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The cytoplasmic polyhedrosis virus (CPV) from the family Reoviri-
dae belongs to a subgroup of “turreted” reoviruses, in which the
mRNA capping activity occurs in a pentameric turret. We report a
full atomic model of CPV built from a 3D density map obtained
using cryoelectron microscopy. The image data for the 3D recon-
struction were acquired exclusively from a CCD camera. Our struc-
ture shows that the enzymatic domains of the pentameric turret
of CPV are topologically conserved and that there are five unique
channels connecting the guanylyltransferase and methyltransfer-
ase regions. This structural organization reveals how the channels
guide nascent mRNA sequentially to guanylyltransferase, 7-N-
methyltransferase, and 2′-O-methyltransferase in the turret, un-
dergoing the highly coordinated mRNA capping activity. Further-
more, by fitting the deduced amino acid sequence of the protein
VP5 to 120 large protrusion proteins on the CPV capsid shell, we
confirmed that this protrusion protein is encoded by CPV RNA
segment 7.

Viruses of the family Reoviridae have a segmented dsRNA
genome enclosed by single, double, or triple capsid shells.

They share a similar transcription mechanism in which the inner
capsids (core) remain intact and serve as shelters protecting the
transcriptional process from antiviral defense mechanisms inside
the cytoplasm of the host cell during replication of their dsRNA
genomes. Despite the absence of significant sequence homology
among different genera of the Reoviridae, the innermost capsid
shells, which are formed by two conformers of the one protein,
of all members of the Reoviridae and the majority of dsRNA
viruses share common functions (1).

The “turreted” reoviruses have been defined as a subgroup of
the Reoviridae due to their similar protein composition and capsid
architecture. For this subgroup of reoviruses, a pentameric turret
formed by five copies of turret proteins on fivefold vertex of
the innermost shell functions in the catalysis of mRNA 5′ cap
synthesis (2–5). Cryo-EM or crystal structures are available for
four turreted virus genera of the family Reoviridae: the Cypovirus
(6), Orthoreovirus (2), Oryzavirus (7), and Aquareovirus (8, 9)
genera. These viruses have a segmented genome consisting of
10–12 linear segments of dsRNA and their hosts include verte-
brates (orthoreoviruses and aquareovriuses), invertebrates (cypo-
viruses), and plants (oryzaviruses).

The cytoplasmic polyhedrosis virus (CPV) belongs to the genus
Cypovirus and has a dsRNA genome of 10 segments. It is unique
among dsRNA viruses in having a single capsid layer (10), which
corresponds to the core of orthoreoviruses and functions as a
stable mRNA synthesis machine in the cytoplasm of host cells
that transcribes mRNAs from the segmented double-stranded
RNA templates (11). CPV virions are embedded in polyhedra
capable of surviving dehydration, freezing, and chemical treat-
ments that would denature most proteins (12). The polyhedra dis-
solve in the alkaline midgut of their hosts and release infectious

virions during the infection process. CPV can infect silkworms
causing significant losses to the silk industry, but also has poten-
tial as a biocontrol agent for some insect pests. SDS-PAGE has
shown that CPV has three major capsid proteins: VP1, VP3, and
VP5 (13). Previous studies have demonstrated that VP1 is the
capsid shell protein encoded by RNA segment 1 and that VP3
is the turret protein encoded by RNA segment 4 (1). The identity
of the RNA segment encoding VP5 is still unclear. Although a
previous study (6) has presented a Cαmodel of VP1 and a partial
Cα model of VP3, the incomplete traces of these Cα models and
the lack of full atomic models still prevent us from understanding
the mechanism behind the role of the unique spike-like protein
complex on the pentameric turret of CPV in transcription.

In this study, we report a full atomic model of the CPV capsid
built from a 3D structure obtained using cryo-EM and single-
particle reconstruction. Based on the density map and the amino
acid sequences of the capsid proteins, we built atomic models for
all three major capsid proteins. The atomic models were built
from a cryo-EM structure using data obtained exclusively from
a CCD camera. It is noteworthy that all three major capsid
proteins of CPV share no detectable sequence identity with any
other reovirus for which atomic models have been resolved. Our
structure reveals how the nascent mRNA sequentially passes
by the mRNA guanylyltransferase (GTase), methyltransferase-1
(MTase-1), and methyltransferase-2 (MTase-2) domains of the
pentameric turret in order to fulfill the highly coordinated mRNA
capping activity. The structure also shows that the inner shell
protein VP1 has a similar structural topology to its counterparts
in other reoviruses except for a protrusion domain on the outer
capsid surface. By fitting the deduced amino acid sequence of
the protein VP5 to large protrusion protein, referred to as clamp
protein, on the CPV capsid shell (14), we confirmed that this
protein is encoded by CPV RNA segment 7.

Results and Discussion
Structure Determination. We have obtained the 3D structure of
CPV by cryo-EM and single-particle reconstruction (Fig. 1 A–C).
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We reconstructed the structure of CPV using 29,000 virus parti-
cles selected from 1,600 micrographs collected by CCD with an
FEI Titan Krios microscope. The estimated resolution of the re-
construction by Fourier shell correlation (FSC) criterion (15) is
4.3 Å at FSC ¼ 0.5 and 3.9 Å at FSC ¼ 0.143 (Fig. S1A). Based
on the clarity of the resolved features, we estimated that the
region at the inner radius, i.e., the capsid shell proteins, the clamp
proteins, and the inner part of the turret proteins, is resolved to
better than 3.9 Å (Fig. S1 B and C and Movies S1–S3). For the
region at the outermost radius, a few side chains were not re-
solved as well as those in the inner region, but we can still follow
the path of the main chain unambiguously (Fig. S1D). The density
maps of the inner capsid proteins are of sufficient quality that we
can follow nearly all the main chains of the capsid proteins. About
80% of the side chains of the amino acid residues were resolved,
permitting us to build atomic models for all three major capsid
proteins (Fig. 1 D–F and Movies S1–S3).

The CPV capsid exhibits a similar overall architecture to the
core of orthoreoviruses (2) or aquareoviruses (9). The capsid

shell of the CPV capsid is about 660 Å in diameter (excluding
the fivefold turret) and there are 120 small protrusions and
120 large protrusions on the capsid shell. A total of 60 copies
of turret proteins form 12 pentameric turrets, each of which
has a size of 90 Å in height and 150 Å in width and sits on
the top of one of the 12 fivefold vertices (16, 17). When the
map is displayed at a slightly lower density threshold, a spike-like
protein complex can be seen on each turret (13). The spike-like
protein complexes can also be seen in the cryo-EM image in
Fig. 1A.

Capsid Shell Protein VP1. A total of 60 copies of VP1A and 60
copies of VP1B constitute the whole capsid shell of the CPV
capsid (Fig. 2 A and B). By applying icosahedral symmetry
to the models of VP1A and VP1B in an asymmetric unit, we
obtained a model of the whole capsid shell (Fig. 2A). The orga-
nization of VP1A and VP1B in the capsid shell is identical to that
of other reoviruses analyzed by X-ray crystallography or cryo-EM
(2, 8, 9, 18–21). A previous structural study by Yu et al. has shown
that the capsid shell protein VP1 has an overall thin-plate-like
shape similar to that of orthoreovirus λ1 with the exception of
a small protrusion domain (6). Our structure also shows that
VP1 has a similar structural topology to the capsid shell proteins
in other reoviruses in spite of a lack of detectable amino acid
sequence identity. The distinct difference is that VP1 has an
extra protrusion domain (residues 825–962) situated on the outer
surface of the capsid shell (Figs. 1D and 2 A, C, and D). These
protrusion domains are unique in single-layered cypoviruses
and have not been observed in any reoviruses with double or
triple layers. These outer layers serve to mediate the delivery
of viral particles into the cytoplasm of host cells (22).

The overall structures of VP1A and VP1B are similar except
for the N-terminal region and some peripheral regions that adapt
asymmetric interactions (Fig. 2 C–E). Residues 1–133 of VP1A
and residues 1–72 of VP1B were not resolved due to either flex-
ibility or lack of fivefold symmetry. The inner capsid shell model
shows that the resolved N-terminal segment (residues 73 to 145)
of VP1B extends to the adjacent VP1A and VP1B (Fig. 2 B
andD) in an “8”-like shape, and residues 80–82 turn back forming
a β-sheet with residues 164–169 and residues 203–208 of the same
copy of VP1B. The N-terminal segment of VP1B appears as a
loop tethering the adjacent copy of VP1A and another copy of
VP1B to itself (Fig. 2B). A similar type of organization to this
kind of N-terminal extension can also be observed in capsid shell
proteins of the other reoviruses: λ1 of orthoreoviruses (2), VP3 of
aquareoviruses (9), and P3 of phytoreoviruses (23). These shell
proteins are considered to enhance the stability of the capsid
shell. However, the binding region of the VP1B N-terminal
segment to the adjacent VP1A and VP1B appears broader than
any of the other equivalent structures in these reoviruses. Indeed,
it has been reported that VP1 is able to self-assemble into the
inner capsid shell without the participation of other major capsid
proteins (24), whereas the λ1 of orthoreoviruses has been shown
to be unable to assemble in the absence of clamp protein σ2 (25).
All of these observations suggest that reoviruses adopt a common
assembly strategy to enhance the stability of their inner shell.

The N-terminal segments of the two conformers of the inner
shell proteins that directly face the viral RNA genome have been
shown to be of different lengths in all reoviruses with known
structures. Previous studies have shown that the inner shell pro-
tein λ1 of orthoreovirus exhibits an affinity for both dsRNA and
single-stranded RNA binding (26) and participates as a helicase
during mRNA transcription (27). Sequence comparisons of our
CPV with other cypoviruses and previous studies have shown that
the N-terminal segment of the inner shell protein of the reovirus
is the most divergent segment in the whole sequence (28, 29).
Together, these results and the locations of the N-terminal seg-

Fig. 1. Overall structure of the CPV capsid. (A) A cryo-EM image of CPV.
Arrowheads point to the heads of the spike-like complexes. (B) 3D reconstruc-
tion of the capsid of CPV. Capsid proteins VP3, VP1A, VP1B, VP5A, and VP5B
in an asymmetric unit are segmented and colored with green, blue, magenta,
yellow, and cyan, respectively. (C) Zoom-in view of an asymmetric unit.
(D) Transparent view of the density map of VP1A with its atomic model (only
the backbone is shown) superimposed. (E) Cross-eye stereo view of a part of
VP1A density map (mesh) superimposed on the atomic model. (F) Atomic
model (ribbon) of the asymmetric unit.
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ments imply that the N-terminal segment of reoviruses may play a
role in mRNA transcription and capsid assembly.

The Turret and the Spike Form an Efficient mRNA Capping Machine.
The turreted reoviruses cap their mRNA in the pentameric tur-
rets that sit on top of the inner capsid shell before they release
mRNA into the host cytoplasm, a process that is important for
mRNA stability and efficient translation (2). The hollow penta-
meric turret of CPV on each icosahedral fivefold vertex consists
of five copies of VP3 (Fig. 3 A–C). It is noteworthy that although
VP3 shares no detectable amino acid sequence identity with its
counterpart λ2 in orthoreoviruses, superimposing VP3 on λ2
reveals that they have a very similar structural topology except
that VP3 does not have the flap-like structure present on the
top of λ2 (Fig. 3B and Movie S4). Instead, there is a spike-like
protein complex on the pentameric turret (13) (Fig. 3D). The
density of the spike-like complex is visible only when the map is
displayed at a slightly lower density threshold presumably due to a
lack of icosahedral symmetry. Tertiary-structure-based amino
acid sequence alignment (30) also shows that VP3 and λ2 have
very similar distributions of α-helices and β-strands (Fig. 3E
and Fig. S2A). The structural superimposition and the tertiary-
structure-based amino sequence alignment between VP3 and λ2
reveals that VP3 also has four domains named according to the
nomenclature of λ2 (2): the GTase domain (residues 1–366), the
bridge domain (residues 367–418 and 726–832), the MTase-1 do-
main (residues 419–461 and 526–725), and the MTase-2 domain
(residues 833–1058). The strikingly similar topology between VP3
and λ2 indicate that VP3 must serve the same functions as λ2
in catalyzing the three reactions in mRNA 5′ capping synthesis
involving RNA GTase, 7-N-MTase, and 2′-O-MTase. However,
VP3 has a small extra domain (residues 462–525) inserted in
theMTase-1 domain that is not observed in λ2.We tentatively des-
ignate it the “brace domain” because five copies of the domain
project to the center of the turret bracing the spike-like complex
in the pentameric turret (Fig. 3 A–D). Five copies of the brace do-

main and the spike-like complex make the hollow turret look like
a covered cavity where the RNA capping activity can take place.

Previous studies have identified the pathway taken by mRNA
from the inner capsid chamber to the pentameric turret cavity
and located the three mRNA capping enzymatic domains in
the turret (2, 31). It has been reported that the channel for
the nascent RNA of orthoreoviruses is not the pentameric chan-
nel at the fivefold axis on the inner shell but rather the channel
located adjacent to it (31). The channel is formed by a copy of
λ1B and two copies of λ1A. The outer end of the mRNA channel
adjacent to the fivefold axis opens directly beneath the GTase do-
main in one copy of the turret protein λ2, and a groove on the
underside of the λ2 leads into the turret cavity (31). This struc-
tural depiction for orthoreovirus is true for our CPV structure as
well. A channel at the same position on the CPV capsid shell
formed by a copy of VP1B and two copies of VP1A can be ob-
served as well (Fig. S2B). In addition, in our CPV structure, the
pentameric channel on the shell formed by five copies of VP1A
connecting the inner capsid chamber and the turret cavity is
blocked by a strong nodule-like structure that does not attach
to any region around it (Fig. S2C). We attribute the structure to
the bottom end of the spike-like complex. The absence of any
attachment is probably due to the flexibility of the spike-like com-
plex. Considering the same organization of the capsid shell pro-
teins between CPV and orthoreovirus, and the highly conserved
structural topology of the enzymatic domains between CPV VP3
and orthoreovirus λ2, we suggest that CPV has similar mRNA
capping mechanisms.

How does the structure of CPV ensure that mRNA reaches
the three enzymes in proper sequence? Our structure of the pen-
tameric turret shows that five side channels with a diameter of
15–20 Å are formed by the five copies of the brace domain
and that each side channel is right above a copy of the GTase
domain and below the MTase-1 domain (Fig. 3 A, C, and D
and Movies S5 and S6). Considering that the central channel
formed by the five copies of the brace domain is blocked by

Fig. 2. Whole capsid shell and two conformers of VP1. (A) The whole capsid shell formed by VP1A (green) and B (red). The arrows point to the protrusion
domains of VP1A and B. (B) Higher magnification view of three copies of proteins in the box in A after 180° rotation shows the organization of two copies
of VP1B and a copy of VP1A. The icosahedral 2-, 3-, and 5-fold axes are marked with 2, 3, and 5. (C and D) Ribbon views of atomic models of VP1A and B.
(E) Superimposing VP1A (cyan) on VP1B (magenta). Their differences are indicated by arrowheads.
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the spike-like complex (Fig. 3A), these side channels are the only
pathways connecting the pentameric GTase region and the pen-
tameric MTase-1 region (Fig. 3C, Fig. S2D, and Movie S5). In this
organization of the CPV turret, after the GTase reaction occurs in
the GTase domain (VP3 A in Fig. 3C), the side channel guides
the mRNA to the MTase-1 domain of another copy of VP3 first

(VP3 B in Fig. 3C) and then to the MTase-2 domain of the same
copy of VP3 (VP3 B in Fig. 3C). This structural organization of
the CPV turret indicates that the MTase-1 is the 7-N-MTase and
the MTase-2 is the 2′-O-MTase as N7 methylation precedes 2′O
methylation (32). This assignment of MTase-1 and MTase-2 to
7-N-MTase and 2′-O-MTase in CPV is in agreement with that

Fig. 3. Architecture of the
pentameric turret and VP3.
(A) Side view (Left) and top
view (Middle) of the penta-
meric turret formed by the
five copies of VP3 (in different
colors). All five copies of the
brace domains are colored in
red. One of the five side chan-
nels formed by five copies of
brace domain is pointed by
an arrowhead. The position
occupied by the spike protein
is indicated by a gray plate. In
the zoom-in view (Right), the
related residues of the pro-
posed SAHbinding site are co-
lored in blue. (B, Left) VP3 in
purple except for the brace
domain in red. (B, Right) VP3
is superimposed on orthoreo-
virus λ2 (in cyan except for the
flap-like structure in blue).
Thebrace domainofVP3does
not have a counterpart in λ2.
(C) Two copies of VP3 [copy A
(Left) and B (Right)] segmen-
ted from the left view in A.
They have the same orienta-
tions as the two copies in
green and yellow from the
left view in A. The GTase do-
mains in copy A and B are co-
lored with magenta and
orange for clarity. The Bridge,
Brace, MTase-1, and MTase-2
domains of both copies of
VP3 (A and B) are labeled and
colored in yellow, red, cyan,
and green, respectively. The
pathwayofmRNA is indicated
by an orange strip. In the
zoom-in view on the right,
the related residues of the
proposedSAHbinding site are
colored in blue. (D) Superim-
posing a 9-Å resolution den-
sity map of the turret (gray)
on the top view of the turret
in A after 45° rotation. The
spike-like complex is in pur-
ple. The arrow in orange indi-
cates the direction in which
the mRNA passes by MTase-1
andMTase-2 successively after
passing through the side
channel formed by the brace
domains. (E) Tertiary struc-
ture-based amino acid se-
quence alignment between
CPV VP3 and orthoreovirus
λ2. The α-helices are in red
boxes and the β-strands are in
green boxes. The related resi-
dues of the SAH binding site
are inblueboxes. The residues
after His1024 (flap-like struc-
ture) of λ2 are not shown.
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suggested by Reinisch et al. for orthoreovirus (2) although CPV
has a different turret organization than that of orthoreovirus.
Furthermore, the tertiary-structure-based amino acid sequence
alignment (Fig. 3E) showed that the corresponding S-adenosyl-
L-homocysteine (SAH) binding site of MTase-1 in the CPV VP3
is located just inside the exit of the proposed mRNA side channel
(Fig. 3 A and C and Movie S6). The CPV cryo-EM image in
Fig. 1A shows that the heads of the spike-like complexes occupy
the top of the turrets. The locations of the exits of the side chan-
nels and the positions of the spike-like complexes indicate that
the spike can affect the path that the mRNA takes to pass by
the MTase-1 and MTase-2 domains when mRNA transcripts exit
the side channels (Fig. 3D)

In contrast to the flap-like structure on the orthoreovirus λ2
or the aquareovirus VP1, the spike-like complex of CPV sits
on the turret substituting for the flap-like structure of orthoreo-
viruses or aquareoviruses. The turret of orthoreoviruses and
aquareoviruses can adopt both closed and open states (8, 20,
33–35). The biological mechanism behind the open/closed state
of the turret is still elusive.

The Clamp Protein Is a Cleavage Product. The 120 larger protrusion
proteins (Fig. 1 B and C) are located on the outer surface of
the CPV capsid shell. These kind of protrusion proteins exist
on the inner capsid shells of all turreted reoviruses (orthoreovirus
has 150 copies including 30 extra copies on its twofold axes) and
serve as clamp proteins that enhance the stability of the capsid
shell (16, 25). Conformers A and B of the clamp protein in an
asymmetric unit differ only in the regions interacting with the
capsid shell protein VP1 (Fig. S3). It is interesting that the clamp
protein of CPV is smaller than its counterpart protein σ2 in
orthoreoviruses and presents a totally different structural topol-
ogy although they occupy similar positions on the capsid shell.
Presumably, the divergence of clamp protein is because the
clamp proteins of the multilayered turreted reoviruses have an
additional function of binding the outer layer capsid proteins.

Which RNA segment encodes the clamp protein? Based on
SDS-PAGE analysis (13), we postulated that a ∼31 kDVP5 band,
whose molecular weight is a little smaller than that of orthoreo-
virus σ2 (47.1 kD), is the best candidate for the clamp protein of
CPV. In addition, it has been suggested that the ∼31 kD VP5 of
CPV is a cleavage product of protein P50 encoded by RNA seg-
ment 7 of CPV (36). Our model building for the clamp protein of
CPV indicates that the size of the side chains in the density map
of the clamp protein fits well with residues 1–291 of the P50
(Fig. 4, Fig. S1C, and Movie S3), confirming that the clamp
protein is produced by the cleavage of P50. Summing the masses
of residues 1–291 of P50 gives a protein with a molecular weight

of 32.3 kD, consistent with the estimation of ∼31 kD determined
by SDS-PAGE (13). The cleavage site might be at or close to
Asn291-Ala292.

Conclusion
From the above results, we draw three conclusions. First, despite
the major capsid proteins of CPV lacking significant amino acid
sequence identity with other turreted reoviruses, CPV is structu-
rally conserved in its enzymatic protein VP3 and capsid shell
protein VP1, indicating that the turreted reoviruses adopt a com-
mon mechanism for mRNA transcription and capsid assembly.
Second, the distinct structural organization on the top of the CPV
pentameric turret indicates that CPV has adopted an effective
strategy for guiding mRNA efficiently through the three mRNA
capping reactions. Third, the clamp protein VP5 of CPV is pro-
duced by posttranslational cleavage of the protein P50 encoded
by RNA segment 7.

Materials and Methods
Virus Purification. Fourth-instar larvae of Bombyx mori were fed with
mulberry leaves smeared with Bombyx mori CPV polyhedra for 6 h, then fed
with the normal mulberry leaves. Silkworms were dissected before maturation.
Midgut tissueswereground inapestle andmortar and then filtered. The solution
was centrifuged at 5;000 × g with 1% sodium dodecyl sulpate and sucrose at
different density gradients (40%–50%–60%). The resulting white precipitate
(purified polyhedra) was collected and diluted in distilled water. Virus particles
were purified from the polyhedra as described (16).

Cryo-EM and 3D Reconstruction. An aliquot of 3.5 μL purified CPV sample was
applied to a 200 mesh holey grid (constructed by us and named GiG) and
blotted for 4 s in a chamber at 100% humidity using an FEI Vitrobot Mark
IV. Viruses were imaged with an FEI 300-kV Titan Krios cryoelectron micro-
scope equipped with a Gatan UltraScan4000 (model 895) 16-megapixel
CCD. The viruses were imaged at 300 kV with an absolute magnification
of 125,390× corresponding to a pixel size of 1.19 Å, and the dose for each
micrograph was about 20 e−∕Å2. The contrast transfer function for each
micrograph was determined by the ctfit program from the EMAN package
(37) based on incoherently averaged Fourier transforms of each image. The
orientations and centers of the virus particles were determined using the
IMIRS package (38) based on the common-line strategy (39); then all selected
particles were combined and reconstructed using a reconstruction program
based on the icosahedral symmetry-adapted functions (ISAF) (40).

Atomic Model Building and Structural Analysis. We built the atomic models of
all proteins using Coot (41). The real-space electron density maps were con-
verted to reciprocal space to generate simulated crystallographic diffraction
data. The models were then refined in a pseudocrystallographic manner
using Crystallography and NMR System (42), with a process that included
simulated annealing refinement, crystallographic conjugate gradient mini-
mization, and group B-factor refinement, using maximum likelihood refine-
ment targets with amplitude and phase probability distribution. The
geometry of the models was validated by PROCHECK (43) and MOLPROBITY
(44) (see SI Text). Refinement statistics are given in Table S1. The individual
proteins were segmented from the density map of the virus capsid using
Chimera, and the density maps of the individual proteins and the PDB maps
were superimposed and visualized using Chimera (45).
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