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SUMMARY

Unlike those of double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), and ssRNA viruses, the mech-
anism of genome packaging of dsRNA viruses is poorly understood. Here, we combined the techniques of
high-resolution cryoelectron microscopy (cryo-EM), cellular cryoelectron tomography (cryo-ET), and struc-
ture-guided mutagenesis to investigate genome packaging and capsid assembly of bluetongue virus
(BTV), a member of the Reoviridae family of dsRNA viruses. A total of eleven assembly states of BTV capsid
were captured, with resolutions up to 2.8 A, with most visualized in the host cytoplasm. ATPase VP6 was
found underneath the vertices of capsid shell protein VP3 as an RNA-harboring pentamer, facilitating RNA
packaging. RNA packaging expands the VP3 shell, which then engages middle- and outer-layer proteins
to generate infectious virions. These revealed “duality” characteristics of the BTV assembly mechanism
reconcile previous contradictory co-assembly and core-filling models and provide insights into the myste-

rious RNA packaging and capsid assembly of Reoviridae members and beyond.

INTRODUCTION

Unlike the genomes of cells, which universally use double-
stranded DNA (dsDNA), the genomes of viruses can be either
DNA or RNA and in either ds or single-stranded (ss) forms.
Genome packaging is well understood for dsDNA and ssDNA vi-
ruses, in which either dsDNA duplex or unwound ssDNA,
respectively, is inserted into a pre-formed proteinaceous capsid
across a vertex of the capsid through an ATP-driven process.’™
Genome packaging for ssRNA viruses does not involve ATP hy-
drolysis; instead, ssRNA can serve as a scaffold and co-
assemble with viral proteins to form ssRNA viruses.*” However,
without in situ viral structures of active genome-packaging and
capsid-assembling events and high-resolution structures of as-
sembly intermediates, our understanding of genome packaging
of dsRNA viruses remains incomplete, as reflected by the
sharply different models proposed.® For example, the core-filling
model posits that RNA is inserted into a pre-formed capsid,® a
mechanism akin to that of the dsDNA viruses; on the contrary,
the co-assembly model posits that viral proteins and RNA coa-
lesce to form a capsid.'®'? Understanding of the RNA pack-
aging and capsid assembly mechanism of dsRNA virus is impor-
tant not only for bridging the knowledge gap of this basic and
essential process of viral replication and spread but also for
designing vaccines and drugs to combat these viruses.'*'*
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Viruses in the family of Reoviridae are among the most exten-
sively studied dsRNA viruses and infect a wide range of hosts,
ranging from humans to insects and plants. Of the greatest pub-
lic health concerns among these viruses are rotavirus and blue-
tongue virus (BTV), which cause diarrhea in humans and deaths
in livestock, respectively.’® Often used as model systems in
studying dsRNA viruses, both BTV and rotavirus belong to the
non-turreted subfamily (Sedoreovirinae) of Reoviridae. The BTV
virion is composed of three layers of capsid proteins surrounding
a genome of 10 dsRNA segments, which encode seven struc-
tural proteins (VP1-VP7) and four non-structural proteins (NS1-
NS4)."" The structures of the BTV core and virion have been
determined to near-atomic resolution by X-ray crystallography
and cryoelectron microscopy (cryo-EM)."®"'® The single-layered
BTV subcore is composed of 60 VP3 dimers arranged ina T = 2
icosahedral lattice encapsulating the dsRNA genome, referred to
as the subcore. The subcore is stabilized by an assembly of 260
VP7 trimersin a T = 13 icosahedral lattice in the middle layer, re-
sulting in the double-layered core."' The BTV virion contains
three layers of capsid proteins, with 120 globular trimers of
VP5 and 60 triskelion-like VP2 trimers interdigitating one another
in the outer layer.'” Cryo-EM results from icosahedral-structure-
guided sub-particle reconstructions showed that, in the core and
virion, one copy of polymerase VP1 binds to the VP3 shell at each
vertex inside the capsid near the icosahedral 5-fold axis.'®
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Biochemical experiments have demonstrated that the minor pro-
tein VP6 is an ATPase and RNA helicase'® and is essential for the
packaging of 10 ssRNA segments into the capsid,”®" where the
ssRNA segments are replicated into dsRNA by polymerase VP1.
Despite this structural knowledge of these three forms of BTV
capsids, the physiological significance and the temporal order
of the various capsid forms have not been established. Addition-
ally, how newly synthesized ssRNA segments are packaged
within the capsid subcore is still disputed due to the difficulty
of studying these intra-cellular and dynamic events, which has
resulted in a complete absence of high-resolution structures of
assembly intermediates for these viruses.

Here, we used a combination of cellular cryo-ET, high-resolu-
tion single-particle cryo-EM, and structure-guided mutagenesis
to investigate BTV replication and capsid assembly within
cultured cells. By capturing a total of eleven assembly states
of BTV by cryo-EM and cryo-ET, we revealed the structural basis
of VP6-facilitated ssRNA packaging and suggested a duality
model of BTV capsid assembly that has features of genome
packaging mechanisms of both dsDNA and ssRNA viruses.
These results provide general insight into the mysterious assem-
bly of Reoviridae members and beyond and may contribute to
the development of antiviral drugs against these viruses.

RESULTS

Cellular cryo-ET captures BTV assembly intermediates
with and without RNA

To investigate the sequential processes of BTV assembly in host
cells, we grew baby hamster kidney (BHK21) cells on gold EM
grids and infected them with BTV (see STAR Methods). The cells
were plunge-frozen in liquid ethane, and thin lamellae with thick-
nesses of around 250 nm were generated by cryogenic focused
ion beam (cryo-FIB) milling (Figures 1A and 1B). Cryo-ET recon-
structions (fomograms) from these lamellae show tubes formed
by BTV non-structural protein NS1 ,%2 clear features of different
virus capsids, and ribosomes and vesicles from the host cells
(Figures 1C-1H and S1).

During the BTV replication cycle, non-structural protein NS1
regulates protein synthesis, while non-structural protein NS2 en-
gages the viral genome and structural proteins in the virus inclu-
sion body (VIB), where virus assembly occurs.?® The tomograms
(Figures 1E and 1F) show that the VIB is a non-membrane-
bounded condensate of viral capsids. These viral capsids were
observed to have different layers of proteins and different RNA
densities inside and were identified as assembly intermediates
of the BTV virion (Figure 1l). Similar viral capsid structures
were also observed in BTV-infected cells in the early stage
(Figure S1l).

The BTV virion comprises three layers of viral proteins. First, a
single-layered capsid with a diameter of around 55 nm was
observed inside the cell, composed of a thin protein shell with
weak density inside (Figures 1C, 1D, and 1l). This single-layered
capsid represents the innermost protein layer and is designated
as the pre-subcore, as compared with the subcore. A second,
double-layered capsid, with a spiky surface and a diameter of
~68 nm, was identified inside the VIB as the BTV core (Figure 1E,
1F, and 1l; Video S1). The core is formed by VP7, layered over the
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pre-subcore. A third, triple-layered ~72-nm-diameter capsid
had a smooth surface; it represents the pre-virion state, with
outer-layer protein VP5 assembled on top of middle-layer VP7,
also in the VIB (Figures 1E, 1F, and 1l; Video S1). This observa-
tion of the pre-virion in VIB is consistent with previous results
from light microscopy, which showed that outer-layer protein
VP5 is associated with VIBs, facilitating virus maturation.
Outside the VIB, VP2 attaches to the capsid’s outer layer of
VP5, forming the complete virion (Figures 1G-1l and S1A). The
transmembrane protein NS3 was suggested to bridge the imma-
ture capsids and VP2 and to bring the newly formed virion to the
plasma membrane,”>? facilitating the virus egress process. In
line with this, we observed virion particles interacting with the
membrane (Figures 1G, 1H, S1B, and S1C; Video S2). This inter-
action is confirmed by subtomogram averaging, which shows
VP2 tip domain in the vicinity of the membrane (Figure S1D).
The membrane that interacts with BTV virions near the edge of
the host cell is fragmented, indicating that the outermost capsid
protein VP2 can destabilize the cell membrane and may facilitate
virus egress. In total, by cellular tomography, we captured six
states of BTV assembly in host cells (Figures 11 and S1E-S1H;
Table S1) with resolutions up to 7.2 A, which allows us to corre-
late these assembly states with high-resolution cryo-EM struc-
tures (described below) to infer the process of virus assembly
and egress.

High-resolution structures of assembly intermediates

of BTV

Next, to identify and resolve interactions between protein and
RNA within these assembly states for functional interpretation,
we performed single-particle cryo-EM on viral isolates that
were enriched from infected cells by a simple sucrose cushion
step. Cryo-EM images and images from 2D classification show
clear features of different assembly states, including single-
layered, double-layered, and triple-layered particles (Figures
S2A and S2B). These particles were further analyzed by 3D clas-
sification, resulting in a total of eight different assembly states:
single-layered pre-subcore and subcore; double-layered pre-
core (VP7 missing around the 5-fold axis) and core; triple-layered
virion; and three empty capsids (empty pre-core, empty core,
and empty virion), the byproducts of failed genomic RNA pack-
aging (Figures 2A and S2C). Compared with the intermediates
identified from cellular cryo-ET, the pre-virion, containing the
outer-layer VP5, was not found in the isolates by the current
workflow, whereas the dsRNA-filled, single-layered capsid, the
subcore, was sorted out from the isolates. The number of sub-
core particles (177) is less than 1% of that of both the pre-sub-
core and pre-core in the isolates, indicating the transient exis-
tence of this state. The number of empty capsids is less than
20% of all picked particles, suggesting that binding of genomic
RNA facilitates virus assembly.

To improve the resolution of these capsid assembly intermedi-
ates, we performed icosahedral-structure-guided sub-particle
reconstruction (Figure S2C). For the pre-subcore, two conforma-
tions that differed in invagination at the 5-fold axis were sorted
out by classification. The conformation (Conf1), which has a
higher resolution and better map densities, is used for further
analysis in this paper (Figures S2C and S2F). The local resolution
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Figure 1. BTV assembly intermediates in the host cytoplasm captured by cellular cryo-ET
(A) Scanning electron microscope (SEM) image of infected cells on EM grid prior to cryo-FIB milling. Example cells are outlined by dashed lines and indicated by

arrows.

(B) SEM image of a cell after FIB milling. Outline of the cell is indicated by dashed lines.
(C and D) A slice image (C) and corresponding 3D segmentation (D) from the cryo-ET reconstruction, showing the assembled pre-subcore.
(E and F) A slice image (E) and corresponding 3D segmentation (F) from a cryo-ET reconstruction, showing the BTV assembly intermediates within a virus in-

clusion body.

(G and H) A slice image (G) and corresponding 3D segmentation (H) of cryo-ET reconstruction, showing that virus egress is associated with membranes at the cell

periphery.
(l) Six states of BTV assembly captured by cellular tomography.

See also Figure S1 and Video S1 related to (E) and (F) and Video S2 related to (G) and (H).

map of the pre-subcore also shows flexibility at the 5-fold axis
(Figure S2G), indicating that the structure of the pre-subcore
may be able to adopt different invagination levels during RNA
packaging. For the pre-core, core, and virion, structures of
VP1 were resolved by local classification, with a mask at 5-fold
axis utilizing previously reported methods (Figure 2B).'® Similar
densities of VP1 at the 5-fold axis in the subcore are visible,
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though not well resolved (Figure 2B). In the empty particles
(empty pre-core, empty core, and empty virion), no extra den-
sities at the 5-fold axis were observed, even after local classifica-
tion (Figure S2C), suggesting that VP1 is absent from these as-
sembly states. Final sub-particle reconstructions of the eight
assembly states were obtained at resolutions ranging from 2.8
to 6.5 A (Figures S2C-S2H; Table S2). The structural features
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of the capsid protein VP7 and outer-layer proteins VP5 and VP2
match the previously solved cryo-EM structures of the BTV core
and virion,'®"” with the addition of full-length model building of
VP2, including the previously unmodeled tip domain, enabled
by the higher resolution of VP2 in our cryo-EM structure. By
contrast, the inner-layer protein VP3 has a drastically different
conformation in the pre-subcore than in other states (detailed
below). In addition, VP68, which was shown to be an ATPase
and RNA helicase,’® binds to the VP3 at the 5-fold axis only in
the pre-subcore; the same position is occupied by VP1 in other
states.

VP6 pentamer binds underneath VP3 to create an RNA-
threading tunnel in the pre-subcore

The single-layered capsid with VP3 invaginated at the 5-fold
axis, identified in the cellular tomogram and resolved at atomic
resolution by single-particle cryo-EM, is designated as the pre-
subcore (Figures 11 and 2A). At a lower map threshold, RNA den-
sity is visible inside the capsid and in the 5-fold tunnel formed by
VP3 and VP6 (Figure 3A). Unlike previous reports showing that
recombinantly expressed VP6 has different oligomerization
states, including hexamer,?” our cryo-EM structure of native
BTV particles shows that VP6 binds underneath the VP3 at the
5-fold axis as a pentamer in the pre-subcore, with each VP6
monomer binding to a VP3 dimer (Figures 3B and 3C). VP6 has
two globular a helix-rich domains: the capsid binding domain
(CBD), formed from both N- and C-terminal regions of the VP6
sequence; and the RNA-binding domain (RBD), formed from
the middle sections (Figures 3D and 3E). VP6 interacts with
VP3B apical domain (the VP3 protomer away from the 5-fold
axis) through its CBD, in line with previous results showing that
mutations in the CBD disrupt VP3-VP6 interaction.”’ Although
the RBD of VP6 has little contact with the capsid shell protein
VP3, five VP6 RBDs form a pentameric ring surrounding the
RNA density in the 5-fold tunnel (also referred to as the RNA-
binding tunnel) (Figures 3F-3H). The surface of the tunnel at
the 5-fold axis formed by VP3 and VP6 is about 18 Ain diameter
and rich in positively charged residues, complementary to the
negative charge of the bound RNA in the tunnel (Figures 3G
and 3H). Six positively charged residues (R167, K171, R177,
R188, R191, and K195) from each VP6 monomer and one from
a VP3 (R431) monomer, totaling 35 in the pentameric ring, line
the RNA-binding tunnel, providing strong interactions between
the capsid proteins and the genomic RNA. To quantify the inter-
actions between the capsid proteins and the RNA, we performed
an electrophoretic mobility shift assay (EMSA; see STAR
Methods) with the recombinantly co-expressed VP3 and VP6
complex and a synthetic 16-nt ssRNA (Figures 3I, S3A, and
S4A). The result shows that the VP3-VP6 complex with a wild-
type (WT) interface had strong RNA-binding activity, with an
apparent binding affinity Ky, of 192 nM. This binding activity
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attenuated more than 2 times with a VP3 R431F mutation
(K42 = 465 nM) and 4 times with double mutations on VP6
(R167E/K171E, Ky = 761 nM or R191E/K195E, Kip =
793 nM). These observed VP6-RNA interactions are consistent
with previous results showing that both mutation and deletion
of VP6 disrupted BTV replication, leading to empty capsid for-
mation.?° Overall, these results show that the ATPase VP6 forms
a pentamer underneath VP3 and binds to RNA during capsid as-
sembly and that this binding is essential for RNA genome
packaging.

RNA binding to the VP3-VP6 tunnel promotes capsid
assembly

We reason that the above-described RNA binding at the 5-fold
tunnel should strengthen the protein interactions within the
VP6 pentamer, thus increasing the stability of the capsid and
facilitating capsid protein assembly. To test this hypothesis,
we co-expressed His-tagged VP3 together with VP6 in insect
cells and carried out biochemical and structural analyses of mo-
lecular complexes VP3 and VP6 form. Sodium dodecyl sulfate
polyacrylamide-gel electrophoresis (SDS-PAGE) of the His-tag
purified protein materials shows that VP3 and VP6 interact with
each other and copurify (Figure S3A). Gel-filtration chromatog-
raphy and analytical ultracentrifugation analyses indicate that
VP3 and VP6 form a complex with a total molecular mass of
about 460 kDa (Figures S3A-S3C), suggesting there are likely
four copies of VP3 in the complex.

Next, we determined the exact molecular composition and
detailed interactions between VP3 and VP6 in the above isolated
complex by EM analysis. In both the original micrographs and 2D
class averages, there is a predominant complex (Figures S3D and
S3E) that, upon 3D reconstruction, is a VP3-VP6 heterohexamer
containing a tetramer of VP3 and two copies of VP6 (Figures 4A
and S3F-S3H; Table S3). The VP3-VP6 heterohexamer has C2
symmetry, with the 2-fold axis located at the interface between
two VP3 dimers (VP3A;-VP3B, and VP3A,-VP3B,, left panel in
Figure 4A). The dimer structure in the VP3-VP6 heterohexamer
is similar to the VP3A-VP3B dimer observed in the pre-subcore
(Figure 3C). Around the 2-fold axis, the dimerization domains of
VP3A; and VP3B; interact, as do those of VP3B; and VP3A; (Fig-
ure 4A). Similar to the situation in the pre-subcore, VP6 binds
through its CBD to the apical domain of VP3B; or VP3B,, and
the two VP6 molecules in the VP3-VP6 heterohexamer have no
contact with each other. The VP6 RBD is not visible in the VP3-
VP6 heterohexamer, indicating its flexibility. In addition to the
VP3-VP6 heterohexamer, we also observed pre-subcore-like
VP3-VP6 capsid (Figures S3F and S3l). The VP3 and VP6 struc-
tures in this particle are similar to those in the pre-subcore (Fig-
ure 3B), except that no RNA density is observed and the RNA-
binding domain of VP6 is not visible (Figure S3l). The electrostatic
repulsion between the positively charged residues in the central

Figure 2. High-resolution structures of BTV assembly intermediates resolved by cryo-EM

(A) Cryo-EM maps from icosahedral reconstruction of BTV assembly intermediates. Among the eight states shown in Figure S2, only five contain RNA and are
shown here. For each viral particle, structures around one of the 12 vertices are colored. The red circle demarcates the area for sub-particle reconstruction.
(B) Corresponding vertex reconstructions by sub-particle boxed out from the BTV assembly intermediates in (A). Densities segmented out for different protein and

RNA molecules are colored differently, as labeled.
See also workflow and additional assembly states in Figure S2.
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Figure 3. VP6 pentamer binds underneath VP3 decamer to create an RNA-threading tunnel in the pre-subcore
(A) Cut-open view of the reconstruction of the pre-subcore, showing VP6 (pink) pentamer threading the RNA (light purple) from outside to inside.
(B) Cryo-EM density of VP3, VP6, and RNA in the sub-particle reconstruction from pre-subcore. The RNA density at the 5-fold axis is low-pass filtered to 20 A and

shown in light purple.

(C) Atomic model of the VP6 pentamer (surface view) and the VP3 decamer (ribbons) in the pre-subcore, viewed along the same orientation as in (B). The two VP3

molecules (VP3A, cyan, and VP3B, green) are highlighted.

(D and E) Domain organization (D) and atomic model (E) of VP6. RBD, RNA-binding domain; CBD, capsid binding domain.
(F and G) Binding of RNA in the 5-fold tunnel formed by a VP6 pentamer and a VP3 decamer. The structure in (B) is rotated 90° and cut open to show the cryo-EM

densities (F) and surface charge properties (G) of the RNA-binding tunnel.
(H) RNA-protein interactions in the RNA-binding tunnel of pre-subcore.

(I) RNA-binding affinity (measured by EMSA) of the recombinant complexes containing either WT or various mutations of VP3 and VP6. The apparent binding
affinity Ky, values were estimated from protein concentration at 50% saturation. Error bars, SD (n = 3 independent measurements).

See also Figures S3 and S4.

tunnel may interfere with pentamer formation in the absence of
RNA. The flexibility of VP6 RBD in the absence of RNA is consis-
tent with the small buried surface area (307 Az) between two
RBDs upon RNA binding, showing no strong interactions be-
tween the RBDs in the absence of RNA. These observations indi-
cate that the VP3-VP6 heterohexamer is a precursor of BTV
capsid assembly, and RNA is important for capsid assembly.

We then asked how RNA participates in capsid assembly.
When incubated in the absence of RNA, the VP3-VP6 complex
assembles into capsids, albeit with low efficiency and lack of
RNA density at the 5-fold axis (Figures 4B and 4C). By contrast,
incubation of VP3-VP6 in the presence of ssRNA greatly
enhanced the efficiency of assembling the VP3-VP6 complex
into icosahedral capsids (Figures 4B, lanes 1 and 2, 4C, S4B,
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(A) Cryo-EM structure of the recombinant VP3-VP6 complex shown as shaded surfaces colored by protein subunits.
(B) Coomassie blue-stained SDS-PAGE profiles of VP3-VP6 capsids in vitro assembled by wild-type or various mutants of VP3 and VP6 in the absence and
presence of 60 nt ssRNA. Assembled capsids were pelleted by centrifugation and resolved by SDS-PAGE. Results represent three independent biological

replications. Quantification was performed and shown in Figure S4B.

(C) Negative staining TEM images of recombinant VP3-VP6 complex in the absence and presence of 60 nt ssRNA. Red arrows point to assembled capsids.
(D) Plaque formation at 72 h post-transfection of reverse genetics (see details in STAR Methods). RNA genome segments used were either WT or with indicated

mutations on VP3 or VP6. Several plaques are indicated with green arrows.

(E and F) Cryo-EM reconstructions of the in vitro-assembled capsid using recombinant VP3-VP6 complex and 40 nt poly-U ssRNA, capturing star-subcore (E) and
pre-subcore (F) conformations. Regions used for sub-particle reconstructions are indicated by the red circle.
(G) Structure of the star-subcore. Three VP3 tetramers are colored, together with bound RNA at 5-fold, showing the assembly of the BTV capsid.

See also Figures S3, S4, and S5 and Video S3.

and S4D). Capsid assembly was also enhanced when incubation
was done in the presence of the purified BTV genome segment
S10 (Figure S4E). Similar to how capsid assembly is enhanced
by RNA-protein interactions, we predicted that increasing pro-
tein-protein interactions in the 5-fold tunnel should also enhance
capsid assembly in the absence of RNA. Indeed, by increasing

2242 Cell 187, 2236-2249, April 25, 2024

VP3-VP3 interactions through Arg431 to Phe mutation within
the tunnel (Figure 3H, lower panel), we demonstrated increased
capsid assembly activity —even without adding RNA (Figure 4B,
lanes 3 and 4). However, our structure predicts that this mutation
blocks the RNA-binding tunnel; indeed, BTV bearing this muta-
tion (VP3 R431F) failed to recover when tested with the reverse
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genetics method, despite multiple attempts (Figure 4D). By
contrast, proteins with a double mutation in the VP6 RNA-bind-
ing site (R167E/K171E or R191E/K195E) decrease VP6-RNA
binding; as expected, VP6 carrying these mutations showed
low assembly activity (30% that of WT) when incubated with
RNA (Figures 4B, lanes 5-8 and S4B-S4D), and no virus was
recovered when the BTV genomes carrying these two mutations
were used for reverse genetics (Figure 4D). Taken together,
these results from our structure-based functional studies show
that RNA binding at the 5-fold tunnel is important for capsid as-
sembly and virus replication.

Cryo-EM reconstruction of the above capsid assembled in the
presence of synthetic ssRNA revealed two different icosahedral
configurations of the single-layered capsid: pre-subcore (80%)
and star-subcore (20%) (Figures 4E, 4F, and S5A-S5D). The
structure of the pre-subcore from the in vitro-assembled capsid
sample is the same as that of the pre-subcore from capsids iso-
lated from infected cells, with a VP6 pentamer bound underneath
the VP3 decamer at each vertex. RNA density is observed within
the 5-fold tunnel but not inside the capsid (Figure 4F). As in the
pre-subcore, VP6 in the star-subcore also forms a pentamer un-
derneath VP3 and binds to RNA at the 5-fold axis (Figure 4E).
However, VP3 at the 5-fold axis invaginates 55 A further in the
star-subcore than in the pre-subcore (Figures S5E and S5F).
This large invagination of the capsid shell protein in the star-sub-
core is reminiscent of that of single-layered particles of reovirus
observed in situ (Figure S5G).?® The structures of the VP3 proto-
mer in both the pre- and star-subcore are the same, but both
VP3A and VP3B rotate outward as rigid bodies, about 30° from
the star-subcore to the pre-subcore (Figure S5F; Video S3),
increasing by 1.7 times the inner space encapsulated by VP3,
from 2.7 x 107 to 4.6 x 107 A%, Recombinant VP3-VP6 hetero-
hexamer has the same conformation as that in the star-subcore
(Figures 4A, 4G, and S5E), suggesting that the VP3-VP6 hetero-
hexamer is an early assembly intermediate before RNA binding.
Instead of VP3 being assembled into a decamer first at one ver-
tex, the adjacent vertices are assembled simultaneously by us-
ing VP3-VP6 heterohexamers as building blocks (Figure 4G). In
total, capturing the VP3-VP6 heterohexamer, star-subcore,
and pre-subcore, which represent early stages in BTV capsid as-
sembly, further supports the idea that RNA binding enhances
BTV capsid assembly and that rearrangement of VP3 can lead
to BTV capsid expansion during RNA packaging.

Conformational change of VP3 results in capsid
expansion during RNA packaging

In the BTV particles present in the viral isolates from infected
cells, the subcore, the RNA-filled single-layered particle, was
sorted out and reconstructed to 6.5 A. The space inside the
capsid is fully occupied by RNA, and more than two layers of
the RNA are visible (Figures 5A and 5B). The RNA density in
the subcore is comparable to that resolved in the core and virion,
suggesting that genome replication from ss- to dsRNA has
already occurred at this state. The VP3 of the subcore arranges
in a spherical shape, without invagination at the 5-fold axis
(Figures 5B and 5C), as opposed to the deep invagination in
the pre-subcore mentioned above. Underneath the VP3 at
each vertex, VP6 is replaced by VP1. However, due to limited
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particle numbers, we were unable to resolve the asymmetry of
VP1 at this state, even though VP1’s smeared density is clearly
visible (Figure 5B). Comparing the structures of the pre-subcore
and subcore shows the conformational changes of VP3 at the
5-fold axis, expanding the inner space encapsulated by VP3
from 4.6 x 107 A% in the pre-subcore to 5.5 x 107 A% in the sub-
core (Figures 5D-5F; Video S4). The two VP3 subunits (VP3A and
VP3B) in a dimer move differently: VP3A in the dimer rotates 40°
outward, involving a hinge-like flex of 27° within the molecule,
while VP3B in the dimer rotates 25° outward, involving a hinge-
like flex of 16° within the molecule (Figure 5G). In addition, local
structures within the VP3A and VP3B protomers also change af-
ter capsid expansion. The N-terminal o helix (24-61) in VP3A is
released from the VP3 apical domain to bind VP1 in the subcore
(Figures S6A and S6B). Although the N-terminal 3-hairpin (amino
acids [aa] 12-24) and apical loop (aa 306-334) of VP3B dock on
the surface of VP6 in the pre-subcore, they are both restructured
to adapt for VP1 binding in the subcore (Figures S6C and S6D).
After the capsid expansion from pre-subcore to subcore, the
structure of VP3 changed to adapt VP1 binding and is no longer
suitable for the binding of VP6, which will detach from the VP3
shell and remain inside the capsid. Interestingly, within the three
empty states of the BTV capsid (empty pre-core, empty core,
and empty virion), no density of VP1 is observed, even after local
classification at the 5-fold axis, indicating that packaging of
genomic RNA inside the capsid is necessary for polymerase
VP1 to dock near the 5-fold axis of the inner capsid shell to
interact with the N-terminal o helix of VP3A. In conclusion, pack-
aging and replication of genomic RNA segments induce the
expansion of capsid shell protein VP3, accompanied by the
replacement of VP6 by polymerase VP1 at the 5-fold axis.

Stepwise assembly of middle-layer protein VP7 and
outer-layer proteins VP5 and VP2

After assembly of the inner-layer protein VP3, middle-layer pro-
tein VP7 and outer-layer proteins VP5 and VP2 start to assemble
on the T = 2 VP3 shell. Each BTV particle contains a total of 260
VP7 trimers in the middle layer, arranged into a T = 13 shell, with
13 trimers in each facet of the virus. The symmetry mismatch be-
tween the inner- and middle-layer proteins creates different
binding sites for the 13 VP7 trimers, of which the trimer at the
icosahedral 3-fold axis has the strongest interaction with
VP3.29 In line with this interaction, the VP7 trimer at the 3-fold
axis was observed to be the first trimer assembled on the VP3
shell in the pre-subcore (Figure 6A). In the pre-core, nine VP7 tri-
mers are subsequently assembled around that first VP7 trimer. In
the core state, assembly of the VP7 layer is finished by incorpo-
rating trimers around the 5-fold axis that make the least favorable
contacts with VP3. This sequential VP7 assembly is also sup-
ported by BTV capsids produced in a recombinant expression
system.®**" Following the assembly of middle-layer VP7, 120
copies of VP5 trimers are stepwise incorporated into the capsid
by docking into the cavities formed by six adjacent VP7 trimers,
resulting in the pre-virion state. Finally, 60 copies of VP2 trimers
are incorporated on top of the pre-virion, forming the virion (Fig-
ure 6B). Our cellular tomography shows that the association of
VPS5 in the pre-virion occurs in the VIB (Figures 1E, 1F, and 1),
while VP2 is assembled outside of the VIB. This sequential
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Figure 5. Conformational changes of capsid shell protein VP3 during RNA packaging

(A) Cut-open view of the reconstruction of the subcore, showing the densities of RNA and polymerase VP1.

(B) Cryo-EM density at 5-fold vertex obtained by sub-particle reconstruction. The densities of RNA and VP1 are low-pass filtered to 20 A
(C) Atomic model of the VP3 decamer shown as ribbon. One VP3 dimer with two VP3 protomers (VP3A and VP3B) are highlighted.

(D) Central slices of icosahedral reconstructions of pre-subcore and subcore.

(E) Comparison of the shapes of pre-subcore and subcore. Images of pre-subcore and subcore from (D) are superposed and represented by magenta and green
circle, respectively. Arrows show capsid expansion and conformational changes at 5-fold vertices.
(F) Structure superposition of pre-subcore and subcore showing the conformational changes of VP3 during RNA packaging. Arrows indicate the movements of

VP3 at 5-fold axis.
(G) Conformation changes of VP3A (left) and VP3B (right) from (F).
See also Figure S6 and Video S4.

assembly of outer-layer proteins is supported by previous results
of light microscopy showing that VP5, but not VP2, is associated
with VIBs during assembly.?**? The fully assembled BTV virions
are then trafficked to interact with the host cell membrane
(Figures 1G, 1H, and S1B-S1D). This interaction of VP2 with
cell membrane, possibly via interactions between VP2 tip
domain and NS3 (the only membrane protein of BTV),?%%%% is
important for the virus egress process. The tip domain of VP2,
mainly comprising « helices (Figures 6C and 6D), is also impor-
tant for receptor binding®® during viral infection in a new virus
replication cycle.

DISCUSSION

RNA-binding tunnel in the pre-subcore

By integrating cellular cryo-ET, single-particle cryo-EM, struc-
ture-guided mutagenesis, and in vitro assembly assays, we ob-
tained and characterized a total of eleven different assembly
states of the BTV capsid. These include the VP3-VP6 heterohex-
amer and star-subcore from in vitro-assembled capsids, eight
different states (pre-subcore, subcore, pre-core, core, virion,
empty pre-core, empty core, and empty virion) from the BTV
isolate of infected cells, and pre-virion from host cytoplasm by
cellular tomography. Within the eleven assembly states, the pre-
viously uncharacterized pre-subcore captured in this study is
key to understanding the early stage of BTV assembly and
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genomic RNA packaging. In the pre-subcore, VP6 binds under-
neath the VP3 shell as a pentamer and forms an RNA-binding
tunnel together with VP3. RNA density is observed inside the tun-
nel, threading from outside to inside the BTV capsid. Mutation of
VP3 Arg431 to phenylalanine blocks the RNA-binding tunnel in
the pre-subcore but not the transcript exit channel in the core.
Although the VP3-VP6 complex with the VP3 R431F mutation
has high capsid assembly activity (Figures 4B and S4B-S4D),
transfection of the BTV genome bearing this mutation failed to
recover any infectious viral particles (Figure 4D). This result indi-
cates that blocking of the RNA-binding tunnel in the pre-subcore
may stop RNA threading and packaging and further supports the
essential role of the RNA-binding tunnel to BTV replication. VP6
is an ATPase and RNA helicase'® that binds to RNA in the 5-fold
tunnel, suggesting that VP6 functions as a motor to thread the
ssRNA segments into the pre-subcore. However, RNA polymer-
ase VP1 may also have functions in this process as it is essential
for capsid assembly,*° despite being unresolved in the pre-sub-
core structure (Figure 3A).

Our results point to both shared and divergent features
across viruses in the large family of Reoviridae. The star-sub-
core and pre-subcore of BTV, an unturreted member of the Re-
oviridae, resemble the star-shaped, single-layered particles of
turreted reovirus®® and unturreted rotavirus®” observed in
cellular tomography. This suggests that the RNA packaging
and capsid assembly processes in both unturreted and turreted



members of the Reoviridae family involve a single-layer, star-
shaped intermediate, which expands after RNA packaging. In
BTV, we observed VP6 cryo-EM density inside the capsid at
5-fold vertices (Figure 3A); by contrast, in rotavirus, a globular
density was observed outside star-shaped single-layer parti-
cles and was assigned as RNA polymerase.®” In the turreted
reovirus, neither protein nor RNA densities were observed in
the star-shaped particles at 5-fold.?® Further studies would
be required to test the similarity of the RNA packaging process,
as homologs to BTV VP6 are yet to be discovered in rotavirus
and reovirus.

Roles of RNA in the assembly of infectious BTV capsids
The BTV genome contains 10 RNA segments, presenting a
challenge for packaging all segments simultaneously into anin-
fectious capsid. Interactions among the 10 genomic ssRNA
segments and between RNA and proteins seem to offer the so-
lution to this challenge for BTV capsid assembly.*®*53° RNA-
RNA and RNA-protein interactions in rotavirus are also impor-
tant for packaging all genomic RNA segments.®“° Our in vitro
assembly assays using recombinant VP3-VP6 complex
showed that binding of RNA by VP6 greatly promotes BTV
capsid assembly (Figures 4B and 4C). RNA interaction with
the inner surface of the VP3 shell in the BTV core has been
shown to increase BTV capsid stability.*'** This VP3-RNA
interaction may also function to facilitate RNA packaging and
assembly of the pre-subcore. In addition, in the relatively minor
species of BTV capsids that were formed without RNA (such as
the empty pre-core, empty core, or empty virion in Figure S2C),
no RNA polymerase VP1 was observed underneath the 5-fold
vertices, indicating that RNA is also important for the incorpo-
ration of polymerase VP1 into the capsid at the 5-fold, and
RNA-protein interactions possibly enhanced capsid assembly.
Similarly, rotavirus RNA polymerase binds to the ends of ssRNA
and is incorporated in the early assembly stage.®*® This notion
of RNA-facilitation to capsid assembly is consistent with the
co-assembly model of dsRNA genome packaging for infectious
particles.’"'?
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Figure 6. Stepwise incorporation of middle-
layer VP7 and outer-layer VP5 and VP2

(A) Close-up views of the cryo-EM maps of the pre-
subcore, pre-core, and core in Figure 2, highlighting
the sequential addition of the VP7 trimers around the
3-fold axis. A facet of the icosahedral reconstruction
in each state is indicated by a red dashed triangle.
The pre-subcore is shown at a lower threshold than
that in Figure 2.

(B) Cryo-EM map of the virion by sub-particle
reconstruction at the 5-fold vertex.

(C and D) Structure of VP2 in ribbons showing the
previously unmodeled VP2 tip domain.

Duality model of genomic RNA
packaging of BTV

Although our discovery that RNA binding
promotes BTV capsid assembly is consis-
tent with the previously proposed co-as-
sembly model of Reoviridae family dsRNA
viruses,'"'? the threading of RNA through the 5-fold tunnel
formed by VP3 and VP6 from outside to inside the pre-subcore
resembles the core-filling model of dsRNA virus Phi6 in Cysto-
viridae.® Thus, the capture of the pre-subcore state reconciles
the two sharply different and seemingly incompatible models
of dsRNA virus assembly. On this basis, we propose a model
of BTV assembly, which we term the duality model (Figures 7
and S7) because the strategy of dsRNA virus genome pack-
aging combines elements of genome packaging strategies
used by ssRNA and DNA viruses. After transcription and trans-
lation in the host cell cytoplasm, viral proteins and ssRNA seg-
ments start to assemble in the VIB. ssRNA segments interact
with each other to ensure packaging of all ten segments®® and
promote capsid assembly through their interactions with VP6
and VP3, forming the invaginated single-layered star-subcore
or pre-subcore. At this step, the adjacent vertices are assem-
bled simultaneously by using the VP3-VP6 heterohexamer as
building blocks. Parts of the RNA segments may still hang
outside the capsid; the depth of VP3 invagination may depend
on the amount of RNA encapsulated at this stage. In the star-
subcore and pre-subcore, the VP6 pentamer binds underneath
VP3 at each vertex, forming an RNA-binding tunnel through
which the rest of ssRNA can thread from outside to inside the
capsid. Replication of the ssRNA into dsRNA by polymerase
VP1 expands the capsid, with VP6 detachment and VP1 dock-
ing at the 5-fold forming a dsRNA-filled single-layered subcore.
The middle-layer protein VP7 is subsequently assembled in the
VIB, forming a core, followed by addition of the outer-layer pro-
tein VP5 to form a pre-virion. Finally, a virion is formed by attach-
ment of outer-layer protein VP2, which can interact with the cell
membrane through non-structural protein NS3 to drive virus
egress. Endocytosis of newly assembled virions enables a
new viral replication cycle (Figure S7).

In summary, we captured eleven 3D atomic snapshots of BTV
assembly. Our combination of structural analysis and functional
validation has enabled a model of RNA packaging and capsid
assembly for BTV. This study provides general insights into
the mysteries of RNA packaging and capsid assembly of
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Figure 7. The duality model of BTV RNA packaging and capsid assembly

The assembly of BTV occurs in the host cell cytoplasm. Ten ssRNAs interact with each other to ensure packaging of all genomic RNA segments. RNA binding to
the VP3-VP6 complex promotes capsid assembly into the star-subcore and pre-subcore, with RNA polymerase VP1 also incorporated (major pathway). After
threading of ssRNA through the 5-fold tunnel and replication of ssRNA into dsRNA, the capsid is expanded to a spherical shape, accompanied by the
replacement of VP6 by VP1 at the 5-fold axis. This duality model of BTV capsid assembly has the elements of both the co-assembly and core-filling models. The
engagement of middle-layer protein VP7 starts from the capsid 3- to 5-fold axis, leading to the double-layered core. Finally, the outer-layer proteins VP5 and VP2
bind to the BTV core sequentially, resulting in the triple-layered virion. Meanwhile, the minor pathway of capsid assembly (capsid protein assembly, which failed in
RNA packaging) also occurs in the host cell, leading to the empty virion.

See also Figure S7.

Reoviridae members and beyond. Moreover, high-resolution
structures of BTV assembly intermediates and the actions of
VP6 rationalize the BTV vaccine based on a VP6-deficient par-
ticle.' This study advances our understanding of the RNA
packaging and capsid assembly of dsRNA viruses and opens
the door for designing packaging-deficient capsids as vaccines
and capsid-assembly inhibitors as antivirals against these
viruses.

Limitations of the study

Although we have already described eleven states of BTV capsid
assembly, we expect that other assembly intermediates, partic-
ularly transient or fast-changing ones that are thus difficult to
capture, should exist in the cell. Notably, ssRNA is threaded
through the 5-fold tunnel into the pre-subcore, but our study
only used a short synthetic RNA. Because the number of RNA
segments of members of Roeviridae can vary from nine to twelve
and the length of these segments differs greatly within each vi-
rus, RNA packaging would be an understandably complex and
dynamic process. Cryo-EM snapshots can only represent spe-
cific time points of the assembly pathway. To investigate mech-
anisms of RNA packaging and translocation by VP6, other
methods, such as single molecular Forster resonance energy
transfer (smFRET), are desirable to capture the dynamics pro-
cesses of RNA packaging and capsid assembly in real time.
RNA polymerase VP1 has an important role in ssRNA packaging
and synthesis of the complementary RNA strand during capsid
assembly, but it is not resolved in the pre-subcore of BTV, sug-
gesting potential rearrangement, possibly with the yet-to-be-
located capping enzyme.** Any roles of these “missing” en-
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zymes in RNA threading through the 5-fold tunnel await future
investigations.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

BTV-1 virus stain Maintained in the lab N/A

BHK21 cell
Sf9 insect cell

ATCC
Thermo Fisher Scientific

CCL-10; RRID: CVCL_1914
Cat# 11496015; RRID: CVCL_0549

Chemicals, peptides, and recombinant proteins

Tris base

Sodium chloride

NP-40

Triton X-100

Imidazole

Magnesium chloride

Sucrose

Glycerol

N-Lauroylsarcosine sodium salt
Phosphate buffer saline (PBS)
cOmplete Protease Inhibitor
DMEM

Sf-9000 Il SFM medium

Fetal Bovine Serum (FBS)
Penicillin/Streptomycin (100 x)
Trypsin-EDTA (10x)

Uranyl acetate

RNAase inhibitor RNasin
Bovine serum albumin
mMMACHINE T7 transcription kit
TBE acrylamide gels

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Gibco

Roche

Sigma-Aldrich

Thermo Fisher Scientific
R&D Systems brand
HyClone

Gibco

Electron Microscopy Science
Promega

Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 93362
Cat# S6546
Cat# 18896
Cat# T8787
Cat# 15513
Cat# M2670
Cat# S7903
Cat# G5516
Cat# L9150
Cat# 10010031
Cat# 11836170001
Cat# D6429
Cat# 12658027
Cat# S11150H
Cat# SV30010
Cat# 15400054
Cat# 22400
Cat# N2611
Cat# A7030
Cat# AM1344
Cat# EC62255BOX

Deposited data

Subtomogram average map of BTV virion
Subtomogram average map of reovirus SLP
Cryo-EM map of VP3-VP6 heterohexamer
Cryo-EM map of pre-subcore

Cryo-EM map of subcore

Cryo-EM map of pre-core

Cryo-EM map of core

Cryo-EM map of virion

Cryo-EM map of empty pre-core
Cryo-EM map of empty core

Cryo-EM map of empty virion

Cryo-EM map of star-subcore

from in vitro assembly

Cryo-EM map of pre-subcore
from in vitro assembly

Atomic model of VP2 base domain
Atomic model of VP1
Atomic model of VP3-VP6 heterohexamer
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This study
Sutton et al.?®
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

Zhang et al.’’
He et al.’®
This study

EMD-43728
EMD-22165
EMD-43714
EMD-43719
EMD-43726
EMD-43731
EMD-43730
EMD-43727
EMD-43725
EMD-43724
EMD-43723
EMD-43716

EMD-43722

PDB: 3J9D
PDB: 6PNS
PDB: 8W12

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Atomic model of star-subcore This study PDB: 8W19

Atomic model of pre-subcore This study PDB: 8W1C

Atomic model of subcore This study PDB: 8W1lI

Atomic model of pre-core This study PDB: 8W1S

Atomic model of core This study PDB: 8W1R

Atomic model of virion This study PDB: 8W10

Recombinant DNA

pFastBac1-VP3-6 x His This study N/A

pFastBac1-VP6 This study N/A

Oligonucleotides

60 nt ssRNA oligo: gttaaaaaat cgcataaggg IDT N/A

tccagggtac cttcttgacg tagggcgatt tcacacttac

40 nt poly-U ssRNA oligo: uuuuuuuuuu IDT N/A

UUUUUUUUUU UUUUUUUUUU Uuuuuuuuuy

Cyb-labeled 16 nt ssRNA oligo: IDT N/A

cy5-gttaaaaaat cgcata

Software and algorithms

SerialEM 4.0 Mastronarde*® https://bio3d.colorado.edu/SerialEM/

MotionCor2 Zheng et al.*® https://msg.ucsf.edu/software

CTFFIND4 Rohou and Grigorieff*’ http://grigoriefflab.janelia.org/ctffind4

Topaz v0.2.5 Bepler et al.*® https://cb.csail.mit.edu/cb/topaz/

RELION 3.1 and 4.0 Zivanov et al.*® and Scheres®® https://www3.mrc-Imb.cam.ac.uk/relion/

cryoSPARC v4.0 Punjani et al.”" https://cryosparc.com/

UCSF ChimeraX 1.3 Pettersen et al.>” https://www.cgl.ucsf.edu/chimerax

Coot 0.9.6 Emsley et al.>® https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot

Phenix 1.19.2 Afoniene et al.** https://phenix-online.org/

IMOD 4.11 Kremer et al.>® https://bio3d.colorado.edu/imod/

DeepEMhancer Sanchez-Garcia et al.”® https://github.com/rsanchezgarc/
deepEMhancer

AlphaFold2 Mirdita et al.”” and Jumper et al https://colab.research.google.com/
github/sokrypton/ColabFold/blob/
main/AlphaFold2.ipynb

ResMap 1.95 Kucukelbir et al.>® https://resmap.sourceforge.net

ISOLDE 1.3 Croll®® https://isolde.cimr.cam.ac.uk/

IsoNet v0.2 Liu et al.®’ https://isonetcryoet.com/index.html

Others

Ultra-clear tube (SW28) Beckman Cat# 344058

Ultra-clear tube (SW41) Beckman Cat# 344059

Lacey Carbon grid with continuous TED PELLA Cat# 01824

ultrathin carbon

Quantifoil holy grid Electron Microscopy Science Cat# Q2100CR1

Quantifoil holy gold grid Electron Microscopy Science Cat# Q2100AR2

Blotting paper, Grade 595

TED PELLA

Cat# 47000-100

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Z. Hong

Zhou (hong.zhou@ucla.edu).
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https://resmap.sourceforge.net
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https://isonetcryoet.com/index.html
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Materials availability
Materials generated by the authors in this study will be distributed upon request.

Data and code availability

® The cryo-EM density maps were deposited in the Electron Microscopy Data Bank (EMDB) with accession code: VP3-VP6 het-
erohexamer (EMD-43714), pre-subcore (EMD-43719), subcore (EMD-43726), pre-core (EMD-43731), core (EMD-43730), virion
(EMD-43727), empty pre-core (EMD-43725), empty core (EMD-43724), empty virion (EMD-43723), in vitro assembled pre-sub-
core (EMD-43722) and star-subcore (EMD-43716), and virion (EMD-43728) from subtomogram averaging. The corresponding
models were deposited in the Protein Data Bank (PDB) with VP3-VP6 heterohexamer (8W12), pre-subcore (8W1C), subcore
(8W1l), pre-core (8W1S), core (8W1R), virion (8W10) and star-subcore (8W19). Subtomogram average map of reovirus SLP
(EMD-22165%) was retrieved from EMDB; atomic models of VP2 (PDB:3J9D'") and VP1 (PDB:6PNS'®) were retrieved
from PDB.

® This paper does not report any original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sf9 insect cells
Sf9 cells (Thermo Fisher Scientific, RRID: CVCL_0549) were cultured in Sf-900 Ill SFM medium at 28°C. Cultures were maintained at
0.5-3x%10° cells/mL in flasks with a shaking speed of 120 rpm.

BHK21 Cells

Baby hamster fibroblast cells BHK21 (ATCC CCL-10, RRID: CVCL_1914) were maintained in T175 flasks at 35°C with 5% CO, in
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine serum, penicillin and streptomycin.
Upon 90% cell confluence, the cells were split into fresh medium in a ratio of 1:4.

METHOD DETAILS

Cell infection and vitrification

Baby hamster fibroblast cells BHK21 (ATCC) were maintained at 35°C with 5% CO, in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) supplemented with 10% (v/v) fetal bovine serum, penicillin and streptomycin. Holy carbon-coated gold grids (Quantifoil,
Q2100AR2) were sterilized with 70% ethanol and washed with fresh medium before being placed on the bottom of new flasks.
The grids were then seeded with BHK21 cells at 50% confluence and incubated for 2 h before cell adhesion. Cells were infected
with BTV-1 at the multiplicity of infection (MOI) of 0.5 and incubated at 35°C for about 60 h until 50% cytopathic effect (CPE) was
reached (related to Figures 1 and S1A-G). Grids were blotted with a Vitrobot Mark IV (Thermo Fisher Scientific) with blot force
0 for 8 s at room temperature, and plunge frozen in liquid ethane. Grids were stored in liquid nitrogen until used. For BTV assembly
at early stage, cells were infected with BTV-1 at MOI of 5 and incubated for 13 h before frozen (related to Figure S1l).

Focused ion beam milling

Grids of vitrified cells were transferred to a cryogenically cooled Aquilos (Thermo Fisher Scientific) with focused ion beam and scan-
ning electron microscope (FIB/SEM) at liquid nitrogen temperature. To protect the cells from the damaging electron and gallium
beams during the milling process, a thin layer of sputter-coated platinum was added in two steps: a fine coating, then a rough coating.
After sputter coating, a thick (~300 nm) layer of carbon-rich platinum was applied to the sample using a gas injection system (GIS).
The sputter-coated platinum primarily prevents charging of the sample, and the GIS platinum adds a thick coat that prevents damage
to the cells during imaging or milling.®” Grids were screened by collecting low magnification montages of the entire sample with the
SEM. Cells infected with virus often appear as bumps in otherwise flat areas. Identified cells were targeted and individually aligned to
the eucentric position. Images were taken using the FIB during each eucentric alignment to determine the shallowest possible milling
angle for each position, typically 8°-22°. FIB milling was conducted as described.®® Briefly, the beam of gallium ions is rastered over
the sample in a rectangular area, removing unwanted material. All milling was conducted using the cleaning cross-section preset in
stages. The individual milling steps consisted of trenching stress relief cuts, rough milling, medium milling, and polishing.®* Rather
than conducting all individual steps for each site, steps were performed for all sites sequentially, to minimize the buildup of ice
contamination. All SEM images were taken at an accelerating voltage 5 kV and a beam current of 3 pA using an Everhart-
Thornley detector. All FIB images were taken at an accelerating voltage of 30 kV and a beam current of 1.5 pA on the same detector.
All milling was performed at an accelerating voltage of 30 kV. Beam currents were as follows: 1nA for milling stress relief cuts and
rough milling, 300 pA for medium milling, and 30 pA for polishing. Grids containing milled lamellae were transferred to liquid nitrogen
Dewars prior to tilt series collection by Titan Krios electron microscope.
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Acquisition and processing of cryo-ET tilt series

The good lamellae were loaded into a 300 kV Titan Krios electron microscope (Thermo Fisher Scientific) equipped with a Gatan im-
aging filter (GIF) Quantum LS and a Gatan K3 Summit direct electron detector. Tilt series were collected at a nominal magnification of
33,000x, corresponding to a calibrated pixel size of 2.6 Aat specimen level. Tilt series between -60° and +40° with a tilt increment of
3° were acquired using a grouped dose-symmetric tilt scheme start at -10° (or between -40° and +60° with a start at 10°, according to
the pre-tilt angle of the lamella) in serialEM.*> Defocus was set between -3.5 uym and -4.5 um. A movie of 6 frames was recorded at
each tilt angle, and the total cumulative dosage for each tilt series was about 100 electrons/A2.

Frames in each movie were motion corrected by MotionCor2*® without dose weighting. Defocus value of the aligned image in each
tilt angle was estimated by CTFFIND4.%" Tilt series were reconstructed by patch tracking, and tomograms were generated by
weighted back projection with SIRT-like filter and binned 4x (10.4 A per pixel) with IMOD 4.11 software package.”® Deep
learning-based software package IsoNet®' was used for missing wedge compensation and denoising. Tomograms were rendered
in ChimeraX®? by using the volume tracer.

Different assembly intermediates of BTV were picked separately in IMOD, and their coordinates were imported into RELION 4.0%°
for subtomogram averaging (see Table S1). First, the picked particles were extracted as pseudo-tomograms with box size of 200 in
bin2 (5.2 A per pixel) and refined with icosahedral symmetry. Sub-particles at each vertex (12 vertices from 1 capsid) were then ex-
tracted in bin1 (2.6 A per pixel) with box size of 200 by using the angular and shift parameters from icosahedral refinement. These
particles were reconstructed with C5 symmetry and subjected to local refinement. Tomo CTF refinement and Tomo frame alignment
were subsequentially performed and followed by particle re-extraction and 3D refinement. After the first cycle of refinement (Tomo
CTF refinement, Tomo frame alignment, particle re-extraction and 3D refinement), the particles were subjected to 3D classification
without alignment. The cycle of refinement was repeated three times until converging. This procedure of subtomogram averaging
was performed for BTV virion and empty virion, with a final sub-particle reconstruction at 7.2 A and 9.0 A, respectively. For BTV
pre-subcore, core, pre-virion, and empty core/empty pre-virion (empty core and empty pre-virion were not able to be separated
in the current workflow due to limited particle number), particles were extracted with box size of 300 pixels and reconstructed
with icosahedral symmetry to resolutions of 28 A, 25 A, 32 A and 32 ,5\, respectively. For these intermediates, no improvements
were obtained by sub-particle reconstruction. See summary of data collection and subtomogram averaging in Figure S1 and
Table S1.

Virus isolation from infected cells

The isolation procedure of BTV viral particles was the same as described before.®®® Briefly, ten flasks of BHK21 (ATCC) cells at 90%
confluence were infected with BTV-1 at MOI of 0.1 and harvested at 90% CPE about 70 h post infection. Infected cells were collected
with a cell scraper and lysed with 20 mL lysis buffer (100 mM Tris-HCI, pH 8.8, 50 mM NaCl, 0.1% v/v NP40 and protease inhibitor) at
4°C for 15 min. Cell debris was removed by centrifugation at 2,000 g for 10 min. 10 mL 50% (w/v) sucrose buffer (20 mM Tris-HCI, pH
8.8, 50 mM NaCl, 0.2% v/v NP40, 50% w/v sucrose) was layered on top 4 mL of 66% (w/w) sucrose buffer (20 mM Tris-HCI, pH 8.8,
50 mM NaCl, 0.2% v/v NP40, 66% w/w sucrose) in an ultra-clear tube (Beckman). The sample was loaded onto the double cushion
and centrifuged with a SW28 rotor at 100,000 g for 1 h at 4°C. The virus band at the interface of the two sucrose cushions was
collected and diluted 10 times in 20 mM Tris-HCI at pH 8.8. N-Lauroylsarcosine sodium salt (Sigma-Aldrich) at final concentration
of 0.1% was added to the sample and incubated on ice for 10 min. The sample was cleared by centrifugation at 16,000 g for
10 min, and the supernatant was pelleted through 1 mL 30% (w/v) sucrose cushion in SW 41 Ti rotor at 80,000 g for 1 hour at
4 °C. Finally, the pellet with virus was resuspended in 20 uL of 20 mM Tris-HCI at pH 8.8.

Cryo-EM sample preparation and image collection

For the BTV capsid isolated from infected cells, cryo-EM grids were prepared with thin continuous carbon film-coated lacey grids
(Ted Pella) by using Vitrobot Marker IV. 2.5 uL of viral isolate was applied to a glow-discharged grid. After incubation for 1 min,
the grid was blotted for 20 s at 8°C with 15 blot force and 100% humidity and plunge-frozen in liquid ethane. For recombinant
VP3-VP6 complex, 3 pL protein at concentration of 1 mg/mL was loaded to a glow-discharged holy carbon grid (Quantifoil 2/1, Elec-
tron Microscopy Science) and blotted for 9 s with blot force of 4 in Vitrobot. For the in vitro assembled capsid, purified VP3-VP6 com-
plex at a final concentration of 1 mg/mL was mixed with a 40 nt poly-U ssRNA oligo (final concentration of 100 uM) in binding buffer
(10 mM Tris 7.5, 50 mM NaCl, 5 mM MgCl,, 1 mM DTT). After 20 min incubation at room temperature, 3 uL of the sample was loaded
to a glow-discharged holy carbon grid (Quantifoil 2/1) and blotted for 9 s with blot force of 4 in Vitrobot. The grid was then plunge-
frozen in liquid ethane and stored in liquid nitrogen.

The grids with proper ice thickness and particle concentrations were loaded to a Titan Krios electron microscope (Thermo Fisher
Scientific) operated at 300 kV in super-resolution mode. The microscope was equipped with a Gatan K3 direct electron detector and
a Gatan energy filter (slit width of 20 eV). A nominal magnification of 81,000x was used, corresponding to a calibrated pixel size of
0.55 A on the specimen level in super-resolution mode. Defocus was set from -1.8 to -2.6 um. Movies were recorded with exposure
time of 2 s, dose-fractionated into 40 frames, in SerialEM,*° leading to a total dosage of ~50 electrons/A? on the specimen. A total of
62,928 movies were collected by using beam image-shift in a ten-day session for the capsids isolated from infected cells; 2,843
movies were collected for the recombinant VP3-VP6 complex; 9,015 movies were collected for the in vitro assembled capsids.
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Single-particle cryo-EM reconstruction

The workflow of single-particle analysis of the viral isolate is summarized in Figure S2 and Table S2. Each movie was motion-cor-
rected by MotionCor2“® and binned 2x to a pixel size of 1.1 A. The defocus values of micrographs were determined by CTFFIND4.*”
A total of 2,154,042 virus particles were picked by Topaz,*® a convolutional neural networks-based particle picking software. The
particles were extracted in RELION 3.1°%¢” and binned 2x to a pixel size of 2.2 A with a box size of 400x400 pixels to accelerate
computation. 330,212 good particles were selected from the first round of 2D classification and subsequently subjected to a second
round of 2D classification. Particles of single layer (29,474 particles), double layer (76,750 particles) and triple layer (180,815 particles)
are clearly different in the averaged images of 2D classification; they were selected from the second round of 2D classification and
subjected to further 2D and 3D analysis in RELION separately. A total of eight different BTV assembly states were obtained by 3D
classification with icosahedral symmetry: 25,227 particles in pre-subcore, 177 particles in subcore, 46,654 particles in pre-core,
10,865 particles in empty pre-core, 16,121 particles in core, 2,335 particles in empty core, 140,565 particles in virion, and 40,250
particles in empty virion. To analyze the RNA density inside the pre-subcore, 3D classification with a spherical mask at the inner
capsid space was performed on the 25,227 pre-subcore particles (insertion in Figure S2). A final set of 2,424 particles were obtained
with better RNA density, shown in Figure 3A.

To improve the resolution, the eight assembly states were separately subjected to icosahedral-structure-guided sub-particle
reconstruction.”°® The STAR files of viral particles from icosahedral reconstruction were symmetry expanded by using the relion_
particle_symmetry_expand command in RELION. Duplicated particle entries with the same coordinates were removed, resulting
in twelve sub-particles of the 5-fold vertices (C5 symmetry) from one virus particle. For the pre-subcore and subcore, a box size
of 320x320 pixels (bin1, 1.1 A/pixel) was used; for the other six assembly states, a box size of 384 x384 pixels (bin1, 1.1 A/pixel)
was used.

For the pre-subcore, 302,724 sub-particles were extracted. An initial map was generated by using the relion_reconstruct com-
mand, with shift and rotation parameters obtained from icosahedral refinement. After auto-refinement, the sub-particles were sub-
jected to 3D classification in RELION without alignment. Two conformations (67,371 particles in Conf1 and 96,003 particles in Conf2)
differing at the 5-fold invagination of VP3 were selected. Maps of Conf1 and Conf2 with C5 symmetry were obtained after 3D auto-
refinement and CtfRefinement in RELION at a resolution of 3.6 A and 3.7 A, respectively. The map of Conf1 was used for further anal-
ysis in this paper due to better density of VP6.

For the virion, 1,686,780 sub-particles were extracted. After 3D auto-refinement with C5 symmetry, the density of VP1 (RNA
dependent RNA polymerase) at 5-fold axis was smeared due to symmetry mismatch. To resolve the structure of VP1, these sub-par-
ticles were expanded 5 times by C5 symmetry and subjected to local classification (K=7) without alignment with a spherical mask at
5-fold axis. Five of the seven classes contain good densities of VP1; each one has a different VP1 orientation. One class of 1,483,715
particles (17.5%) was selected and subjected to further 3D classification, auto-refinement and CtfRefinement. A final map of 2.8 A
with C1 symmetry was obtained from 498,646 particles.

For the subcore, 2,124 sub-particles were extracted and subjected to 3D auto-refinement and CtfRefinement. A map of 6.5 A with
C5 symmetry was obtained. Due to the limited particle number, local classification with a mask at 5-fold axis failed to resolve the
asymmetric density of VP1. For pre-core and core, the same strategy as that for the virion was applied. Final maps of 3.1 A and
3.3 A with C1 symmetry were obtained for pre-core and core, respectively. For the empty pre-core, empty core and empty virion,
no VP1 density at 5-fold axis was observed. The final maps with C5 symmetry were obtained after 3D classification, auto-refinement
and CtfRefinement at 3.2 A, 3.5Aand 2.9 A for empty pre-core, empty core and empty virion, respectively.

The reconstruction workflow of recombinant VP3-VP6 complex is summarized in Figure S3. 1,451,665 particles (box size 256 X256
pixels, 1.1 A/pixel) were autopicked from 2,843 motion-corrected micrographs in cryoSPARC®' and 683,281 particles were selected
based on the good features in 2D class averages. The initial model was generated from these particles with ab inito reconstruction in
cryoSPARC. Particle coordinates were imported into RELION for further classification and refinement by using the csparc2star.py®®
script. After 3D classification and refinement, 626,185 particles were subjected to 3D classification without alignment; classes with
variations at VP3 apical domain were separated. A class with 138,115 particles was selected and subjected to CtfRefinment. A final
map of 3.5 A was obtained, containing 4 VP3 molecules and 2 VP6 molecules (VP3-VP6 heterohexamer). In the same dataset, some
assembled single layer capsids were observed and manually picked from the micrographs. 718 picked particles were reconstructed
in icosahedral symmetry. After symmetry expansion, twelve vertices were extracted from each virus particle. 8,395 sub-particles with
box size of 320x320 pixels (bin1, 1.1 A/pixel) were obtained. Finally, a map of VP3-VP6 capsid vertex at 4.7 A was obtained after 3D
classification without alignment, 3D refinement and CtfRefinment in RELION.

The reconstruction workflow of the in vitro assembled capsid is summarized in Figure S5. Each movie was motion corrected by
MotionCor2*® and binned 2x to a pixel size of 1.1 A. The defocus values of micrographs were determined by CTFFIND4.%" A total
of 3,614 micrographs with good particles were selected from 9,015 collected images after a manual screen. 7,478 particles were
manually picked and subjected to 2D and 3D classification in RELION.*%” Two conformations of the assembled particles with different
VP3 invagination were obtained: 1,411 particles in star-subcore and 5,336 particles in pre-subcore. After symmetry expansion, twelve
vertices were extracted from each virus particle. 16,932 sub-particles and 64,032 particles with box size of 320x 320 pixels (bin1, 1.1 A/
pixel) were obtained for star-subcore and pre-subcore, respectively. For star-subcore, 7,837 particles were selected after 3D
classification without alignment in RELION, resulting in a final map of 4.4 A with C5 symmetry after CtfRefinement. Similar to that
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of pre-subcore in the viral isolate of infected cells, two conformations were obtained from the pre-subcore of the in vitro assembly
capsids. 17,277 particles in Conf1 were selected for further analysis, resulting in a map of 3.5 A with C5 symmetry.

The cryo-EM maps were auto-sharpened by the DeepEMhancer.>® Both the unsharpened and sharpened maps were uploaded
into the Electron Microscopy Data Bank (EMDB). The local resolution evaluations were determined by ResMap.*®

Atomic Modeling, Model Refinement and Graphics Visualization

All the atomic models were initially built in Coot®® according to the cryo-EM maps from DeepEMhancer sharpening. For pre-subcore,
VP3A and VP3B were built ab initio; the pentameric density that binds to VP3 at the 5-fold axis was assigned as VP6 according to the
side chain densities. VP6 CBD (a.a. 1-33 and 262-329) was built in Coot according to the density, while RBD (130-261) was built with
guidance of model from AlphaFold2.°"*® The model was then refined in ISOLDE®® and Phenix>* and validated by the wwPDB vali-
dation server. For the modeling of VP3-VP6 heterohexamer and star-subcore, models of VP3A, VP3B, VP6 CBD and RBD from pre-
subcore were docked into the cryo-EM map as rigid bodies in UCSF ChimeraX®? and manually adjusted in Coot. Models of BTV virion
(VP3 and VP1: PDB:6PNS; VP2: PDB:3J9D) from previous studies'®'” were fitted into our cryo-EM map of the virion. The tip domain
of VP2 (a.a. 190-408) was newly built according to its density. The model was then manually adjusted in Coot and refined in ISOLDE
and Phenix. The refined model of BTV virion was used for model building of subcore, pre-core and core. All models were refined in
ISOLDE®® and Phenix®>* and validated by the wwPDB validation server. Visualization of the atomic model, including figures and
movies, was accomplished in UCSF ChimeraX.®?

Structure-guided site-directed mutagenesis and protein purification

VP3-VP6 complex used for cryo-EM, in vitro assembly assay and EMSA was overexpressed by the Bac-to-Bac baculovirus expres-
sion system in insect cell sf9. The DNA sequence encoding VP3 was cloned into a pFastBac1 vector with an N-terminal hexahistidine
tag. VP6 was cloned into a pFastBac1 vector without tag. Mutants were generated by QuikChange mutagenesis and confirmed by
DNA sequencing. Baculoviruses for VP3 and VP6 were generated separately. Sf9 cells at density of 2.5 x 10%/mL were coinfected with
baculoviruses of VP3 and VP6 at a ratio of 3:1. Cells were incubated at 28°C, 120 rpm for three days before harvest at a cell viability of
80%. After centrifugation at 2,000 g for 10 min, the cells were resuspended and lysed on ice for 15 min in a buffer containing 100 mM
Tris 7.5, 100 mM NaCl, 1% Triton X-100 and protease inhibitors comprising 1 mM PMSF, 1 mM benzamidine, 2.5 ug/mL aprotinin,
5 pg/mL leupeptin. After high-speed centrifugation at 30,000 g for 30 min, the supernatant was loaded to a column with HisPur cobalt
resin (Thermo Fisher Scientific). The beads were then washed with 50 column volume of wash buffer containing 20 mM Tris 7.5,
500 mM NaCl and 20 mM imidazole and eluted with elution buffer containing 20 mM Tris 7.5, 100 mM NaCl and 250 mM imidazole.
Proteins were further purified by ion-exchange column (Source-15Q, GE Healthcare) and followed by gel-filtration column (Superose
6, GE Healthcare) in buffer containing 10 mM Tris 7.5, 100 mM NaCl, 1 mM DTT. The purified proteins were concentrated and stored
at -80°C.

Analytical Ultracentrifugation

Analytical ultracentrifugation experiments were performed in a Beckman Optima XL-A analytical ultracentrifuge (Beckman Coulter).
Sedimentation equilibrium experiments were carried out at purified protein concentrations of 0.15, 0.45 and 0.6 mg/mL in 20 mM Tris-
HCI, pH 7.5, 150 mM NaCl. The experiments were performed at 20°C and at two different speeds of 6,000 and 10,000 rpm, and data
were collected at 280 nm. Weight average molecular masses were determined by fitting the data of 6,000 rpm with a nonlinear least-
squares exponential fit for a single ideal species using Beckman Origin-based software. The baseline was floated to partially correct
for some contaminating lower molecular weight proteins which at this low speed do not redistribute significantly.

In vitro assembly assay

The 60 nt ssRNA oligo was synthesized in Integrated DNA Technologies (IDT). Sequence of the oligo (5’-gttaaaaaatcgcataagggtc
cagggtaccttcttgacgtagggcgatttcacacttac-3’) was designed by combining the 5’ and 3’ sequence of BTV segment 9. Genomic
RNA segment 10 was generated by T7 transcription from cDNA as before.*® Purified VP3-VP6 complex at final concentration of
0.1 mg/mL was mixed with the 60 nt ssRNA oligo (final concentration of 40 uM) in binding buffer composed of 10 mM Tris 7.5,
50 mM NaCl, 5 mM MgCl,, 1 mM DTT and 2 U/uL RNAase inhibitor RNasin (Promega). For capsid assembly on genomic RNA
segment 10 (shown in Figure S4E), a final concentration of 2 uM RNA was used. The protein-RNA mixture was incubated at room
temperature for 20 min and then subjected to negative stain analysis with an FEI 200 kV T20 microscope equipped with a Gatan Ultra-
scan US4000 4k camera (Figures 4C and S4C). Images were taken at a nominal magnification of 50,000 . For each sample, a set of
20 images was collected at random positions. The total number of assembled particles was counted from the 20 images. Alterna-
tively, the assembly reactions of 100 puL were pelleted through 100 pL 30% sucrose cushion in a TLA100.1 rotor at 100,000 g for
30 min (Figure 4B). The pellets were analyzed by SDS-PAGE and quantified by using ImageJ software. The assembly assays
were repeated three times at the biological level.

Electrophoretic mobility shift assay (EMSA)

The RNA binding activity of the VP3-VP6 complex was assessed through EMSA. 5 nM Cy5-labeled 16 nt ssRNA (cy5’-gttaaaaaatcg
cata) was mixed with increasing amounts of protein in 10-pL reactions in 10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 5 mM MgCl,, 10%
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glycerol, 0.1 mg/mL bovine serum albumin and 2 U/uL. RNAase inhibitor RNAsin (Promega) in DEPC-water. After incubation on ice for
30 min, the samples were resolved by electrophoresis on 4-20% gradient native TBE acrylamide gels (Invitrogen) in 0.5x TBE onice.
The fluorescent bands were detected with a Bio-Rad ChemiDoc XRS+ system and quantified using ImagedJ software. The bound
fractions were quantified according to the disappearance of free RNA relative to the intensity of the control lane. The data were fitted
to a simple binding equation: F = A X Py/(Kq +Po), where F is the fraction of RNA bound, A is the maximal fraction of RNA bound, P,
is the concentration of total protein, and Ky is the equilibrium binding constant.”® The apparent binding affinity (K4,,) values were esti-
mated from the protein concentration at 50% saturation. The experiments were repeated three times at the biological level.

Reverse genetics assay

Site-directed mutagenesis was performed to introduce mutations into the exact copy of BTV-1 S3 or S9 (pUC19 BTV1-T7S3 or
pUC19 BTV1-T7S9) cDNA plasmid for reverse genetics assay, as previously described.”" Briefly, BTV RNA transcripts were gener-
ated by digesting the cDNA plasmids using a mMMACHINE T7 transcription kit (Thermo Fisher Scientific). A monolayer of BSR cell
(derived from BHK21 cell) in six-well plates at 100% confluence was transfected with a mixture of ten different BTV RNA transcripts
(either WT or mutant) using Lipofectamine 2000 reagent. The medium was removed at 4 hours post transfection, and 6 mL new me-
dium consisting of 2% FBS and 1.5% (w/v) agarose was layered on top the cell. The plates were incubated at 35°C in 5% CO, for
72 hours for plaque formation.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data were presented as means (s.d.). calculated from three biological replicates. Data were analyzed with ImageJ and Origin Pro

software. Figure 3l were fitted by a simple binding equation to calculate the apparent binding affinity (K4,,). All the details can be found
in the figure legends and method details.
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Figure S1. BTV assembly intermediates and membrane interactions captured by cryo-ET, related to Figure 1

(A) A slice image from a cryo-ET reconstruction, showing BTV virions in host cell cytoplasm. Cells were infected with BTV at a multiplicity of infection (MOI) of 0.5
and frozen at 60 h after infection.

(B and C) Slice images from Figure 1G showing virion-membrane interactions.

(D) Subtomogram averaging of the membrane-wrapped virions from Figure 1G showing VP2 in the vicinity of the membrane.

(E) BTV assembly states captured by cryo-ET, including pre-subcore, core, pre-virion, and virion, as well as empty core/empty pre-virion and empty virion.
(F) Workflow of subtomogram averaging.

(G) Density map of virion after subtomogram averaging, showing the well-resolved o helices.

(H) Gold-standard Fourier shell correlation (FSC) curves for subtomogram averaging of virion and empty virion.

() Slices from cryo-ET reconstructions showing BTV assembly in host cell cytoplasm. Cells were infected with BTV at a MOI of 5 and frozen at 13 h after infection.
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Figure S2. Cryo-EM data processing of the BTV capsids isolated from infected cells, related to Figure 2

(A) Representative cryo-EM image of isolated capsids from infected cells. Cyan, yellow, and magenta circles indicate the single-, double-, and triple-layered
particle, respectively.

(B) Selected 2D class averages of the cryo-EM particles.

(C) Flow chart of cryo-EM data processing showing the eight assembly states.

(D and E) Gold-standard Fourier shell correlation (FSC) curves for 3D reconstructions.

(F) Superposition of the maps of pre-subcore Conf1 and Conf2.

(G) Local resolution of sub-particle map of pre-subcore Conf1.

(H) Representative cryo-EM density maps of pre-subcore and virion.
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Figure S3. Characterization of recombinant VP3-VP6 complex, related to Figures 3 and 4

(A and B) SDS-gel (A) and gel-filtration chromatography (B) of the recombinant VP3-VP6 complex. Arrow indicates the elution volumes of apo-ferritin (~440 kD) as
a marker. Results represent three independent purification experiments.

(C) Representative results from equilibrium sedimentation of analytical ultracentrifugation. Data were collected at 20°C, at a rotor speed of 6,000 rpm, with
absorbance measured at 280 nm. The molecular weight of the VP3-VP6 complex was measured to be 457 kDa.

(D) Negative stain TEM analysis of the recombinant VP3-VP6 complex. Images of 2D class averages are shown on the right of the panel.

(E) Cryo-EM analysis of the recombinant VP3-VP6 complex. Images of 2D class averages are shown on the right of the panel.

(F) Flow chart of cryo-EM data processing of the recombinant VP3-VP6 complex.

(G and H) Gold-standard Fourier shell correlation (FSC) curves (G) and angular distribution of particles used in final refinement (H) for 3D reconstructions of VP3-
VP6 heterohexamer.

() Comparison of 5-fold tunnel of capsids assembled in the absence and presence of ssRNA.
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Figure S4. RNA binding and capsid assembly of recombinant proteins, related to Figures 3 and 4

(A) EMSA of the RNA-binding activities of the VP3-VP6 complex with the WT interface or RNA-binding mutants. 5 nM Cy5-labeled 16 nt ssRNA was mixed with
increasing amounts of protein. The samples were resolved by electrophoresis on 4%-20% gradient native TBE acrylamide gels. Representative images from
three biological repeats are shown here. The bound fractions were quantified as the disappearance of free RNA and shown in Figure 3I.

(B) Quantification of the assembled capsids from the in vitro assembly assay represented by SDS-PAGE in Figure 4B. Error bars, SD (n = 3 independent
measurements).

(C) Negative staining TEM images of recombinant VP3-VP6 complexes with RNA-binding mutations in the absence and presence of 60 nt ssRNA. Red arrows
point to the assembled capsids.

(D) Quantification of the assembled capsids from in vitro assembly assay represented by negative staining from Figures 4C and S4C. Error bars, SD (n = 3 in-
dependent measurements).

(E) Negative staining TEM images of the recombinant VP3-VP6 complex incubated with S10 ssRNA of the BTV genome. Red arrows point to assembled capsids.
Dashed circle indicates a large protein-RNA aggregate.




¢ CelPress Cell

D
1.0 — pre-subcore 3.5 A
c — star-subcore 4.4 A
208
5
£
£ o6
3]
204
@
=
]
g 0.2 FSC=0.143
£ N
w
0.0

o
S)

0.1 0.2 0.55 0.4
Resolution (1/A)

Manualplck CIassZD
bin2 (2.2 A/p|er

box 320
_ - & Star-subcore
3DNA A
71,411 pts R3D C544A
5 16,932 pts CR
SAtar subcore
> 200 Symmetry expansion
12 vertices
Class3D| || bin1 (1.1 A/pixel)
box 320 =Y
L % CR 28,979 pts
—_— ;
gt
15,336 pts 64,032 pts Pre-subcore
Pre-subcore C535A
Confl 17277 pts
F RNA Binding G  Reovirus SLP
tunnel 3 AM-B

¢ N\ 90°

26° | 5-fold

Star-subcore
VP3B g

Pre-subcore Pre-subcore
VP3A VP3B

Figure S5. Structure of the in vitro-assembled BTV capsid from recombinant proteins, related to Figure 4

(A) Representative cryo-EM image of the in vitro-assembled capsid.

(B) Selected 2D class averages of the cryo-EM particles.

(C) Flow chart of cryo-EM data processing. Two configurations (star-subcore and pre-subcore) of the assembled capsid are sorted by classification. The
structure of pre-subcore from in vitro-assembled capsids is identical to that of pre-subcore from viral isolate. Within the two conformations (Conf1 and Conf2) in
the pre-subcore, Conf1, which has better resolution and map density, is used for further analysis.

(D) Gold-standard Fourier shell correlation (FSC) curves for 3D reconstructions.

(E) Comparison of star-subcore and pre-subcore. Structure of VP3-VP6 heterohexamer is aligned with star-subcore at the icosahedral 2-fold axis.

(F) Structure superposition of star-subcore and pre-subcore showing the conformational change of VP3 at 5-fold axis.

(G) Cryo-EM map of the single-layered particle of reovirus capture by cellular tomography.?®
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Figure S6. Local conformational changes of VP3 during RNA packaging, related to Figure 5

(A and B) Structures of VP3A in the pre-subcore (A) and subcore (B) showing the separation of the N-terminal helix (aa 24-61). This helix sits atop the VP3 apical
domain in the pre-subcore (A); it is invisible (represented as a cylinder) in the subcore (B) and is able to bind to VP1. Black arrows in (A) indicate the movements of
the N-terminal helix.

(C and D) Structures of VP3B in the pre-subcore (C) and subcore (D) showing conformational changes of the N-terminal B-hairpin (aa 12-24) and apical loop (aa
306-334). N-terminal B-hairpin and apical loop dock to the surface of VP6 in the pre-subcore (C) and are restructured for VP1 binding in the subcore (D). Black
arrows in (C) indicate the movements of the N-terminal B-hairpin and apical loop.
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Figure S7. Mechanistic model of BTV replication cycle, related to Figure 7

VP1 VP3&VP6 VP5 7 ~> S

Cell

Virus enters host cells via sialic acid binding by VP2, followed by endocytosis.** Low pH in the late endosome triggers detachment of VP2 and conformational
changes of VP5. The long stalk of VP5 can penetrate the endosomal membrane and release BTV core into the host cell cytosol,®® where transcription of the core is
activated. After transcription and translation, viral proteins and ssRNA segments start to assemble in the virus inclusion body. Ten ssRNA segments interact with
each other and promote capsid assembly by interactions with VP6 and VP3, forming the invaginated single-layered pre-subcore. In the pre-subcore, the VP6
pentamer binds underneath VP3 at each vertex, forming an RNA-binding tunnel through which the ssRNA can thread from outside to inside of the capsid.
Replication of the ssRNA into dsRNA by polymerase VP1 expands the capsid, forming the dsRNA-filled, single-layered particle subcore. The middle-layer protein
VP7 and out-layer protein VP5 are then subsequentially assembled in the virus inclusion body, leading to core and pre-virion, respectively. Virion is formed by
engagement of the out-layer protein VP2, which can interact with the cell membrane through NS3 to enable virus egress®® and start of a new replication cycle.
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