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Most double-stranded RNA (dsRNA) viruses transcribe RNA plus
strands within a common innermost capsid shell. This process
requires coordinated efforts by RNA-dependent RNA polymerase
(RdRp) together with other capsid proteins and genomic RNA.
Here we report the near-atomic resolution structure of the RdRp
protein VP2 in complex with its cofactor protein VP4 and genomic
RNA within an aquareovirus capsid using 200-kV cryoelectron
microscopy and symmetry-mismatch reconstruction. The structure
of these capsid proteins enabled us to observe the elaborate
nonicosahedral structure within the double-layered icosahedral
capsid. Our structure shows that the RdRp complex is anchored at
the inner surface of the capsid shell and interacts with genomic
dsRNA and four of the five asymmetrically arranged N termini of
the capsid shell proteins under the fivefold axis, implying roles for
these N termini in virus assembly. The binding site of the RNA end
at VP2 is different from the RNA cap binding site identified in the
crystal structure of orthoreovirus RdRp λ3, although the structures
of VP2 and λ3 are almost identical. A loop, which was thought to
separate the RNA template and transcript, interacts with an apical
domain of the capsid shell protein, suggesting a mechanism for
regulating RdRp replication and transcription. A conserved nucle-
oside triphosphate binding site was localized in our RdRp cofactor
protein VP4 structure, and interactions between the VP4 and the
genomic RNA were identified.
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Double-stranded RNA (dsRNA) viruses infect a wide range
of hosts including vertebrates, invertebrates, fungi, bacteria,

and plants. Most dsRNA viruses consist of a segmented dsRNA
genome and a number of RNA-dependent RNA polymerases
(RdRps) enclosed in a common architecture of a T = 1 icosa-
hedral innermost capsid shell formed by 60 asymmetric dimers of
a single capsid shell protein (1–7).
Aquareovirus belongs to the family of Reoviridae, which is one

of the largest families of dsRNA viruses (8). The structures of
aquareovirus capsid proteins are markedly similar to the coun-
terparts of orthoreovirus (SI Appendix, Table S1), which is con-
sistent with their high sequence identities (9–11). Aquareovirus/
orthoreovirus has 11/10 dsRNA segments and approximately the
same number of RdRps enclosed by an icosahedral inner capsid
referred to as the “core” (sometimes as the “inner capsid par-
ticle”). The core of aquareovirus/orthoreovirus has the typical
architecture of the dsRNA virus innermost capsid shell formed
by two conformers of the innermost capsid shell protein, VP3A/
λ1A and B. A distinct pentameric turret formed by five copies of
the turret protein VP1/λ2 sits around the fivefold vertex on the
shell and functions in the catalysis of mRNA 5′ cap synthesis (1,
12). The stability of the core is further reinforced by 120/150
copies of a clamp protein VP6/σ2 that sit on the innermost shell

(1, 12) (orthoreovirus has additional 30 copies of the clamp
protein on the twofold axis). A mature aquareovirus/orthor-
eovirus core is coated by 200 trimers of membrane penetration
protein VP5/μ1 decorated with protection protein VP7/σ3,
forming an incomplete icosahedral T = 13 outer capsid layer
owing to the occupancy of the turrets on the fivefold vertices
(12–14). The outer capsid layer is shed during membrane pen-
etration, delivering the core into the cytoplasm (15).
The aquareovirus/orthoreovirus core, a multienzyme machine

for RNA synthesis, remains intact in the cytoplasm. In the core,
the RdRp protein VP2/λ3, probably assisted by its cofactor
protein VP4/μ2, catalyzes the synthesis of RNA plus strands
using minus strand in each genomic dsRNA segment as a tem-
plate while avoiding the dsRNA-activated defense mechanisms
of the host cell (8). Protein VP4/μ2 has been speculated to
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function as nucleoside triphosphatase (NTPase), RNA 5′-
triphosphatase, and dsRNA helicase (16–18). The RNA plus
strands, which are capped by the turret protein VP1/λ2, are re-
leased into the cytoplasm and serve as mRNA for viral protein
translation and also as genomic plus strands for the core pack-
aging. During assembly or in the newly assembled core, the
RdRps switch mode to catalyze the synthesis of RNA minus
strands forming genomic dsRNA segments using the RNA plus
strands as the template (19).
Structures of the icosahedral capsids of Reoviridae viruses have

been studied extensively (1, 9, 12, 13, 15, 20–30). By contrast,
very few studies have been conducted to analyze the structures of
the RdRps and cofactor proteins within the capsid shell because
they lack icosahedral symmetry, and the intrinsic icosahedral
average is imposed during structural determination. Efforts to
understand the molecular mechanism of viral transcription and
assembly have been hampered by the lack of the asymmetric
structural information. Although the crystal structures of the
recombinant RdRp proteins of orthoreovirus λ3 and rotavirus
VP1 have been determined and fitted into their capsid structures
(31–35), the structures of the viral particle-associated RdRps and
cofactor proteins are still unknown. Recently, we reported the
structure of the RdRp and cofactor protein within a single-layered
cypovirus (36, 37). However, the structural differences between
the RdRps of the double-layered aquareovirus/orthoreovirus and
the single-layered cypovirus are relatively large. Therefore, we
have previously been unable to analyze the structural changes
between recombinant RdRp and particle-associated RdRp, in
which the capsid shell protein is important for RdRp activation
(38, 39). In addition, the difference between the complexes of the
RdRp and cofactor protein within double-layered and single-
layered Reoviridae viruses is expected to be notable because the
outer capsid proteins play important roles in transcriptional reg-
ulation (40). The lack of asymmetric structural information of the
RdRp VP2/λ3, cofactor protein VP4/μ2, and VP3A/λ1A N termini
within the double-layered Reoviridae viruses prevents us from
understanding the mechanism behind the roles of these proteins in
the highly coordinated mRNA transcription process.
In this study, we determined the structure of the RdRp protein

VP2 in complex with its cofactor protein VP4 and genomic RNA
within the double-layered aquareovirus capsid using cryoelectron
microscopy (cryo-EM) at 200 kV and our symmetry-mismatch
reconstruction method (36, 41). Our structure shows that the
VP2–VP4 complex is anchored at the capsid shell and interacts
with genomic dsRNA and four of the five asymmetrically
arranged N termini of capsid shell protein VP3A under the
fivefold axis, implying roles for these N termini in virus assembly.
Compared with the crystal structure of orthoreovirus λ3 elon-
gation complex, the structure of our aquareovirus VP2 is almost
identical to that of orthoreovirus λ3 (31). However, the binding
site of a genomic RNA, which is located at the entrance of the
RdRp VP2 channel for template entry, is different to the RNA
cap binding site identified in the λ3 structure (31). In addition,
some elements in the VP2, which is supposed to interact with
template RNA and priming nucleoside triphosphate (NTP)
during transcription, are flexible. A loop, which is thought to
separate RNA template and transcript (31), was observed to
interact with an apical domain of the shell protein VP3A, sug-
gesting that the conformational change of the apical domain
upon virus transcription activation (34, 42) could regulate RdRp
replication and transcription. A conserved NTP binding site was
localized in the VP4 structure, and both VP4 N-terminal and C-
terminal domains are interacting with the genomic RNA.

Results and Discussion
Structure Determination of the Capsid, RdRp Complex, and Genome.
We obtained a 3D structure of an aquareovirus icosahedral
capsid, cultured and purified from Ctenopharyngodon idellus

kidney (CIK) cells, using cryo-EM and single-particle re-
construction. All images of aquareovirus were recorded using a
200-kV FEI Tecnai Arctica electron microscope equipped with a
Falcon II camera. The aquareovirus, which consists of more than
1,500 molecules and is ∼820 Å in diameter, is, to our knowledge,
the largest biological complex structure that has ever been de-
termined at near-atomic resolution using cryo-EM at 200 kV. A
total of 5,102 cryo-EM images were collected. Structure re-
finement and reconstruction were performed using our software
package, as described in ref. 37. Approximately 41,000 particle
images were selected based on our phase residue criteria (37) for
the final reconstruction. The estimated resolution of the whole
capsid structure according to the gold standard Fourier shell
correlation is 3.3 Å (SI Appendix, Fig. S1). The estimated reso-
lution of the inner capsid structure is 3.1 Å (SI Appendix, Fig.
S1). In accordance with previous studies (33), fitting model of
the orthoreovirus λ3 into the icosahedrally averaged density of
VP2 under the fivefold vertex revealed that most α-helices match
well with λ3 (SI Appendix, Fig. S2). However, the overall struc-
tural density is blurred by the icosahedral average during the
reconstruction, and the structure and precise location of the
RdRp cofactor protein VP4/μ2 are still unknown. To analyze
the nonicosahedral structure of RdRp and associated proteins
in detail, we further reconstructed the RdRp protein VP2 in
complex with its cofactor protein VP4 and genomic RNA within
the capsid using our symmetry-mismatch reconstruction method
(36, 41). The estimated resolution of the capsid structure in-
cluding VP2 and VP4 was 3.8 Å (SI Appendix, Fig. S1), allowing
us to build full atomic models for VP2 and VP4.

Structural Comparison Between the Capsids of Our Aquareovirus and
the Aquareovirus Infectious Subviral Particle. Our aquareovirus
capsid structure, which was reconstructed from cryo-EM images of
the aquareovirus particles directly purified from the infected CIK
cells, was essentially identical to the previously reported aqua-
reovirus metastable, primed infectious subviral particle (ISVP)
structure, which was reconstructed from cryo-EM images of the
chymotrypsin-digested aquareovirus particles (13). The protection
protein VP7 on the membrane penetration protein VP5 was
partially resolved, allowing us to build an atomic model of the VP7
residues 3–88 (SI Appendix, Fig. S3). The density of the resolved
VP7 region is slightly weaker than that of VP5, suggesting that
these VP7 molecules are somewhat flexible. In fact, we observed
that the identical VP7 structures are also present in the aqua-
reovirus ISVP structure (13), indicating that the VP7 molecules in
the ISVP were not fully removed by the treatment of
α-chymotrypsin (SI Appendix, Fig. S3). The VP5 trimers in our
structure are also identical to those in the aquareovirus ISVP
structure (13). The cleavage site between Asn42 and Pro43 of VP5
and the myristoyl group linked to the N terminus of each VP5
molecule, which have been previously observed in the aqua-
reovirus ISVP, are also present in all 10 VP5 subunits in the
asymmetric unit of our aquareovirus structure (SI Appendix, Fig.
S4). In addition, the structures of all three proteins VP1, VP3, and
VP6 in the inner capsid of our aquareovirus are also identical to
those in the aquareovirus ISVP.

Overall Organization of Genome and RdRp in Complex With Its
Cofactor Protein Within the Capsid. The overall organization of
our aquareovirus genome and RdRp VP2 in complex with co-
factor protein VP4 (SI Appendix, Fig. S5) is similar to that of
cypovirus (36). The genome exhibits as discontinuous dsRNA
fragments running in parallel (Fig. 1 and SI Appendix, Fig. S5).
The discontinuities represent flexible regions of the genomic
dsRNA. The distances between two adjacent parallel dsRNA
fragments within the same layer are ∼28 Å, whereas two adjacent
layers are ∼28 Å apart (Fig. 1A). The double helices of the
dsRNA fragments located close to the inner capsid surface or
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interacting with the RdRp complexes are visible, and the helix
pitch is ∼30 Å (Fig. 1B). Each RdRp complex, which consists of a
copy of VP2 and a copy of VP4, is anchored at the inner surface,
adjacent to the fivefold axis of the icosahedral capsid and sur-
rounded by multiple layers of genomic dsRNA (Fig. 1 and SI
Appendix, Fig. S5). The structures of the RdRp complexes and
RNA genome are organized in a pseudo-D3 symmetric organi-
zation (SI Appendix, Fig. S5). There are two RdRp complexes in
the D3 asymmetric unit—threefold RdRp complex and twofold
RdRp complex (we followed the nomenclature used in ref. 36)
(SI Appendix, Fig. S5). The two RdRp complexes are essentially
identical except that the average density value of the twofold
RdRp complexes amounts to ∼85% of the average density value
of the threefold RdRp complexes. We therefore suggest that the
six structures of the twofold RdRp complexes are the average of
5 RdRp complexes occupying the six positions, and the total
number of RdRp complexes within the capsid is 11; this is con-
sistent with the 11 RNA segments in aquareovirus.

RdRp Protein VP2. The structure of the aquareovirus RdRp protein
VP2 was well resolved, which allowed us to build a full atomic
model (SI Appendix, Fig. S6). The VP2 structure is almost iden-
tical to the crystal structure of the recombinant orthoreovirus λ3
(31) (SI Appendix, Fig. S6A), consistent with their high amino acid
sequence identity of 43%. The Cα atoms of these two structures
superimpose on each other with an RMSD of 1.8 Å. According to
the domain nomenclature of λ3 (31), VP2 can also be divided into
three domains (SI Appendix, Fig. S6E): an N-terminal domain
(residues 1–386), a central polymerase domain (residues 387–897),
and a C-terminal “bracelet” domain (residues 898–1,273). The
four channels that are used for RNA template entry, NTP entry,
template exit, and transcript exit are also present in the VP2
structure (Fig. 2 A and B and SI Appendix, Fig. S6).
Our structure shows two major interactions between VP2 and

dsRNA. A dsRNA fragment runs roughly parallel to the capsid
shell and interacts closely with the RdRp bracelet domain and ad-
jacent region of the polymerase domain (Fig. 1C and SI Appendix,
Fig. S7), which is similar to the RdRp–dsRNA interaction in

the nontranscribing cypovirus (36, 37). This dsRNA fragment
traverses across and blocks the exit of channel for template
exit. Another close interaction occurs where a dsRNA frag-
ment end approaches the template entry channel binding at
the entrance of the channel for template entry (Fig. 1D).
This interaction resembles the RdRp–RNA interaction in the
transcribing cypovirus (36); however, no RNA template or
product was observed in the catalytic cavity. Notably, this RNA
binding site is different from the cap binding site in the λ3
structure (SI Appendix, Fig. S6A), which was thought to recog-
nize capped viral mRNA in the virus-packaging step and bind to
the cap site of the 5′ end of the positive strand to facilitate in-
sertion of the free 3′ end of the negative strand into the template
channel in the transcriptional step (31).
Comparison between the structures of VP2 and λ3 elongation

complex reveals that a number of elements are absent in the VP2
structure (SI Appendix, Fig. S8), resulting in more hollow central
catalytic cavity. These absent elements, which can be ascribed to
structural flexibility, can be classified into three categories
according to their locations and the components they interact
with. The first category of flexible elements, many of whose resi-
dues are positively charged, is involved in interactions with dsRNA
(residues 488–492, 963–979, and 1,055–1,058) (SI Appendix, Fig.
S8). The second category is involved in the interactions with
priming NTP (residues 560–567, referred to as “priming loop” in
ref. 31) and with the RNA template (residues 461–537 and 688–
693) (SI Appendix, Fig. S8). The last flexible element (residues
1,112–1,120) consists of an α-helix (SI Appendix, Fig. S8), which is
located at the exit of the channel for transcript exit and connects a
loop (residues 1,121–1,132) located in the template exit channel.
We propose that all these flexible elements are subjected to

movement in the dynamic process of RNA transcription. First,
upon RdRp initiation, the genomic dsRNA, which is roughly
parallel to the capsid shell, is released from VP2 to unblock the
channel for template exit and ensure the sliding of the RNA
template. Second, in orthoreovirus RdRp λ3, elongation of RNA
synthesis requires shift of the priming loop, and any failure of
this loop to shift would block elongation and would lead to

Fig. 1. Structures of the aquareovirus genome and RdRp complex within the capsid (filtered to 8-Å resolution). (A) Half of the icosahedral capsid is removed
to show the structures of the genomic dsRNA (first layer in orange and second layer in yellow), RdRp VP2 (magenta), and cofactor protein VP4 (cyan). (B)
Zoom-in view of the genome in A. (C and D) Cut open views show the interactions between the dsRNA, VP2, and VP4.
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abortive initiation (31). Therefore, the elongation of RNA syn-
thesis may be facilitated by the flexibility of the priming loop.
Third, some flexibility of the elements that interact with the
template might be required for translocation of the template to
the RdRp central catalytic site during transcription.
The loop (residues 1,121–1,132), which is located in the tem-

plate exit channel and connects the aforementioned flexible
α-helix, was suggested to separate RNA template and transcript
and guide the nascent transcript into the transcript exit channel
during transcription (31). Residues 1,127–1,132 of the loop in
VP2 were fully conserved with those in λ3. We referred to this
loop as the switch loop. An interaction between the switch loop
and a loop (residues 521–524) in the apical domain of a copy of
the innermost shell protein VP3A was observed (Fig. 2 C and D).
We have tentatively designated it as the apical loop. The apical
loops of the five copies of VP3A around the fivefold axis exhibit
different conformations in our aquareovirus structure due to the
asymmetric interactions, which explains why the apical loop in
the icosahedrally reconstructed structure of aquareovirus VP3
(13) and the corresponding loop in crystal structure of orthor-
eovirus λ1 (1) were not resolved. The negatively charged residues
Asp524 in the apical loop of VP3 are conserved in λ1, and the
adjacent positively charged Arg1125 in the switch loop of VP2 is
mutated to Lys1114 in λ3.
The apical domains of the innermost shell protein VP1A in a

transcribing cypovirus (23, 42) and VP2A in a transcriptionally
active rotavirus (34) have been observed to undergo a confor-
mational change whereby they tilt outward. This conformational
change of the apical domains appears to be required for the
transcriptional activation of Reoviridae members, and it is likely
to trigger the conformational change of the switch loop and,
consequently, switch the RdRp from replicative to transcrip-
tional mode. The similar interactions between the apical domain
and the switch loop or adjacent residues have also been observed
in cypovirus (37) and rotavirus (34). These findings may explain
why polymerases from Reoviridae viruses are not fully active in
the absence of their innermost shell proteins (38, 39).

RdRp Cofactor Protein VP4. The VP4 in aquareovirus, which shares
22% of its amino acid sequence identity with the μ2 protein in
orthoreovirus, interacts closely with VP2. We built a full atomic
model for VP4 ab initio. The structure of VP4 can be divided
into three domains: an N-terminal nodule domain (residues 1–
265), a plate domain (266–599), and a C-terminal domain (600–
715) (Fig. 3). The nodule domain resides in the corner between a
copy of the shell protein VP3A and the RdRp protein VP2. A
flexible density, which belongs to a part of the nodule domain,
was also observed to interact with the dsRNA fragment roughly
parallel to the capsid shell (Fig. 1C). The flexible part of the
nodule domain (residues 83–190) was not resolved in our atomic
model. The plate domain is roughly rectangular in shape and
resides in the corner between the VP3A and the VP2 polymerase
domain and interacts with a surface region of the VP2 poly-
merase domain between the channels for template entry and
NTP entry. Structural comparison between the homology pro-
teins of our aquareovirus VP4 and cypovirus VP4 (37) revealed
that the VP4 N-terminal nodule domain exhibits almost no
similarity to its counterpart in cypovirus VP4; by contrast, their
central plate domains have a markedly similar structural topol-
ogy (SI Appendix, Fig. S9), suggesting they must serve an iden-
tical critical function. Indeed, our VP4 plate domain contains
fully conserved motifs (KxxxK and SDxxG, where uppercase
letters indicate wholly conserved residues) for NTP binding in
the μ2-homology proteins of the turreted Reoviridae viruses (16–
18). An additional density feature, which cannot be assigned to
any main chain or side chain, was observed to be surrounded by
three of the five wholly conserved residues (Lys410, Lys414, and
Ser439) in the plate domain of our VP4 (Fig. 3). Therefore, we
attribute the density to an NTP located in the plate domain.
Structural comparison also revealed an additional C-terminal

domain in our aquareovirus VP4. Consistent with the fact that
the C-terminal sequence of aquareovirus VP4 is longer than that
of cypovirus VP4, this domain is absent from its cypovirus ho-
mology protein VP4 (SI Appendix, Fig. S9). The C-terminal do-
main is located at the entrance of the template entry channel and
interacts with the dsRNA fragment approaching the RdRp

Fig. 2. Structures of VP2, VP4, and VP3A. (A) Transparent view of the density map of VP2 and VP4 superimposed with their atomic model (only the backbone
is shown). The VP2 and VP4 are in magenta and cyan, respectively. The four channels in VP2 are indicated. (B) Cut open view showing the four channels of VP2
(shown in cross-eye stereo). (C) Interactions among two copies of VP3A, a copy of VP3B, VP2, and VP4. (D) Zoom-in view of the interaction between the VP3A
apical domain and the switch loop. The conformational change in the apical domains is likely to trigger the conformational change in the switch loop and,
consequently, switch the RdRp from the replicative to the transcriptional mode. The VP4 may play roles in dsRNA unwinding and in translocation of the
template RNA to the VP2 catalytic site during transcription. The transcript exits through the transcript exit channel into a peripentonal channel formed by two
copies of VP3A and one copy of VP3B and then moves to the turret for RNA capping reactions before finally exiting the particle (33, 42).
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template entry channel (Fig. 1D). The interaction is ∼30 Å away
from the dsRNA end. The interactions noted between the
aquareovirus VP4 and dsRNA agree with the RNA-binding ac-
tivity of its homology protein μ2 (43). By contrast, no interaction
between cypovirus VP4 and genomic RNA has been observed
(36, 37).
The NTPase, RNA 5′-triphosphatase, and helicase activities

have previously been assigned to the μ2 protein of orthoreovirus
(16). Our structure indicates that the μ2-homology protein VP4
is not an RNA 5′-triphosphatase, because the positioning of the
μ2-homology protein VP4 determines that the RNA transcript
does not have access to it. The NTPase activity of VP4/μ2 may
couple NTP hydrolysis to conformational change of the VP4 C-
terminal domain, which interacts with the dsRNA adjacent to the
entrance of the RdRp template entry channel. Therefore, the
aquareovirus VP4 or orthoreovirus μ2 may be involved in
dsRNA unwinding at the entrance of the template entry channel.
In addition, the VP4 plate domain also interacts with the flexible
template-interaction element of VP2, which interacts with the
template RNA in the template entry channel. Therefore, the
conformational change of the VP4 C-terminal domain may drive
the back-and-forth movement of the VP2 template-interaction
element and facilitate translocation of the template RNA to the
VP2 catalytic site during transcription.

Interaction Between the N Termini of VP3A and the VP2–VP4
Complex. The N-terminal regions of five copies of VP3A, which
have previously been resolved only from residue 188 through
icosahedral reconstruction, have now been extended to residue
149 or 177 in our structure (Fig. 4 and SI Appendix, Fig. S10).
These five N-terminal regions exhibit four different conforma-
tions to adapt to the occupation of the VP2–VP4 complex under
the fivefold vertex. Four of these five newly resolved N-terminal
regions consist of two α-helices connected by a loop, and the
other contains one α-helix (Fig. 4 and SI Appendix, Fig. S10).
Two of the N-terminal regions, in which the distal ends of the
resolved N termini project toward the fivefold axis and interact
with outside surface of the RdRp bracelet domain, share the
same conformation (Fig. 4 and SI Appendix, Fig. S10). The third
resides between the VP2–VP4 complex and the VP3A to me-
diate the interaction between the innermost shell and the com-
plex. The fourth is located on the surface region of the VP2
bracelet domain near the exit of the template exit channel (Fig. 4
and SI Appendix, Fig. S10). The last, which is the shortest one
(residues 177–187), is ∼25 Å away from the nearest surface of
the RdRp and does not interact with the VP2–VP4 complex (Fig.
4 and SI Appendix, Fig. S10), suggesting the unresolved part of
this N terminus is flexible. This conformation of the shortest N
terminus implies that all of the fixed structures of the other four
longer N termini is mediated by the presence of the VP2–VP4

complex, rather than the VP3A itself, and that these N termini
should hang randomly before the VP2–VP4 complex are an-
chored to the capsid shell. The third N terminus, which resides
between the VP2–VP4 complex and the VP3A inner surface,
suggests that the individual VP3A N termini bind to the VP2–
VP4 complex first, and then the complexes are anchored to the
innermost capsid shell. Therefore, we concluded that the VP3A
N termini are critical in recruiting the VP2 and VP4 during the
virus assembly.
An unresolved long sequence remains at each of the five

VP3A N termini (residues 1–148). The resolved N-terminal
structure of the other VP3 conformer VP3B (9) suggests that
the unresolved N-terminal structure of VP3A contains a zinc
finger structural motif. Biochemical studies have indicated that
the orthoreovirus λ1 protein, homolog of VP3, possesses
NTPase, RNA 5′-triphosphatase, helicase, and dsRNA-binding
activities (44, 45). These unresolved VP3A N termini, which are
located adjacent to the RdRp template exit channel, may be
involved in guiding the plus-strand side of the transcription
bubble and reannealing the RNA.

Materials and Methods
Cell Culture and Viral Growth. A CIK cell line was used in this study for the
propagation of grass carp reovirus (GCRV), a pathogenic aquareovirus isolate.
The proliferation and purification of GCRV were performed as described
elsewhere (12, 46). The cells were grown at 28 °C in Eagle’s minimum es-
sential medium (MEM; Invitrogen) containing 2 mM L-glutamine. The media
was supplemented with 10% FBS (Gibco BRL). The GCRV was propagated in
CIK cell cultures in MEM supplemented with 2% FBS and incubated for 3 d at
28 °C until mature virions were released from the infected cells. The col-
lected GCRV culture suspension was pelleted and further purified through
sucrose density gradient centrifugation. The purified virions were suspended
in PBS to create a concentration of ∼1.5 mg/mL for cryo-EM.

Cryo-EM Imaging, Image Processing, and Structural Analysis. An aliquot of
3.5 μL purified GCRV sample was applied to a quantifoil grid, blotted for 2–4 s,
and plunged into liquid ethane using an FEI Vitrobot. The viruses were im-
aged with an FEI Tecnai Arctica 200-kV electron microscope equipped with a
Falcon II camera at a nominal magnification of 110,000× corresponding to a
pixel size of 0.932 Å. A dose rate of ∼21 e−/Å2/s was used with a total ex-
posure time of 1.2 s. The full electron dose of ∼25 e−/A2 was fractionated
into 19 movie frames. The 19 frames were aligned and averaged to a single
image (47). The defocus values of the images, which were set to ∼1.2–3.2 μm,
were determined by CTFFIND3 (48). Determination of orientations and
centers for all particle images and 3D reconstruction of the icosahedral
capsid were carried out using software (37) we developed based on the
common-line algorithm (49, 50). The genome and RdRp complex structure
within the capsid was reconstructed using our symmetry-mismatch re-
construction method as described elsewhere (36, 41). Each cryo-EM image of
a virus particle can be considered the sum of a genome image and a capsid
image. We obtained the genome images by subtracting the capsid images,

Fig. 4. Interactions between the N-terminal structures of five copies of
VP3A around the fivefold axis and the VP2–VP4 complex. (Left) Five copies of
VP3A and five copies of VP3B around the fivefold axis are shown in ribbon.
(Right) Five N termini marked I–V in the zoom-in view. The N-terminal
structures of the five copies of VP3A are in red. The VP2–VP4 complex is
shown in transparent gray.

Fig. 3. (Left) Transparent view of the density map of VP4 superimposed
with their atomic model (ribbon). (Right) Atomic model VP4 superimposed
on the density map (mesh). The additional density feature, which cannot be
assigned to any main chain or side chain, is attributable an NTP.
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which were obtained by projecting the 3D density map of the capsid on the
capsid orientation and applying CTF modulation on the projection, from the
cryo-EM images of virus particles. Because the 60 equivalent orientations of
the icosahedral capsid have been determined by icosahedral reconstruction
and the asymmetric genome structure has a fixed orientation related to the
symmetric capsid, the correct orientation of each genome image is one of
the 60 equivalent orientations. The correct orientation of each genome
image was obtained by searching the 60 equivalent orientations of the
icosahedral capsid. The genome structure was determined by iterative ori-
entation refinement and 3D reconstruction. Protein subunit densities were
segmented from the maps and visualized using Chimera (51).

Atomic Model Building and Refinement. The atomic models of VP3 (Protein
Data Bank ID 3IYL) (13) were docked into the cryo-EM map within the UCSF
Chimera, and the atomic models for the VP2, VP4, and VP7 were built ab
initio using an automatic model building program, EMBuilder, developed

specifically for cryo-EM maps (52). Then, the missing residues in the five N
termini of VP3A were added into the model according to our cryo-EM map,
and the whole model was manually adjusted in the COOT software (53).
Thereafter, the models were refined using real-space refinement including
stereochemistry and secondary structure restraints as implemented in the
Phenix.real_space_refine program (54). Refinement and validation statistics
are shown in SI Appendix, Table S2.
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