




Unlike the icosahedral reconstruction, which only retains den-
sities with icosahedral symmetry, particles averaged from our
tomograms revealed that the A-spike is more supple and skin-
nier than that in the icosahedral reconstruction (Fig. 2b). Den-
sity slides from our electron tomogram reveal that each A-
spike, distinctly located at the distal end of the turret, makes
contacts with the polyhedron protein (Fig. 2d, arrows). Careful
examination of density slices indicated that all 12 A-spikes in
each CPV are directly bound to polyhedrin, and no direct
contact between the B-spike and the polyhedrin lattice was
observed (Fig. 2c and d). By combining either our averaged 3D
structure of CPV (Fig. 2f) or the icosahedral reconstruction
(Fig. 2e) into our tomogram, we observed that the A-spikes are
ideally positioned for polyhedrin contact. Conversely, the B-
spikes appear to be too far displaced to bind to polyhedra in
any meaningful manner (Fig. 2d to f).

Although both empty (no RNA) and full (with RNA) CPV
capsids have been found in purified viruses (16, 19), it is not
clear whether RNA is required for capsid assembly and
whether RNA-free, empty capsids result from the loss of RNA
in full capsids during purification. In addition to full capsids,
we also observed empty capsids without RNA and partially
empty capsids with some RNA occasionally embedded in the

polyhedron occlusion body (Fig. 3a and b). These capsids all
had identical capsid shells (Fig. 3c to f) but differed in the
amount of RNA content inside the capsid. The presence of
RNA-free capsids inside polyhedra indicates that RNA is not
required for CPV assembly inside host cells and that both full
and empty capsids are physiologically relevant. The existence
of capsids with different amounts of RNA suggests that the
incorporation of RNA during CPV assembly is likely a spon-
taneous process, depending on the amount of RNA available
at the time of capsid formation. A previous electron micros-
copy study showed the presence of empty and partially filled
capsids in the midgut tissue of infected silkworms, which was
interpreted to represent intermediate stages of RNA insertion
into a preformed capsid (15), a process that we consider to be
unlikely due to the lack of viral proteins to serve as an RNA-
translocating portal in CPV (20). Indeed, an in vitro study has
demonstrated that empty capsids can assemble in the absence
of RNA (4).

It is not fully understood how CPV particles are incorpo-
rated into polyhedra. Our tomograms show that viral capsids
are present at the surface as well as throughout the volume
of the protein (Fig. 3a), suggesting that the virus and poly-
hedron form simultaneously, allowing it to be encased inside

FIG. 2. Interactions of CPV and polyhedrin protein within polyhedra. (a) Cryo-EM reconstruction of a CPV particle filtered to 20-Å resolution
with the A-spikes (navy blue) and B-spikes (light blue) indicated and the capsid shell shown in green. (b) Subtomographic averaging of CPV
particles embedded in polyhedra. Shown here is a surface representation of a CPV reconstruction generated by averaging eight particles from the
polyhedra tomograms. The reconstruction is color coded in the same fashion as for panel a. (c) A slice extracted from the 3D electron tomographic
reconstruction, revealing the attachment of the A-spike to the polyhedrin protein. (d) Zoom-in view of the boxed area from panel c, showing the
direct attachment points of the A-spike. (e) Same image as in panel d, except that a 3D density slab of the CPV reconstruction filtered to 20-Å
resolution was overlaid onto our tomographic density slice to demonstrate the interaction between the particle and polyhedron. (f) The same as
in panel e, except that the averaged CPV particle generated in panel b is overlaid to further demonstrate the interaction between the particle and
polyhedron. The reconstructions in panels e and f are color coded in the same fashion as for panel a, with the addition of the core (yellow) in panel
e also visible in this density slab.
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the inner regions of the polyhedron as the crystalline lattice
grows. Unlike the regularly repeating lattice of the polyhe-
drin protein, measurements of distances between neighbor-
ing capsids based on a total of 312 particles embedded in
polyhedra showed no detectable regularity in the pattern of
their 3D spacing (Fig. 3g). Likewise, we also observed CPV-
shaped empty “holes” randomly distributed at the surface of
polyhedra (Fig. 3g). Based on the distribution and shape of
these holes, it is likely that previously embedded CPV par-
ticles were detached from the polyhedrin protein, leaving
behind the observed holes. Since these holes all appear on
or near the surface of the polyhedron body, we reason that
CPV capsids may have been separated from their cavities to
associate with adjacent sections, which were removed during
the sectioning process.

Contrary to previous beliefs (see below), our 3D tomo-
graphic map clearly shows that the A-spike, not the B-spike,
binds to polyhedra. Each B-spike has been shown to contain
five copies of the TP (1, 17, 18, 21). TP is encoded by genome
segment 4 and was formerly known as VP3 or V3 in previous
literature, but it was renamed to VP4 (i.e., the protein encoded
by genome segment 4) for clarity (5, 20). In addition to making

up the turret/B-spike, VP4, and specifically its N-terminal seg-
ment (residues 1 to 79), was shown to “immobilize” foreign
proteins onto the polyhedron (8, 9), suggesting it may bind
polyhedrin within polyhedra. A follow-up biochemical study
further suggested the existence of a “polyhedrin recognition
signal” within amino acid residues 42 to 93 that is sufficient to
immobilize foreign proteins tagged by this fragment (7, 13).
We took note of the fact that some proteins failed to be
immobilized (9), suggesting that there could be alternative
interpretations for the immobilization. Consistent with our ET
data, the atomic model of TP (VP4) derived from an improved
cryo-EM map at 3.1-Å resolution showed that the N-terminal
segment is almost completely buried within the turret, making
it unlikely that this segment binds polyhedrin molecules lo-
cated in the exterior of the virus (17). If TP in its monomeric
form does indeed bind polyhedrin, then this binding must be
disrupted during the virus assembly/maturation or occlusion
processes in order to account for the observed clear separation
between B-spikes and polyhedrin protein within the polyhe-
dron (Fig. 2d). We propose that polyhedrin has a promiscuous
property and binds many different proteins, making it possible
for both the A- and B-spikes to bind polyhedrin. Consequently,

FIG. 3. Existence and distribution of both full and empty CPV particles within polyhedra. (a and b) Two example slices computationally
extracted from the electron tomograms of polyhedra containing empty (blue), partially full (orange), and full (red) CPV capsids. (c to f) Density
slices of empty (c and d), partially full (e), and full (f) CPV particles at various z depths. The right column shows the central density slices overlaid
with a surface representation (color) of their segmented capsids. The protein capsid is shown in green, and the internal densities attributed to viral
RNA are shown in purple. (g) Spatial distribution of CPV particles within the polyhedron. Measurements were taken of adjacent particles in three
dimensions. For simplicity, only measurements in 2D are shown here, with lengths reported in nanometers. Two empty holes are indicated by black
circles.
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we predict that the A-spike fused to foreign proteins can also
be incorporated into polyhedra.
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