empty, as there
were then sufficient particles from each micrograph to allow
production of individual maps and correction of the contrast

FIG. 2. Three-dimensional map of IBDV. (a) Twofold view of the whole particle. Some of the two-, three-, and fivefold and local sixfold axes are marked, and the
pattern clearly indicates a T = 13 architecture. (b) Close-up view down the threefold axis of the particle, showing the trimer clustered nature of the packing at outer
radii. The five symmetrically different classes of trimer are indicated by the letters a to e.
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TABLE 1. Summary of micrographs

Micrograph no. Defocus (nm) No. of particles

2138 2,286 35
2144 2,035 29
2150 2,142 31
2189 1,570 35
2192 1,006 27
2194 1,559 29
2250 1,301 31
2260 507 17
2267 1,034 41
2268 1,226 65

transfer function (see Materials and Methods), resulting in
higher resolution in the final map.

The three-dimensional map of IBDV (Fig. 2) shows that the
capsid structure is organized with T=13 symmetry. At outer-
most radii, the trimer clustered subunits form triangular fea-
tures that point towards each other. This creates a honeycomb
pattern on the surface, and the disposition of the fivefold and
local sixfold axes establishes the underlying T=13 symmetry
(Fig. 2a). The T=13 lattice is skew, existing in left- and right-
handed forms. From the experiments described here, it is not
possible to determine the absolute hand of the lattice, so we
have adopted the right-handed configuration (T=13d) indi-
cated by surface shadowing (16). By splitting the set of particles
into two subsets, computing two independent three-dimen-
sional maps, and calculating the Fourier shell correlation, the
resolution of the maps was shown to be about 1.8 nm (assessed
as the Fourier spacing at which the weighted phase residual
between the Fourier transforms of the maps rose to 70°). The
final map shown here was computed from 340 particles taken
from 10 different micrographs and has been icosahedrally av-
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eraged. The defocus value and number of contributing parti-
cles from each micrograph are shown in Table 1.

The 780 subunits in the outer part of the capsid form 260
trimer units, which lie in five different local environments la-
beled a to e (Fig. 2b). One class of trimer (class e) lies on the
strict threefold axes of the whole particle and makes close
contacts to the three neighboring trimers (class d). Other tri-
mers make pairwise close contacts (e.g., a-b and c-c) that
produce features like bowties, whereas there are gaps between
¢ and d trimers and particularly between a and a trimers
around the fivefold axes. The asymmetric unit of the structure
consists of one-third of one of the strict trimers (class e) plus
four other nonequivalent trimers (classes a to d), making a
total of 13 subunits.

The intertrimer distances are correlated with the spherical
radius at which the units lie. As already noted, the shell is
nonisometric, with the units (class a) surrounding the fivefold
axes extending to a 36-nm radius, the units (class e) at the
threefold axes extending to a 33-nm radius, and the units (class
c) next to the twofold axes extending to 33.5 nm. The surface
trimers extend outwards by about 4 nm from a thin, nearly
continuous shell, which closes off the holes at the five- and
local sixfold axes (Fig. 2). The continuous shell is gently curved
in most regions but is sharply bent at the fivefold axes (Fig. 3a).
The line of the shell joining neighboring fivefold axes through
the twofold position is almost straight (Fig. 3a), so that the
continuous shell has the shape of an icosahedron but with
slightly curved faces.

On the inner surface of the capsid, the trimer units appear as
Y-shaped features, standing out from the continuous shell
(Fig. 3a). There are only 200 of these Y-shaped features, as the
60 positions closest to the fivefold axes appear to be occupied
by material which makes a rim around a pentagonal cavity at
the fivefold position (Fig. 3b). The overall radial extent of the
trimer unit is about 9 nm.

FIG. 3. Cutaway views showing the inner surface of the capsid of IBDV, viewed down the twofold axis (a) and the fivefold axis (b). A set of Y-shaped features
indicates the trimer clustered packing of subunits, except at the positions closest to the fivefold axis. The equatorial slice in panel a (nearest to the viewer) contains
two- and fivefold axes as indicated. The line section of the continuous shell running between fivefold axes through a twofold axis is almost straight, and the curvature
is concentrated at the fivefold positions. In panel b, the rim surrounding the pentagonal cavity on the fivefold axis is clearly visible.
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FIG. 4. Icosahedral sections of the three-dimensional map of IBDV viewed down a twofold axis. Because of the nonspherical shape of the capsid, it was essential
to construct faceted icosahedral surfaces on which to display the density, so that equivalent parts of the subunits were equivalently sampled. The range of the sections
shown is from 25 to 33 nm, with a radial step between sections of 1 nm, where the numbers refer to the perpendicular distances of the facets from the center of the

particle (see Materials and Methods).

Because the capsid is nonisometric, it is essential to sample
the density map on icosahedral sections (see the section on
image processing in Materials and Methods) to see the equiv-
alent features in the different subunits (Fig. 4). Simple spher-
ical sections give a misleading impression of the subunit shape
and density, especially for the subunits around the fivefold
positions. The outermost sections (31 to 33 nm) show clearly
the trimeric clustering of the subunits, with the tips of the
subunits splayed slightly apart. Further in (30 nm), the trimers
develop a triangular profile, with the vertices pointing towards
the fivefold and local sixfold axes. At a 29-nm radius, there is
additional material at the corners of the triangles which gives
rise to pentameric and hexameric rings around the fivefold and
local sixfold axes, respectively. This section, with the one at a
28-nm radius, forms the continuous shell. On the sections

corresponding to the inner surface of the capsid (26 to 27 nm),
the 200 Y-shaped features are clearly visible. However, the
material immediately surrounding the fivefold axes has a dif-
ferent appearance, indicating either that the 60 Y-shaped fea-
tures occupying these positions are very distorted or that these
sites are occupied by a different protein. Thus, on sections from
29 to 33 nm, the material around all of the fivefold and local
sixfold axes appears to be quasiequivalently packed, whereas
on sections from 25 to 28 nm, the material around the fivefold
axes appears not to be equivalent to that in the remainder of
the shell.

To give an overall idea of the shape of the trimeric unit, we
have cut out the strict trimer (class e) and three neighboring
trimers (class d) (Fig. 5). The orientation of the trimers is such
that on the outside of the capsid the triangles point roughly
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FIG. 5. Close-up view of the trimeric packing unit. A segment of the three-
dimensional map has been cut out containing the trimer at a strict threefold axis
(class e) and the three neighboring trimers (class d). This fragment of the
structure is shown from outside the capsid (a), edge on (b), and from inside the
capsid (c).

towards the twofold and local twofold axes, whereas on the
inside of the capsid they point towards the local sixfold axes.
From these detailed views, it can be seen that the outermost
contact between class d and class e forms an arch. Under these
arches, there appear to be small holes in the continuous shell
at the positions of the local twofold axes relating the class d
and class e trimers. Similar small holes are also found at the
strict twofold axes relating class ¢ trimers and at the local
twofold axes relating class c to class b and at those relating
class c to class d trimers.

DISCUSSION

By analysis of frozen, hydrated, unstained specimens of
IBDV, we have produced a three-dimensional map of the viral
capsid at about 2 nm resolution. The map clearly establishes
that the virus has T=13 symmetry, confirming an earlier report
based on shadowed preparations (16), and shows that the sub-
units are predominantly trimer clustered. The capsid has
marked departures from a spherical distribution, with the units
near the fivefold axes extending to a radius of about 36 nm,
whereas those at the threefold axes extend only to 33 nm. The
outer parts of the trimer units have different environments,
with some neighbors making close contacts while others are far
apart. The outer parts of the 260 trimers protrude from an
almost continuous shell of density (radius, 28 to 30 nm) in
which the packing of the subunits appears to be more equiva-
lent. On the inner surface of the capsid, the trimers form
Y-shaped features but there are only 200 of these, as the 60
that would surround the fivefold axes appear to be missing.
Instead, there is a rim of material which marks out a pentag-
onal cavity on each fivefold axis.

Analysis of the protein composition of IBDV has shown that
VP2 constitutes 51%, VP3 constitutes 40%, VP4 constitutes
6%, and VP1 constitutes 3% of the protein in the infectious
virus (9, 14). VP2 and VP3 are thus major structural compo-
nents of the virus. VP2 carries neutralizing epitopes and is thus
likely to be exposed on the surface of the virus (1, 2). VP3 has
a basic C-terminal region of the kind expected to interact with
the RNA (13) and is therefore likely to be either on the inner
surface of the capsid or internally packaged with the RNA. A
possible interpretation of the features seen in the three-dimen-
sional map is therefore that the outer part of the capsid (radii
of 29 to 33 nm) is formed from VP2. The Y-shaped features
seen on the inside of the capsid (radii of 26 to 28 nm) could be
formed by part of VP3, with the basic region extending inwards
to interact with the RNA. This part of the protein is likely to be
disordered and therefore not visualized in the icosahedrally
averaged map. The material forming the rim around each
fivefold axis on the inner surface of the capsid might then
correspond to VP4. This model of the virion would predict that
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there would be 780 copies of VP2, 600 copies of VP3, and 60
copies of VP4, numbers roughly in line with the observed
composition. The total molecular mass expected in the capsid
shell for this model would be approximately 50 MDa (780 X 40
kDa + 600 X 28 kDa + 60 X 28 kDa), allowing for the fact
that the tails of the VP3 molecules are likely to be disordered.
This corresponds to a volume 6 X 107 A®, The surfaces in the
maps shown have been generated to include approximately
80% of this volume to give clear definition to the features.
Surface representations at a level corresponding to 100% look
almost identical, although some of the small holes seen in the
maps tend to fill. The findings presented here are not sensitive
to the exact level selected.

The general form of T=13 trimer clustered architecture
found in IBDV is also seen in the inner shells of viruses in the
Reoviridae family, although the virus structures themselves are
much more complex than that of IBDV. In rotavirus (17) and
bluetongue virus (18), the so-called single-shelled particles
show projecting spikes at the threefold and local threefold
positions, although the spike profiles are not as strongly trian-
gular as those we observed in IBDV. Moreover, in rotavirus
and bluetongue virus there are large, open channels at the
fivefold and local sixfold positions, whereas in IBDV these
positions are closed off by the material in the continuous shell.
The structure of the bluetongue virus VP7 trimer is known in
atomic detail (12). Reovirus is also based on T=13 architecture
(15), but a complex set of structural rearrangements accom-
pany the maturation of the virion (10). In the intermediate
subviral particle, the shape and disposition of the trimers are
quite like those in IBDV but there are special structures on the
fivefold axes (10). It has not proved possible to detect any
sequence homology between the trimer-forming proteins of
IBDV, rotavirus, bluetongue virus, and reovirus, so it appears
that this general architecture can be realized by proteins with
quite different sequences.
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