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Abstract

Grass carp reovirus (GCRV) is a member of the aquareovirus genus in the Reoviridae family and
has a capsid with two shells—a transcription-competent core surrounded by a coat. We report a near-
atomic-resolution reconstruction of the GCRV virion by cryo-electron microscopy and single-
particle reconstruction. A backbone model of the GCRV virion, including seven conformers of the
five capsid proteins making up the 1500 molecules in both the core and the coat, was derived using
cryo-electron microscopy density-map-constrained homology modeling and refinement. Our
structure clearly showed that the amino-terminal segment of core protein VP3B forms an ~120-A-
long a-helix-rich extension bridging across the icosahedral 2-fold-symmetry-related molecular
interface. The presence of this unique structure across this interface and the lack of an external
cementing molecule at this location in GCRV suggest a stabilizing role of this extended amino-
terminal density. Moreover, part of this amino-terminal extension becomes invisible in the
reconstruction of transcription-competent core particles, suggesting its involvement in endogenous
viral RNA transcription. Our structure of the VVP1 turret represents its open state, and comparison
with its related structures at the closed state suggests hinge-like domain movements associated with
the mRNA-capping machinery. Overall, this first backbone model of an aquareovirus virion provides
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a wealth of structural information for understanding the structural basis of GCRV assembly and
transcription.
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Introduction

Viruses in the Reoviridae family represent one of the largest and most structurally divergent
groups of viruses. These viruses have a segmented double-stranded RNA (dsRNA) genome,
enclosed by single, double or triple proteinaceous capsid shells, and hosts ranging from
vertebrates, invertebrates, plants, fungi and prokaryotes.1:2 In order to circumvent the antiviral
defense mechanisms inside the cytoplasm of the host cell, these viruses conduct the entire viral
RNA transcriptional process within the inner capsid in a characteristic process called
endogenous RNA transcription.

The inner capsid (i.e., the core) of these viruses serves as a compartment for endogenous mRNA
transcription and is a conserved architecture among all members of the Reoviridae,! as well
as other dsRNA viruses, such as totiviruses®# and some bacteriophages.> Among viruses in
different genera of the Reoviridae, the genera aquareovirus and orthoreovirus are considered
to be the most similar; both are “turreted” reoviruses with double-layered capsids and have
relatively high sequence identities between protein homologs (with sequence identities ranging
from 15% to 31%).6:7 However, there are three significant differences between aquareoviruses
and orthoreoviruses: First, the numbers of dSRNA segments in their viral genome are different
(11 and 10 for aquareovirus and orthoreovirus, respectively).6 Second, aquareo-virus does not
have a homolog of the orthoreovirus cell attachment protein 1 (Ref. 7). Third, each
aquareovirus core only contains 120 copies of its clamping protein VP6, in contrast to the 150
copies of clamping protein 62 per orthoreovirus core, including 30 across its 2-fold axes.7
Orthoreoviruses have been subjected to extensive structural analyses by both X-ray
crystallography8~10 and cryo-electron microscopy (cryo-EM).11713 In contrast, there is no
crystal structure of aquareovirus proteins and the highest-resolution cryo-EM structure
reported to date is that of grass carp reovirus (GCRV) at ~9-A resolution.7 At this resolution,
it is not possible to build a backbone model from the cryo-EM density map, hindering our
understanding of the molecular interactions critical to aquareovirus assembly and RNA
transcription.

Recently, advancements in cryo-EM have pushed the resolution limit to near-atomic level,
14=17 permitting separation of B-strands and identification of bulky side chains of amino acid
residues in cryo-EM density maps. In this article, we report the first near-atomic-resolution
structure of GCRV virion by cryo-EM and single-particle analysis and the derivation of a
backbone model of the virion. We discovered an extended domain of the core protein VP3B
in the virion that forms one bridge across near the 2-fold axis and interacts with genomic RNA.
The bulk of this extended domain becomes disordered inside transcription-competent cores.
We show the multiple enzymatic domains of VP1 and suggest plausible hinge-like domain
movements between the open and closed states of the turret. Amino acids involved in inter-
trimer interactions on the coat are also revealed.
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Results and Discussion

Three-dimensional reconstruction and modeling of the GCRV virion

We reconstructed a near-atomic-resolution structure of the GCRV virion by merging 15,000
close-to-focus particle images recorded on a 16-megapixel CCD camera in a 300-kV cryo-
electron microscope. The mass density maps for individual proteins in each asymmetric unit
of the virion were segmented out and are shown in different colors in Fig. 1aand b. The GCRV
virion structure is organized in two layers: a coat and a core. The coat is made of 200 triangular
densities (“trimers”) arranged on an incomplete T=13 lattice. Each asymmetric unit of the coat
layer contains one Q trimer, one S trimer, one R trimer and one-third of a T trimer (Fig. 1a),
following the established nomenclature.12:18 Each asymmetric unit of the core consists of one
turret protein (VP1), two conformers of the inner-capsid shell protein (VP3A and VP3B) and
two conformers of the cementing protein (VP6A and VP6B) (Fig. 1b). Our map shows the
pitches of a-helices, separation of B-strands in p-sheets and some densities for bulky side chains
(Fig. 1c* Supplementary Fig. 1 and Movie 1c). The validity of our structure can also be judged
by the fact that many side-chain densities were found in equivalent positions in the two
conformers of VP3, which are not related by symmetry operation. The visibility of these
features in core proteins (see Supplementary Movie 2) suggests that the resolution of the core
proteins is about 4.5-5.0 A (Refs. 14 and 19). The coat proteins have a slightly lower resolution,
probably due to more flexibility of the coat protein and the resolution-limiting effect of the
Ewald sphere curvature.20:21

The value of a three-dimensional structure can be substantially enhanced by deriving three-
dimensional models with atomic coordinates. However, the limited resolution of the cryo-EM
map does not permit atomic model building from the density map alone. For the GCRV virion,
fortunately, model building through an integrative approach is possible due to the availability
of both our near-atomic-resolution cryo-EM map and the experimentally determined atomic
structures of the orthoreovirus core (A1, A2 and ¢2) and coat (ul and ¢3) proteins that are
homologous to GCRV core and coat proteins.8:9 By means of a novel method of cryo-EM
density-constrained homology modeling and refinement (Supplementary Fig. 2),22 we built
backbone models for seven conformers (VP1, VP3A, VP3B, VP5, VP6A, VP6B and VP7) of
the five GCRV virion structural proteins. The approach we used integrates a modeling-based
protocol to build, modify and refine the local structures of initial homology models iteratively
to match the cryo-EM maps, followed by a molecular-dynamics-based method to adjust the
structural details to further improve the model.?2 Because only some bulky side chains were
resolved in our map, the side-chain densities were only used as additional constraints for
determining backbone conformations during the refinement. For this reason, the geometries of
the side chains have not been explicitly refined and our final models can only be considered
backbone models. The models for the entire virion and the core were generated by imposing
icosahedral symmetry of the asymmetric unit (Fig. 1d and e and Supplementary Movie 3). The
complex patterns of molecular interactions on the core and coat and between the two layers
are revealed by these models. We now focus on structural features that are of significant
biological implications.

Two conformers of VP3 and inter-VP3 interactions involved in the core assembly

The core protein VVP3 has two structural conformers: VP3A near the 5-fold axis (Fig. 2a) and
VP3B near the 3-fold axis (Fig. 2b). These two conformers differ mainly in their amino-
terminal domain and peripheral regions (cf. Fig. 2a and b). VP3A has a plate-like structure
with two subdomains: subdomain I (amino acid residues 410-858) and subdomain Il (amino
acid residues 188-409 and 859-1214), which are similar to those of mammalian reovirus
(MRV) A1A (Ref. 8). VP3B has subdomain Il (i.e., amino acid residues 19-187), in addition
to subdomains | and Il (Fig. 2b). Residues 1-18 of VVP3B and residues 1-187 of VP3A (Fig.
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2a) were not resolved, suggesting that these amino-terminal segments might be flexible and/
or inserted into the non-icosahedrally organized RNA densities. In the crystal structure of
MRV, fragments of the amino-terminal sequence of the core protein A1B are modeled, but how
the fragments are connected is not uniquely determined due to a missing loop (residues 168—
180) (Ref. 8). In our cryo-EM density map of GCRYV, the densities for the most part of the
amino-terminal region of VP3B were clearly resolved, allowing us to directly trace the
corresponding amino-terminal up to Thrl9 (Fig. 2c).

The amino-terminal region (subdomain I11) of VP3B begins with a segment of three three-turn
a-helices connected by loops (Fig. 2b). This segment has the least structural similarities to its
counterpart of A1B in MRV and represents the most divergent sequence among VP3 homologs
in other members of the Reoviridae family (Table 1). This segment is connected through a long
loop with a kink (Pro103) to a highly conserved zinc finger motif (residues 119-140) having
the characteristic structure of an a-helix and an anti-parallel B-sheet coordinated by a zinc ion
(not seen due to limited resolution) (Fig. 2b). This zinc finger motif belongs to the “Cys—His—
Cys—His” class, which is the best characterized class of zinc fingers and is known to bind RNA,
as also suggested in MRV core.8

The extended subdomain 111 of VP3B may also play a structural role in core stability by
strengthening the molecular contacts surrounding both 3-fold and 2-fold axes. When viewed
from inside around the 3-fold axis, the three extended subdomain IlI's of the VP3B molecules
form a triskelion joining three neighboring VP3B molecules together (Fig. 2c). When viewed
from underneath the 2-fold axis (Fig. 2d), residues Pro103, GIn104 and Ser105 of this
subdomain form a loop that attaches to the two adjacent VP3A molecules across the 2-fold
axis. Therefore, this loop appears to serve as a rope tying two 2-fold-symmetry-related VP3A
molecules to two neighboring 3-fold-symmetry-related VP3B molecules (Fig. 2c and d).
Interestingly, GCRV does not have a cementing protein (\VP6) situated above the connecting
loop at the icosahedral 2-fold symmetry axis position (Fig. 2e), in contrast to that of MRV,
which has a cementing protein 2 at that position.8:23 Note that the corresponding A1B amino
terminal loop is not visible in MRV. Indeed, biochemical data have shown that the amino-
terminal segment of A1B is dispensable for MRV core assembly.24

between VP3 and RNA in the virion and transcription-competent core

The ability to resolve not only protein densities but also RNA genome inside our cryo-EM
maps allows us to examine the protein—-RNA interactions and gain insight into the mechanism
of endogenous RNA transcription. The amino-terminal segment (residues 19-29) of
subdomain 111 of each VP3B interacts with the C-terminal loop (residues 175-186) of
subdomain 111 of its neighboring VP3B (Fig. 3a and b). This part of the capsid is where the
core protein interacts with the RNA inside (Fig. 3b). It is noteworthy that the loop in the C-
terminal portion (residues 171-187; includes the C-terminal loop) of subdomain Il does not
share any sequence similarity with MRV A1 (Table 1) and indeed exhibits a totally different
structure.

Reovirus cores are transcriptional machines that produce viral mRNA. Biological data have
indicated that MRV cores partially recoated with outer-capsid proteins can synthesize mMRNA
but that intact virions cannot.2> The levels of MRNA synthesized by partially recoated reovirus
cores are inversely proportional to coat protein levels. The coat proteins are thus thought to
prevent progeny virions to compete with transcribing particles for ribonucleo-side
triphosphates.2> Our transcription experiments of GCRV also indicated that the cores can be
activated for transcription (Fig. 3c) but that the intact GCRYV virions (Fig. 3d) are incompetent
to produce mRNA (Table 2). Upon GCRYV entry into the cytoplasm, the coat proteins (VP5
and VP7) fall off during host cell membrane penetration,26:27 exposing the core proteins,
which is considered to be necessary to activate the viral transcriptase inside the core. To further
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study the involvement of core proteins in the transcription, we compared the core proteins
VP3A and VP3B computationally segmented from the virion with those in the transcription-
competent core. By fitting the core protein structures from the virion into the 9-A reconstruction
of the transcription-competent core (Fig. 3e and f), we found that two a-helices in the amino-
terminal region observed in VVP3B of the virion became invisible in the transcription-competent
core (Fig. 3g—j), while other helices of VP3A and VVP3B in the virion fit well with those in the
core, suggesting that the amino-terminal segment of VP3B is structurally flexible in the
transcription-competent core. Superposition of the VP3B model into the core density map
showed that this flexible segment roughly corresponds to the first 80 residues of VP3B (Figs.
2b and 3h).

Itis likely that the amino-terminal segment of VP3B binds the genomic RNA and plays a
regulatory role in RNA transcription. Using the sequence alignment program CLUSTALW,
28 we found that the amino-terminal segments of the core proteins are the most divergent
segments in the core proteins among aquareoviruses MRV and avian reovirus?%:30 (Table 1).
It was reported that the hydrophilic amino-terminal segment (sequence up to the zinc finger
motif; see Fig. 2b) of MRV has dsRNA-binding property.3! In addition, residues 59-141 of
the VP3B serve to block the clefts where VP3A and VVP3B interact. Taken together, the
observed conformational change of the VP3B amino-terminal segment from the GCRV virion
to the transcription-competent core, the significant sequence divergence and the RNA-binding
property of this segment all point to possible roles of subdomain 111 of VP3B in recognizing
specific RNA, mediating RNA packing in the process of capsid assembly and regulating
genomic RNA transcription.

Structural transition between open and closed turret states

The turret protein VP1 and MRV A2 share a sequence identity of 26% (Refs. 32 and 33) and
have highly conserved enzymatic activities, including guanylyltransferase (GTase) and
methyltransferase activities in mMRNA capping.10:34 Consistently, our cryo-EM structure of
the GCRV virion shows that VP1 has highly conserved domain folds (Fig. 4a and b) as those
in MRV A2. Simply superimposing VP1 onto MRV A2 reveals a similar overall topological
structure and conserved domains involved in RNA capping and release through the turret.
Similar to MRV A2 (Ref. 8), GCRV VPL1 can be divided into seven domains (Fig. 4a): the
GTase domain (residues 1-389), a bridge domain (residues 390-437 and 695-805), the first
methyltransferase domain (methylase-1, residues 438-694), the second methyltransferase
domain (methylase-2, residues 806—-1029) and three immunoglobulin domains forming a flap
(residues 1030-1299).

The pentameric turrets resolved in our GCRV virion and core reconstructions are in the open
conformation. However, in both GCRV and MRV, turrets can adopt two conformational states:
an open state and a closed state,13:24:35:36 suggesting the existence of a transition between
the open state and the closed state in both viruses. A comparison of high-resolution structures
representative of the open (VP1) and closed (A2) states of the turrets thus reveals clues about
this transition (Supplementary Movie 4). The structural changes appear to be localized in four
regions—the immunoglobulin domains (i.e., the flap), the GTase domain and the methylase-2
and bridge domains (Fig. 4b). The tilt of the flap can be considered as a pivot type of movement
characterized by a rotation of the flap around a pivot at residue Gly1123 of VP1 (Fig. 4b and
d). In the GTase domain, the B-hairpin (Leu47-Thr57) making up the constriction inside the
channel istilted farther away from the 5-fold axis (Fig. 4b). Two major conformational changes
occur at regions where VP1 and VP5 interact, suggesting a possible association of the coat
protein trimers with control of the open/closed states. However, such a causal relationship is
not firmly established yet. For example, in MRV, the removal of pl trimers triggered the
conformational change of the flap in A2, resulting in the open state of the turret.3” Such a
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relationship is supported by a number of cryo-EM studies of MRV cores!3:24:35-39 pyt not by
the crystal structure of the MRV core, in which the turret was closed.®

Coat proteins and molecular interactions contributing to virion assembly

The coat consists of 200 triangular densities (trimers of VP5/VP7 dimers) arranged on an
incomplete T=13 icosahedral lattice, exposing the VP1 turrets on the icosahedral vertices (Fig.
la and d). Each coat trimer is formed by three VP7 molecules sitting on top of three VP5
molecules (Fig. 5¢) (Ref. 7). VP7 has the least structural similarity to its orthoreovirus homolog
protein 63 among all five capsid proteins. This structural divergence of VVP7 is consistent with
specific cell tropisms observed across different reoviruses.40

It is reported that the MRV outer capsid cannot assemble without the participation of turret
protein A2 (Ref. 24). Consistent with this observation, our structure shows that VP1 and VP5
have two areas of interaction (Fig. 5a)—one involving VP1 residues Val379-Asn380 in contact
with VP5 residues Asp59-Leu61 and another involving VP1 residues Ala723-Val724 in
contact with VVP5 residues Lys100-Gly102.

In addition to their interactions with the turret protein VP1 and the cementing protein VVP6 of
the core,” we identified two kinds of trimer—trimer interactions on the coat (Fig. 5b—e). One is
between residue 379 and residue 381 of VVP5 projecting toward their counterpart in a
neighboring trimer (Fig. 5d), and the other is between the Cys103 residues of two neighboring
VP5 molecules (Fig. 5e). The presence of connecting density between the two nearby Cys
residues suggests a possible disulfide bond between the two Cys residues in the neighboring
trimers. In addition to serving as a stabilizing factor, these VP5-VP5 interactions, particularly
the putative disulfide bonds, lead to the formation of a VP5/VP7 trimer network. Such a
network of trimers can collectively promote membrane perforation, thus facilitating viral entry
and uncoating. Indeed, thiol/disulfide rearrangement is often necessary during membrane
penetration and viral uncoating processes, as shown in a number of enveloped viruses.*!

Location of VP2 and relationship to VP3A

The density underneath VP3A near each 5-fold axis is thought to be that of the RNA-dependent
RNA polymerase VP2 (Ref. 7). Due to lack of icosahedral symmetry, the bulk of VP2 was
unresolved except for an a-helix attached to VP3A at a location adjacent to a 5-fold hole
(Supplementary Fig. 3b). The 5-fold hole is formed by five copies of four consecutive residues
502-505 (Glu, Ser, Thr and Thr) of VP3A, which are fully conserved among GCRV, MRV
and avian reovirus. In addition, these conserved residues in VP3B are flexible and are located
next to the putative channel for the pathway of nascent mRNA (the situation is the same for
MRV)8 and point toward the RNA molecules inside. Conceivably, these four residues of VP3A
might be involved in RNA transcription.

Implication to reovirus transcription

The structural differences revealed in VP1 and VP3 proteins of the GCRV virion and core
particles and between GCRV and MRV may shed light onto reovirus transcription. The coat
protein VP5/ul, in complex with its “protector” protein VP7/c3, plays a key role in cell
membrane penetration by the non-enveloped reovirus.®:2” The interactions found between VP1
and VP5, and the turret comparisons between the virions and cores suggest that, under certain
in vivo conditions, uncoating of coat protein trimers during membrane penetration can trigger
the conformational change of the turret protein VP1/A2. Given that VP3B/A1B contacts the
GTase domain of the turret protein VP1/A2, it is possible that the conformational change of the
turret protein might not only prepare VVP1/A2 for transcription but also serve as a signal to
trigger the conformational change of VP3B subdomain IlI.
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The genomic RNA inside GCRYV capsid, similar to that of MRV, exhibits a statistically
significant icosahedral order,? indicating that there are obvious interactions between the RNA
and icosahedral shell proteins. In GCRV, these interactions were observed and pinpointed to
specific locations between the RNA and the amino-terminal subdomain 111 of the shell protein
VP3B. The amino-terminal segment of VP3B probably plays a regulating role by switching
the RNA from a static state to a dynamic state, as in the actively transcribing cores.

Preparation of GCRV virions and cores, cryo-EM imaging and reconstruction

GCRYV virions and cores were purified using an established method as described previously.
7:42 Focal pair images of GCRV particles were recorded ona TVIPS CCD 16-megapixel CCD
camera in an FEI 300-kV Polara cryo-electron microscope at underfocus values of about 0.8
and 2.3 um, respectively. More than 4000 focal pairs were recorded, from which about 30,000
particles were selected for in-depth single-particle reconstruction using the IMIRS package.
43 The CTF (contrast transfer function) was determined by the ctfit program of the EMAN
package** based on incoherently averaged Fourier transforms of particle images.*® The final
reconstruction was obtained by combining 15,000 particle images by including image data up
to 1/4.3-A spatial frequency. All data processing steps were carried out using two Dell personal
computers running Windows XP. The resolution of the map was estimated to be around 4.5-
5.0 A based on the strand separation in B-sheets and the visibility of some bulky side chains
in the density map. Protein subunit densities were segmented from the maps and visualized
using UCSF Chimera.#6

Atomic modeling and model refinement

The homology models for seven conformers of five GCRV proteins were refined using two
protocols consecutively. Starting with the homology model and segmented cryo-EM map,
modeling-based refinement was first carried out to obtain a new model in which the backbone
conformation overall is consistent with the density. In this protocol, after fitting the atomic
model into the cryo-EM map, regions that are inconsistent with the map were identified with
visual inspection and refined using the EM-IMO method.22 The refined regions were then
merged into a single model, which was refitted into the cryo-EM map and used as the starting
model in the next iteration of refinement. EM-IMO, as the core component of this protocol,
incorporates the cryo-EM map as a constraint in structure refinement. The structures obtained
from the modeling-based protocol were further subjected to molecular-dynamics-based
refinement, in which the structures were adjusted in greater detail. During molecular dynamics
simulation, the pseudo-energies and forces derived from the grid representation of the cryo-
EM map were used in conjunction with the standard force field energy function and implicit
solvation model to guide the sampling in conformational space. After refinement, the
conformation with the best density fitting score was selected as the final model from the
ensemble of candidates.

Transcriptase reactions and in vitro RNA transcription assay

Purified virions of GCRYV at a concentration of about 2 mg/ml in 10 mM phosphate-buffered
saline were digested with 100 mg/ml of chymaotrypsin at 37 °C to generate transcription-
competent cores for transcriptase reaction. Chymotrypsin digestion was stopped by placing the
reaction mixtures on wet ice, and cores were then recovered by CsCl gradient centrifugation.
21 The final pellet was resolved in 10 mM phosphate-buffered saline and stored at 4 °C. We
followed previous publications?’—49 for our GCRV transcriptase reactions. Briefly, the
reactions were performed in 250-pl volumes containing 100 mM Tris—HCI, pH 8.0; 10 mM
MgCl,; 3.3 mM phosphoenolpyruvate; 100 pg/ml of pyruvate kinase; 0.4 umol each of ATP,
GTP, CTP and UTP; 2.0 uCi of [a-32P]ATP; and 50 pl of digestion mixture or purified virus
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sample. The reactions were incubated at 28 °C for 90 min, after which 25-ul portions were
removed and precipitated by adding 500 pl of 5% trichloroacetic acid. Precipitates were
collected by filtration through Whatman GF/C filters, and radioactivity was measured by
counting with a Beckman liquid scintillation counter.

The complete RNA transcriptase reaction mixture contained the following components in a
volume of 1.5 ml: 30 umol Tris—HCI buffer, pH 8.5; 5.0 umol MgCl,; 3 pmol
phosphoenolpyruvate; 1 pmol pyruvate kinase; 3 umol each of ATP, GTP, CTP and UTP; and
approximately 0.5 mg each of purified GCRV virion and core. After incubation at 28 °C for
30 min, samples were removed from the reaction mixture with a chilled pipette and synthesis
was terminated by placing the sample on wet ice. Reaction cores were further purified by CsCl
gradients as described elsewhere2” and further diluted with components of a cytochrome ¢
spreading mixture to give a final concentration of 100 pg of cytochrome ¢ per milliliter and
1% formaldehyde. Following surface spreading was performed as described previously.0:51
The samples were negatively stained and imaged in a transmission electron microscope.

Data deposition and accession numbers

The electron density maps and associated backbone models reported here have been deposited
with the Electron Microscopy Data Bank at the European Bioinformatics Institute under
accession code EMD-1653 and with the Protein Data Bank under accession code 3K1Q.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Cryo-EM density map and backbone models of GCRV. (a) Density map of an asymmetric unit
(left panel) segmented out from the GCRYV virion reconstruction (upper right). The trimers (Q,
R, S, T) are labeled using the nomenclature of bluetongue virus and are colored differently.
18 (b) Density map of an asymmetric unit of the core (left). The core map (upper right) was
computationally extracted from the GCRV virion map shown in (a). (c) Cryo-EM densities
(wire frames) and models (ribbons) of a-helices (left and middle) and a 8-sheet (right) selected
from VP6A and VP3A. Densities corresponding to some bulky side chains and partially
resolved B-strands are resolved. (d) Backbone models of the virion (left) and an asymmetric
unit (right). (e) Backbone models of the core (left) and an asymmetric unit (right). Different
proteins (VP1, VP3A, VP3B, VP6A, VP6B and VVP1) are shown in different colors.
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Fig. 2.

Molecular interactions involved in the assembly of the core. (aand b) VP3A and VP3B models
(ribbons) superimposed with their cryo-EM density maps (semitransparent gray). Their
subdomains are shown in different colors. (c) Three copies of VP3B organized as a group of
three around a 3-fold axis, as viewed from inside the virion. The icosahedral symmetry axes
are designated by numbers (“2”, “3” and “5”, for 2-, 3- and 5-fold axes, respectively). The area
enclosed in the red dashed box is enlarged and rotated 90° and shown in the box on the right.
(d) The extended loops under the icosahedral 2-fold axis (indicated by “2”) and their zoomed-
in views. In the zoomed-in view on the right, the atomic model is superimposed in the
semitransparent density map and the amino acids contributing to the formation of the kinked
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bridge are indicated. (e) Organization of the core. Left: ribbon model of the core showing the
organization of VP3A (green), VP3B (red) and VVP6 (cyan); right: zoomed-in view of a region
containing VP3A, VP3B, VP6A and VP6B. The backbone models are shown as ribbons and
are superimposed with the cryo-EM density maps shown semitransparently.
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Fig. 3.

VP3B-RNA interactions and conformational changes of VP3B between the virion and the
transcription-competent core. (a) Stereo zoomed-in view of the loop region of VP3B facing
the dsRNA genome inside the virion. The dashed region in the inset illustrates the region of
the VP3B shown. The N-terminal extension is highlighted in blue, while the C-terminal loop
(residues 175-186) of VP3B is highlighted in red. (b) Side view of a 12-A-thick slab cut along
the line drawn in the inset icon view of (a). (c) Negative-stain EM image of transcription-
competent transcribing cores. The strands attached to the icosahedral vertices are nascent RNA
molecules being released from the cores. (d) Negative-stain EM image of the intact non-
transcribing virions. (€) A region of the core inside the virion, containing three copies of VP3B
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and a copy of VP3A, as viewed from outside of the virion. (f) Structure of the transcription-
competent core (gray) superimposed with the virion molecules (color) shown in (e). (g)
Zoomed-in view of the area marked by the red box in (f) after a rotation of 180°. (h) Top: Side
view of the yellow boxed region in (g); bottom: backbone models of the same shell proteins
(same view and color scheme). (i) Identical with (g) except that the blue virion VP3B was
removed. The blue amino-terminal region is disordered and not visible in the transcription-
competent core. (j) Top: Side view of the yellow boxed region in (i); bottom: backbone models
of the same shell proteins (same view and color scheme).
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Comparison between GCRV VP1 and MRV A2. (a) Ribbon diagram of VVP1 with functional
domains shown in different colors. (b) Superposition of VP1 (red) and MRV A2 (green), with
enlarged views of the flap and the GTase domains. The channel for nascent mRNA release is
marked by a dotted blue circle. (c) A slab of the cryo-EM map of pentameric turret (transparent)
superimposed with five copies of VP1 models shown as ribbons. The arrow points to a
protruding B-hairpin (Leu47-Thr57). The inset shows the core and the position of the slab
(pointed by the two arrows). (d) Schematic illustration of VVP1 depicting putative
conformational changes (arrows) associated with the transition from the open state to the closed
state of the turret protein. The right inset shows the VP1 GTase domain density (pink)
superimposed with its backbone model (green ribbon).
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Fig. 5.

Molecular interactions involved in the assembly of the outer shell. (a) A copy of VP1 and
adjacent trimer Q and a zoomed-in view of their contact sites. Key residues at the contact sites
are indicated. (b) Top view of the trimers R and S. (c) Side view of trimers R and S. (d) Two
slabs as indicated in (c). (€) Zoomed-in view of the contact sites between the VVP5 molecules
in two neighboring trimers.
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Table 1

GCRYV VP3 sequence identity with shell proteins of other reoviruses

Amino-terminal segment (up to the CCHH motif) sequence

Full-length sequence identity/similarity (%) identity/similarity (%)
American GCRV VP3 77/86 52/63
MRV A1 31/45 14/21
Avian reovirus AA 30/44 9/19

The National Center for Biotechnology Information accession numbers of GCRV VP3, American GCRV VP3, MRV A1 and avian reovirus AA are
AAG10437, YP_001837096, ABP48915 and AAT27445, respectively.
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Table 2

Transcription activities of GCRV virions and cores

Incorporated radioactivity CPM@ (x103)

Intact virions 1.24+0.07
Cores 6.83+0.43

a S . . . e
Incorporated radioactivity as measured in counts per minute (CPM). A low incorporated CPM value means a low rate of transcription.
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