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Abstract

Reovirus is an icosahedral, double-stranded (ds) RNA virus that uses viral polymerases packaged
within the viral core to transcribe its ten distinct plus-strand RNAs. To localize these polymerases,
the structure of the reovirion was refined to a resolution of 7.6 A by cryo-electron microscopy
(cryo-EM) and three-dimensional (3D) image reconstruction. X-ray crystal models of reovirus
proteins, including polymerase A3, were then fitted into the density map. Each copy of A3 was
found anchored to the inner surface of the icosahedral core shell, making major contacts with three
molecules of shell protein A1 and overlapping, but not centering on, a five-fold axis. The overlap
explains why only one copy of A3 is bound per vertex. A3 is furthermore oriented with its
transcript exit channel facing a small channel through the A1 shell, suggesting how the nascent
RNA is passed into the large external cavity of the pentameric capping enzyme complex formed
by protein A\2.

All viruses with either a single-stranded, minus-sense RNA genome (such as influenza and
measles viruses) or a dSSRNA genome (such as reoviruses and rotaviruses) must package
virally encoded RNA-dependent RNA polymerase (RdRp) molecules within virions to
transcribe the genome into single-stranded, plus-sense RNA for translation and replication
during infection. The dsRNA viruses are distinct, however, in having icosahedral particles
within which the RdRp molecules are regularly bound and the genome remains enclosed
throughout transcription. dsRNA virus particles thus provide useful models in which to
study structural aspects of RNA-dependent transcription.

Reovirus, a member of the Reoviridae family of animal and plant viruses, has a genome
comprising ten dsRNA segments, which are surrounded in virions by a multilayered,
icosahedral protein capsid (diameter ~850 A; mass ~110 MDal). The outer capsid layer is
arranged with quasi T = 13(laevo) symmetry and includes 200 heterohexamers of the u1 and
03 proteins (u13033) (refs. 2,3) and 12 homotrimers of the o1 protein*~’. These proteins are
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released during cell entry after fulfilling their roles in stability (03), attachment (c1) and
membrane penetration (u1) (refs. 8-10). The 15-MDa, 23.5-kilobase pair genome is encased
by an inner capsid layer having T = 1 symmetry and composed of 60 dimers of the A1
proteinll. This inner layer remains surrounding the genome after cell entry and may protect
it from eliciting dsSRNA-dependent host responses?13, Also in the subviral ‘core’ that
enters the cytoplasm are two proteins external to the A1 shell (150 monomers of 62
(nodules) and 12 pentamers of A2 (turrets)) and two structurally minor proteins internal to
the shell (12 copies of A3 and ~24 copies of p2) (refs. 14,15). These proteins constitute the
enzymatic machinery for synthesizing and exporting the viral plus-strand RNAs.

Core protein A3 (142 kDa) is the viral RdRp6-18. Core protein p2 (83 kDa) has a genetic
influence on the transcriptase and nucleoside triphosphatase (NTPase) activities of cores9.20
and functions as both an NTPase and an RNA 5’-triphosphatase in vitro (J. Kim, J.S.L.
Parker and M.L.N., unpublished data). Shell protein A1 (142 kDa) also has a genetic
influence on the NTPase activities of cores?! and mediates NTPase, RNA 5'-triphosphatase
and RNA and DNA helicase activities in vitro?2:23, Despite these in vitro findings, the
specific roles of p2 and A1 in viral mMRNA synthesis remain unclear. The roles of turret
protein A2 (144 kDa) are more certain, in that it mediates the last three of four reactions in
RNA capping?4: RNA 5/-guanylyltransferase, 7-N-methyltransferase and 2/-O-
methyltransferasel125-29, The A2 turrets also serve as the conduits through which plus-
strand RNAs are exported from the core cotranscriptionally3%-32, Both p2 and A1 are
candidates to mediate the first reaction in capping, the RNA 5’-triphosphatase activity, based
on their in vitro activities discussed above. The series of reactions in reovirus cap formation
is the same as that used by eukaryotes and many other viruses33:34,

The RdRp A3 has been localized beneath each of the five-fold axes of the A1 shell11:15,
placing it in an approximate position to export mRNA into the A2 turret for completion of
capping and export. The RdRps in other members of the Reoviridae family, such as
rotavirus32-36, bluetongue virus (orbivirus)37-38 and cytoplasmic polyhedrosis virus
(cypovirus)39, are also located beneath the five-fold axes of the inner shell. However, in
none of these viruses have the positions and orientations of the RdRps been precisely
determined. For all these viruses, a generally accepted, though largely unproven, model is
that each of the 10-12 genome segments is dedicated to its own transcriptase complex
within the particle1®18:31,35-39,

X-ray crystal structures have been reported for the reovirus core particle!! and the
recombinant .3 proteinl8. The 3.6-A core structure was notable for showing how the A1
shell is organized and how the capping enzyme domains in the pentameric A2 turrets are
arranged. It did not, however, reveal the A3 and p2 proteins, perhaps because those
components are asymmetrically or irregularly positioned in cores. The 2.5-A \3 structure
was notable for showing the organization of the globular protein with a central catalytic
cavity and four channels for the entry and exit of substrates and products. The A3 crystals
were also remarkable because they remained intact after several rounds of RNA
polymerization so that the roles of the different channels could be inferred from the
structures of catalytic complexes. To understand more fully how cores mediate transcription
and cotranscriptional capping and export of the viral plusstrand RNAs, we wished to know
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how the RdRp A3 fits into the particle and interacts with other components. For this report,
we identified the positions of A3 by fitting the A3 X-ray coordinates into a new, 7.6-A map
of the mammalian reovirion obtained by cryo-EM and 3D image reconstruction.

Refined cryo-EM reconstruction of the reovirion

A 3D reconstruction of the reovirus type 3 Dearing virion was computed from images of
7,939 particles by means of cryo-EM and image processing®®. A conservative estimate of
the final resolution, 7.6 A, was determined by comparing two reconstructions computed
from independent halves of the data set# (Fig. 1). Inspection of the reconstruction (Fig. 2)
revealed numerous rodlike features ~6 A in diameter (suggestive of a-helices), and sheetlike
features ~6 A in thickness (suggestive of B-sheets) (Fig. 2b). The identification and
reliability of these apparent secondary structure elements were assessed by comparing
relevant portions of the cryo-EM map with X-ray crystal models of all five major capsid
proteins, including each of the uniquely positioned copies of A1, 62, p1 and o3 (refs. 2,3)
(Fig. 2c—e). Two distinct model-fitting programs, EMfit#1 and SITUS*? (see Methods and
Supplementary M ethods online), were used for refining these comparisons. Of the 342 a-
helical segments containing five or more residues in the X-ray models of these subunits, all
were found to match rodlike features in the EM map contoured at 1.5 ¢ above noise, and all
but one to match features at 2.0 o (Table 1). Of 92 total -sheets containing three or more f3-
strands in these subunits, all were found to match sheetlike features in the EM map at 2.0 o
(Table 1). This marked agreement between the EM- and X-ray-derived structures
established the reliability of the cryo-EM data and also indicated that only limited shifts
have occurred in any of these elements between the proteins in crystals and native virions.

The only rodlike densities in the cryo-EM map that did not precisely superimpose with a-
helices in the X-ray crystal models were found in the same surface-exposed helix of the four
uniquely positioned copies of 03 (residues 225-231). Even in this case, however, the EM
density was shifted by only ~1.1 A from the X-ray model. In addition, some extended chains
and loops in the crystal models, between the a-helices and 3-sheets, could not be assigned to
EM densities. These discrepancies suggest that some features may not be resolved at 7.6 A
or that those regions may be flexible in virions. A few other notable differences between the
EM and X-ray structures of the outer capsid were observed. For example, the C-terminal
portions of ul were only evident in the cryo-EM map (X.Z., M.L.N. and T.S.B., unpublished
data). Despite small local differences, the overall agreement between the EM and X-ray
structures provided a firm basis for further analyses.

Features of the A1 shell

The two copies of A1 in each of the 60 dimers composing the core shell occupy
symmetrically distinct (that is, not quasi-equivalent) positions and have slightly different
conformations (A and B)!. Each \1-A subunit spans between one five-fold and one two-
fold axis, whereas each L1-B subunit approaches one three-fold axis. A pentamer of A2 sits
atop the A1 shell around each icosahedral vertex. The 62 monomers that also sit atop the
shell occupy three unique positions: 60 are adjacent to the A2 pentamers, 60 are near the
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icosahedral three-fold axes and 30 are in either of two possible orientations across the two-
fold axes!L.

As can be inferred from the preceding statements, all a-helices and p-sheets in both A1 X-
ray structures (A and B) were well fitted to densities in the cryo-EM map (Table 1). Despite
this excellent match of major secondary structure elements, some loops and extended chains
in either type of A1 subunit did not have corresponding densities in the EM map. In addition,
many of the A1 residues that were missing from the X-ray structuresl, presumably as a
result of disordering or flexibility, were likewise not identifiable in the EM map. These
included small portions of the N-terminal 210 residues of A1-B. Two exceptions are
noteworthy because they occur on the inner surface of the shell in regions that abut the
RdRp A3 (described below). In both cases, these regions are visible in the EM map as loops
connecting a-helices. Residues 584-587 in A1-A lie ~31 A from the closest five-fold axis
and connect two helices comprising residues 572-583 and 588-600. Residues 563-570 in
A1-B lie ~56 A from the closest five-fold axis and connect two helices comprising residues
553-561 and 572-581. Densities in the EM map that are possibly attributable to portions of
the N-terminal 240 residues of A1-A, which are also missing from the core crystal
structure!?, are discussed below.

The excellent fits of both types of A1 subunits demonstrate that the shell must be a generally
stable and fixed structure in virions and non-transcribing cores. When virions and cores are
compared, there is no evidence for expansion or contraction of the shell, and rotation of the
A1 subunits relative to the symmetry axes or each other is not detected.

Fitting the X-ray model of A3 into the cryo-EM map

Density features at radii beneath the A1 shell in the cryo-EM map (Figs. 2c,d and 3a—c) are
mostly attributable to the genome, but must also include A3 and p2, as well as the N-terminal
240 residues of L1-A. The 142-kDa RdRp A3 is present in about one copy per five-fold
axis!4. Because they are inactive in virions*3, we hypothesized that all of the A3 subunits
within those particles are probably in structurally homogeneous positions and
conformations. This assumption, coupled with knowledge of the 2.5-A X-ray structure of
recombinant A3 (ref. 18), stimulated our efforts to identify A3 in the cryo-EM map.

We used the SITUS#2 and EMfit4 programs for locating A3 in the virion EM map (see
Methods and Supplementary Methods online). Initial positioning of the X-ray model of
monomeric A3 (~180,000 A3) into the reconstruction was done with SITUS. In experiments
using different portions of the EM map as search volumes, we found that SITUS generated
the same set of five nearly identical symmetry-related fits of A3 to densities beneath the L1
shell (Fig. 3d). To assess the uniqueness of the A3 fits to these internal volumes, X-ray
monomer models of A1-A, A1-B, A2, ul, 02 and o3 were also tested. The best fits of these
six other X-ray models gave correlations much poorer than that of A3 (Fig. 3e and data not
shown). A pentamer model based on this fit for monomeric A3 was constructed by
replicating one molecule five times around the closest five-fold axis (Fig. 3b,c). SITUS
fitting of this pentamer model showed that different rotational orientations were easily
discriminated within a few degrees (Fig. 3e). This procedure was similarly sensitive to
misalignments in the position or orientation of monomeric A3 used to generate the pentamer
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models (data not shown). A pentamer model of A2 was also tested against the internal search
volume and gave a substantially poorer correlation than that of A3 (Fig. 3e). Finally, the
sensitivity of the SITUS fittings to noise in the EM map was assessed by means of several
tests, all of which affirmed the reliability of the reported results. EMfit confirmed the SITUS
result and identified essentially the same position for A3 even for input models that were
purposely misaligned (see Supplementary Methods online).

General features of the A3 fit

The fit of the A3 X-ray crystal model into the virion cryo-EM map is consistent with both
structural and functional features expected for A3. The intermolecular overlaps that occur in
the A3 pentamer model show that there is space for at most two, but more probably only one,
A3 molecule beneath each five-fold axis of the A1 shell. For each A3 monomer in the
pentamer model, 7.4% of its structure overlaps with all four, 8.6% with three, 19.6% with
two, 33.1% with one and 31.3% with none (Fig. 3f) of the other monomers. Thus, each
monomer overlaps with all four others in the pentamer model, but the most extensive clashes
occur with its two flanking neighbors. Small portions of each A3 monomer cross the five-
fold axis at several radii (Fig. 3b,c). Depending on the extent to which the X-ray model
precisely mimics the A3 structure in virions, this feature alone would preclude binding of all
but one monomer at each vertex. This agrees with previous gel-based estimates of 12 copies
of A3 per particlel and is consistent with modeling experiments indicating that the signal-
to-noise ratio in the A2 density exceeds that in the A3 density by more than four-fold (see
Supplementary Methods online).

The fitted A3 model indicates extensive contacts between A3 and the inner surface of the A1
shell (Fig. 4). Each A3 molecule, with ~47,000 A2 of solvent-accessible surface in solution,
interacts with one A1-B and all five A1-A subunits, creating a solvent-inaccessible surface of
~2,420 A2 (Fig. 4b—d). Twelve residues of the A1-B subunit are 5 A or closer to A3 in the
fitted structures. For the five respective L1-A subunits, 23, 13, 7, 2 and 2 residues approach
within 5 A of A3 (Fig. 4c). Based on the fit, a substantial portion of the A3-A1 interactions
results from electrostatic complementation, especially near the five-fold axis, where A3 is
basic and the L1 shell is acidic (Fig. 4c,d). The broad interface between A3 and A1 suggests
that A3 is firmly anchored to the shell, consistent with the ‘fixed-polymerase—moving-
template’ model of reovirus transcription15:18:44:45,

Despite the inherent high noise level in the central parts of the cryo-EM map, 33 of the 48 a-
helices in the A3 X-ray crystal model were clearly identified and fitted by both SITUS and
EMfit (Table 1). Of the remaining 15 helices, 8 were displaced from adjacent unassigned
densities and 7 were completely missing from the map. Of these 15 ‘unfit’ helices, 13 are
found on the A3 surface, with 7 (3 moved and 4 missing) on the surface that abuts A1 (Fig.
5). These findings suggest that limited, local conformational changes occur on the A3 surface
during assembly into particles. Some of these changes seem to accompany interactions
between A3 and A1, and others may reflect interactions between A3 and p2 or genomic RNA.
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DISCUSSION

Orientation of A3 and route of transcript exit

The reovirus RdRp A3 has been called a polymerase in a cage on the basis of its three-
domain structure with four channels leading to the catalytic sitel8. The central polymerase
domain has fingers, palm and thumb subdomains similar to those in other RNA
polymerases*6. N- and C-terminal domains create the ‘cage’ and enclose the catalytic site in
a large central cavity!8. Of the four channels, two correspond to entry paths: one for the
single-stranded RNA template and one for NTPs. The other two channels provide exit paths
for the RNA template (or the dSRNA product during replication) and the plus-strand
(mRNA) transcript. An RNA cap-binding site on the surface of A3, adjacent to the template
entry channel, is thought to tether the capped 5’ end of the genomic plus strand throughout
transcription, promoting the polymerase to reinitiate at the 3’ end of the minus strand after
the end of each transcription cyclel8.

The new fitting results show A3 oriented such that its plus-strand RNA exit channel faces
directly toward the A1 shell, its NTP entry and template exit channels face approximately
parallel to the shell and its cap-binding site and template entry channel face toward the
particle center (Figs. 4e,f and 6). In addition, the bulk of A3 lies to one side of the five-fold
axis (Figs. 3b,c and 4b,c,e), with the mRNA exit channel directed toward the interface
between two \1-A subunits and one A1-B subunit, ~37 A from the five-fold axis (Fig. 4a—c).
This region of A1 has been identified as an opening to a small channel through the shell47:48
(Figs. 4a,c and 6). Although largely obscured by side chains in the core crystal structure, this
channel is presumably widened during transcription to allow passage of the nascent
transcripts into the large cavity of the A2 turret, where they can be capped and released into
the cytosol (Fig. 6). The outer end of this small channel opens directly beneath one A2
subunit, and a groove on the underside of that subunit leads into the A2 capping chamberl!
(Fig. 6). Contacts between A3 and the shell seem to create a seal around the mouth of the
transcript exit channel in A3 (Fig. 4c,d), limiting diffusion of transcripts away from the
region of the interface between (A1-A), and A1-B. The simplest hypothesis is therefore that
this small peripentonal channel, and not the similarly small channel directly at the five-fold
axis!1, is where the nascent RNA exits through the A1 shell. There are at least four loops in
L1 that seem capable of moving by several angstroms each to create a shell-spanning
channel wide enough for RNA transit near the interface between (A1-A), and A1-B. Two of
these loops are in the A1-A5 subunit (residues 609-618 and 662—-687), and two are in the A1-
Al subunit (residues 747-756 and 890-895). With the template exit channel facing
approximately parallel to the A1 shell and the cap-binding site and template entry channel
facing toward the particle center, these channels are properly positioned for the dSRNA
genome segments to be retained inside the particle interior throughout transcription, as is
known to occur30-32:44.45,

Possible locations of u2 and the A1-A N terminus

Melting and reannealing of the dSRNA genome segments during the course of reovirus
transcription, or termination and reinitiation between transcription cycles, may require viral
factors in addition to A3 (refs. 18-22). As suggested for bluetongue virus#?, the reovirus core
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may also require a diffusion-enhanced mechanism to pump NTPs into the particle interior
for maintaining the observed rate of transcript elongation. Positions of the template entry,
template exit and NTP entry channels identified by the A3 fit in this study suggest that any
additional factors would need to reside at the bottom or sides of A3 beneath the A1 shell. As
suggested above, candidate factors are p2 and the N-terminal 240 residues of L1-A, neither
of which have been precisely localized in the particle interior!. There are in fact unassigned
densities in the 7.6-A map that are internal to the shell, abut A3 and do not seem attributable
to dsRNA (Fig. 3b,c). Some of these are at the base of A3, near the cap-binding site and
template entry channel. Stronger and more extensive densities extend up the side of A3,
around the NTP entry channel. Portions of y2 and the N-terminal residues of A1-A might
account for these unassigned densities. In the absence of good models (that is, without X-ray
data for these components), however, we have no means to refine or to test the reliability of
these assignments.

Comparisons with other Reoviridae viruses

RdRp molecules anchored to the inner surface of the 120-subunit T = 1 shell at or near each
five-fold axis are probably a common feature of all Reoviridae members. Different
members, however, may use channels at different positions in their inner shells for exporting
the plus-strand RNAs produced by their RdRps. A reconstruction of rotavirus particles in the
act of transcription has suggested that each of their transcripts exits through a peripentonal
channel, not through the one directly at each five-fold axis®. In contrast, transcribing
bluetongue virus particles are thought to use their pentonal channels, which are expanded
during transcription, for RNA export4°.

Some Reoviridae members, such as bluetongue virus, have all capping enzymes internal to
the inner shell, unlike reoviruses, which have three capping enzymes external to that shell
(Fig. 6). Thus, in the former cases, the viral transcripts must encounter all four capping
enzymes before passing through the shell. This could be accomplished by several different
arrangements, but two seem simplest. The capping enzymes could physically intervene
between RdRp and shell, such that the latter do not make substantial contacts. In this case,
the RdRp might orient as in reovirus particles, directing the transcript ‘upward’ through the
capping enzymes and then the shell. Because bluetongue RdRp VVP1 and capping enzyme
VP4 can each bind independently to the shell within particles®!, however, this stacked
arrangement seems improbable. The capping enzymes could alternatively be positioned to
one side of the RdARp so that the nascent transcript is passed out the side of the RdRp, into
the adjacent capping enzymes, and then redirected ‘upward’ toward the shell. In this case,
the RdRp would be rotated by ~90° relative to its orientation in reovirus particles.

METHODS

Cryo-EM and image processing

Reovirus type 3 Dearing virions were purified as described?, and small aliquots at a
concentration of ~2 mg ml~1 were vitrified and maintained at —176 °C as described?0.
Micrographs were recorded at a range of defocus settings and under low-dose conditions
(~20 € A=2) in FEI/Philips CM200 and CM300 FEG microscopes at nominal
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magnifications of 38,000 and 45,000x%, respectively. A Zeiss PHODIS scanner was used to
digitize each micrograph at 7-um intervals, and these data were interpolated in RoObEM
(http://bilbo.bio.purdue.edu/~baker/programs/programs.html) to yield a pixel size
corresponding to 2.3 A in the specimen. The actual pixel size was later determined to be
2.21 A based on scaling of the EM data to the X-ray crystal structure of the reovirus core
particle (PDB entry 1EJ6)11.

A total of 54 micrographs with a defocus range of 1.3—-3.2 um under focus were selected for
processing. RObEM was used to extract 8,996 individual particle images, each 511 x 511
pixels in size, from these micrographs. The origin and orientation parameters (x, y, 6, ¢ and
®) for each image were initially determined using polar Fourier transform (PFT)
procedures®2, with a reconstruction of the reovirion at a resolution of 18 A used as the initial
model. These parameters were refined by means of a modified version of the original PFT
protocol: the Fourier transform of each image was adjusted to correct for effects of the
microscope contrast transfer function (CTF) by means of FILTER2 (6, = 0.1) as
described®3, and the real and imaginary components of each image transform were
correlated against unmodified components from corresponding data derived froma 7 x 7
search grid of model projections.

Initial refinement was restricted to the 4,859 particle images obtained from the 28
micrographs recorded at 200 kV and was conducted over 19 cycles with an orientation grid
search of 0.2°. Each cycle consisted of PFT refinement of origin and orientation parameters,
and subsequent computation of a 3D reconstruction and assessment of resolution9. This
initial processing of the 200-kV data led to a model of the virion structure at a resolution of
~8.6 A. The remaining 4,137 images, all recorded at 300 kV, were then added to the data
set, and 15 more cycles were conducted over 0.1° search intervals. These operations were
carried out on two dedicated Linux computers: a cluster with ten Intel Pentium 111 500-MHz
processors and a PC with dual AMD Athlon XP 1.4-GHz processors. Each cycle of
refinement required 8 d.

The sensitivity and reliability of the orientation and origin refinement procedures were
enhanced by limiting or modifying the structure factor data used to measure correlation
coefficients between transforms of images and projections. First, data below a spatial
frequency of 1/60 A were omitted from the refinement calculations. Second, only data for
which the absolute value of CTF exceeded 0.2 were used. Third, amplitude thresholds were
imposed at each spatial frequency in both image and projection transforms such that data
with an amplitude <0.6 of the average at a given frequency were omitted (for projection
data, average amplitudes were computed from the entire set of 49 projections in the search
grid for each image). Finally, transform data were multiplied by an inverse temperature
factor to enhance the weight of the high spatial frequency components used in refinement,
and its magnitude was gradually increased from 1/300 A2 to 1/900 A2 during the course of
refinement.

At the end of each cycle of refinement, two independent reconstructions were computed
using the EM3DR Fourier-Bessel program (http://bilbo.bio.purdue.edu/~baker/programs/
programs.html) or a parallelized version of it (http://bilbo.bio.purdue.edu/~viruswww/
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Rossmann_home/river_programs/para-pft-em3dr.shtml), and the new resolution limit was
assessed40:53, The subsequent cycle of refinement included all Fourier data to this resolution
limit. Refinement progressed until no further improvement in resolution was realized with
the current data or after more images were added. At the end of refinement, 7,939 of 8,996
particle images were included in the reconstruction reported here. During all cycles of
refinement, the effects of the microscope CTF on each image were compensated in part by
means of a pair of filtering operations (8; = 0.05, 8, = 0.1) as described®3. The distribution
of particle orientations was sufficiently random as measured by the eigenvalue spectrum (all
inverse eigenvalues <0.01) to allow computation of the final reconstruction to a resolution of
7.6 A (ref. 40). The characteristic attenuation of high spatial frequency data for cryo-EM
images was compensated in part by applying an inverse temperature factor of 1/400 A2 to
the final map®3.

For resolution assessment, particle images were randomly sorted into two sets from which
independent reconstructions were computed??. Densities attributed to genome (radius <243
A) and solvent outside the capsid (radius >438 A) were damped to background values with a
Gaussian-type mask 26 A wide®*, and the 3D Fourier transform of each reconstruction was
computed. Structure factors from each map were compared to compute Fourier shell
correlation coefficients (FSCs) and phase differences as a function of spatial frequency (Fig.
1). A conservative estimate of the resolution limit was based on an FSC threshold of 0.5 and
a phase difference threshold of 45°. At 7.6-A resolution, the FSC of the reovirus
reconstructions was 0.56 and the phase difference was 39.8° (Fig. 1).

Fitting atomic models into the cryo-EM density map

SITUS* and EMfit*! were used to fit atomic models of monomeric reovirus subunits 02, A1
and A2 (PDB entry 1EJ6)!, the n13033 heterohexamer (PDB entry 1JMU)3 and monomeric
A3 (PDB entry 1N35)18 into the 7.6-A EM map. To provide a basis for accurate fitting, the
magnification of the reconstruction was scaled so that the core component of the virion
matched the crystal model of the corell. The symmetry axes of the two structures were then
superimposed to permit direct visualization of the fits of A1, A2 and o2. The quality of
averaged density in the outer capsid region of the reconstruction was assessed by manually
docking, as a rigid body, the u13033 crystal model into its four quasi-equivalent positions?:3.
EMfit was then used to refine the fit at each position.

One-half of the entire reovirus map was used for the fitting done by EMfit. However, SITUS
fitting was only carried out efficiently on smaller, local volumes encompassing the target
density. Hence, for A3 fitting, the SITUS search volume was initially done in a 200-A cube
(~8 x 108 A3) and included a complete asymmetric unit that spanned a portion of the A1
shell as well as the region inside the shell and overlapping the five-fold axis. The
COLORES routine of SITUS*2, which was used to fit the A3 model into the cubic volume,
generated a list of fits with the five best being related by five-fold symmetry coincident with
the icosahedral five-fold axis contained in the search volume. More complete details of the
fitting procedures and refinement and assessment of the fit obtained for A3 are presented in
Supplementary M ethods online.
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Graphic illustrations

Figure 1 was prepared with Xmgrace (http://plasma-gate.weizmann.ac.il/Grace/). Figure
2a,b was prepared with IRIS Explorer (http://www.nag.co.uk/Welcome_IEC.html), Figure
2¢,d with RobEM (http://bilbo.bio.purdue.edu/~baker/programs/programs.html). Figures 2e,
3a—c, and f were prepared with BobScript®® and Raster3D®®. Figure 3d,e was rendered with
SPSS SigmaPlot (http://www.spss.com/spssbi/sigmaplot/spss.htm). Figure 4a,b was
prepared with Raster3D, Figure 4c,d with Spock (http://quorum.tamu.edu/spock/) and Figure
4e,f with CNS®7 and RobEM. Figures 5 and 6 were prepared with Raster3D. All figure
labels were added with Adobe Photoshop 6.0 (http://www.adobe.com/products/photoshop/
main.html).
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Figure 1.
Assessment of the resolution limit in reovirion reconstruction. The set of 7,939 particle

images was subdivided randomly into two subsets, and independent reconstructions were
computed from these data. Fourier shell correlation (solid curve) and phase difference
(dashed curve) criteria®® demonstrated that the resolution of the final reconstruction was at
least 7.6 A.
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Figure2.
Reovirion cryo-EM reconstructions. (a) Shaded-surface representation of complete virion,

rendered at a resolution of 20 A and viewed along a five-fold axis with a A2 pentamer (blue)
and a u13033 heterohexamer (U1, green; 03, red) highlighted. The outlined region (dashed
box) is shown at higher resolution in b. (b) Close-up view of the virion map rendered at a
resolution of 7.6 A illustrates fine details such as rodlike densities and also shows the
interlocking arrangements of the five A2 subunits in a pentamer (purple, green, magenta,
greenish yellow and dark orange) and the three copies each of p1 (red, yellow and light
green) and o3 (orange, dark blue and turquoise) that comprise a heterohexamer. (c)
Equatorial section (2.2 A thick) from the 20-A rendering shows one quadrant of the view
along a two-fold axis and identifies the approximate locations of viral components. (d) Same
as c for the 7.6-A rendering with locations of five-fold and three-fold axes indicated (the
right and bottom edges of the panel coincide with two-fold axes). Numerous punctate
features arise from a-helices viewed end on. (€) Stereo view of a small portion (N-terminal
methyltransferase domain) of the A2 X-ray model (ribbon) fitted into the corresponding
density (wire cage) in the 7.6-A EM map with a-helices in green and p-strands in yellow.
Scale bars are labeled; bar in c also applies to d.
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Figure 3.
Fits of A1 and A3 X-ray models into reovirion cryo-EM map. (a) Slab through the cryo-EM

map (10 A thick), encompassing a five-fold axis and including core densities from low radii
(~172 A at bottom of panel) to the outer surface of the A1 shell (radius ~ 277 A at top). (b)
Same as a but with X-ray models of A1 (black Ca backbone) and A3 (dark orange, blue,
orange, magenta and green Ca backbones) fit into the cryo-EM map. (c) Slab through the
cryo-EM map (10 A thick), viewed along a five-fold axis and toward the virion center, with
the X-ray model of the A3 pentamer fitted into the map. Thin dashed lines in b and ¢ mark
the boundaries of the slabbed regions shown, respectively, in c and a,b. Scale bar for a—c is
labeled. (d) Plot of Laplacian correlation coefficients (LCC) computed by SITUS*, which
quantify the fit of the A3 monomer X-ray model into a defined search volume within the
reovirion cryo-EM density map. For this calculation, the cryo-EM map was rotated to make
a five-fold axis coincide with the z-axis of a Cartesian coordinate system, and a region
encompassing more than one asymmetric unit was selected as the search volume, as
described in Methods and Supplementary Methods online. The fit of the A3 X-ray model
into this volume was based on an exhaustive six-dimensional search with angular and
translational sampling intervals of 5° and 2.2 A, respectively. Here the LCCs are only
plotted for the z-plane, yielding the best fit, and the value at each x and y position in the
plane corresponds to the orientation of the model at that position that gives the highest LCC.
The x- and y-axes of the plot identify the pixel coordinates within the search volume, with
each pixel representing a step size of 2.2 A. The value of the maximum peak (0.047) rose
only to 0.052 upon Powell minimization refinement#2. (€) Plot of the LCC for monomer and
pentamer X-ray models of A3 and A2 fitted into the reovirion cryo-EM density search
volume and for different rotation angles about the icosahedral five-fold axis. The 0° rotation
angle for each model corresponds to the orientation and position of that model that gives the
best fit as obtained in the experiments illustrated in d. (f) Stereo view of a small portion of
the A3 X-ray pentamer model (blue and orange ribbons distinguish adjacent monomers)
fitted into the corresponding density (wire cage) in the 7.6-A EM map. This region of the
map includes minimal overlap between neighboring A3 models.
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Figure4.
Location of A3 inside reovirus A1 shell. (a) Space-filling representation of the inner surface

of the A1 shell viewed along a five-fold axis (white star). The five identical A1-A subunits
(those closest to the five-fold axis) are highlighted in yellow (A1), blue (A2), brown (A3),
green (A4) and cyan (Ab5), and all five A1-B subunits are shown in violet. Potential pores at
the interfaces between neighboring A1-A subunits are indicated by small red circles (shown
also in ). The red line marks the position of a plane, ~6 A from the five-fold axis, to one
side of which over half of the pseudo atomic model of the reovirion was removed for the
illustrations in eand f. (b) Same as a but with space-filling model of A3 (red) added to show
its position relative to the A1 shell’s inner surface. The white arrow indicates the view
direction in the cutaway illustrations in eand f. (¢) Same as a but rendered to show the
electrostatic surface potential of the A1 shell inner wall. The A3 footprint (black lines)
outlines regions in A1 within 5 A of A3 residues. (d) Electrostatic surface potential of 1.3
overlaid with the footprint shown in c. The A3 molecule (at right) and an enantiomeric
version of it (at left) are viewed in a direction facing the mRNA exit channel and the surface
that contacts the A1 shell. The A3 contact surface mainly consists of basic and neutral
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patches that seem complementary to the neutral and slightly acidic A1 footprint seen in c.
The A3 enantiomer is included to help visualize the contact surface complementarity. (€)
Shaded-surface, cutaway view of the pseudo atomic model of the reovirion, oriented with a
five-fold axis vertical (red line) shows the arrangement of the globular A3 molecules (red) on
the inner surface of the A1 shell. Most or all of the A1-Al, -B2, -A2, -B3 and -A3 subunits,
and small portions of the A1-B1, -A5, -A4 and -B4 subunits, have been cut away. (f)
Enlarged view of region outlined in e with A2 in yellow, A1 in blue and A3 in red. Scale bars
are labeled; bar in d also applies to a—c.
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Figure5.
Stereo view of A3 X-ray ribbon model with a-helices color-coded to signify position and

correspondence with features in the cryo-EM map. The A3 molecule is oriented with the
MRNA exit channel facing the observer, a view opposite that for A3 depicted in Figure 4b.
Of the 48 total a-helices in A3 (Table 1), the 33 that were well represented in the cryo-EM
map are blue. The remaining 15 helices are distributed mainly at the periphery of the A3
molecule, with three occurring in the N-terminal domain (green), seven in the polymerase
domain (red) and five in the C-terminal domain (orange). A red asterisk marks the position
of the nearest five-fold axis. Ball-and-stick figures highlight active site residues Asp585,
Asp734 and Asp735 in orange and the priming NTP platform (Ser561) in magenta. A dotted
line identifies the horizontal plane used to segment the A3 molecule (the approximate one-
half above the arrows was extracted) to reveal some of its internal features in Figure 4f.
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Figure6.
Space-filling, cutaway view of the reovirus core, showing a proposed exit pathway for

newly synthesized plus-strand (+) RNA transcripts leading from A3 through the A1 shell to
the A2 cavity. The view direction and region depicted are approximately the same as shown
in Figure 4f, but additional portions of A2 were included to help identify the large exit
cavity. The approximate locations of four RNA capping guanylyltransferases (GTasel-4),
three N-terminal methyltransferases (N-MTasel-3) and three C-terminal methyltransferases
(C-MTasel-3) in the A2 pentamer subunits are shown. The minus and plus strands of the
template dsRNA and the nascent plus-strand transcript are orange, black and yellow,
respectively. The transcript is shown exiting the channel at the top of A3, traversing a
putative channel formed at the interfaces between two A1-A subunits (A1 and A5) and
between A2 and the L1-A5 subunit, and finally into the large A2 channel. The cap structure
(MGpppG M2 at the 5’ end of the dsSRNA plus strand is shown tethered to the cap-binding
region (green) on the A3 molecule as previously proposed!8. The A1 subunits are colored
according to the same scheme as in Figure 4a,b. The nascent transcript is shown as having
already been modified with a 5’ cap (green) by the RNA 5’ triphosphatase (position
unknown) and A2 capping domains.
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Table 1

Secondary-structure elements in cryo-EM map of reovirion and quantitative fit of atomic models to the density
map

Protein  a-helices?  B-sheets® LCCP

03(Q)C  24(24) 9(9) 0.327
03(R)C 24 (24) 9(9) 0.344
o3(S)C  24(24) 9(9) 0.341
o3(T)c  8(8) 3(3) 0.337

Q) 45 (45) 12(12)  0.248
W(RIC 45 (45) 12(12) 0244

ui(s)C 45 (45) 12(12) 0241

ume  15(15) 4(4) 0.242
A2 25 (25) 10(10)  gs55ad
o25He  11(11) 0(0) 0.409
23 11(11) 0(0) 0.421
022 11(10) 0(0) 0.283
aaf - 26(26) 6 (6) 0.332
wgf 28(29) 6 (6) 0.327

Towd 342(341) 92(92) -

»3h 48 (33) 2(0) 0.067
23 48 (33) 2(0) 0.146
23l 48 (5) 2(0) 0.017
23k 48 (5) 2(0) 0.021

a . — . o . I . . .
Listed first is the number of a-helices with five or more residues or 3-sheets with three or more strands in the atomic model of each protein,
followed in parentheses by the number of each secondary-structure element that is clearly visible in the cryo-EM density map.

bLapIacian correlation coefficient computed by SITUS for atomic model fitted into cryo-EM density map.

Based on nomenclature defined for bluetongue VII'US58, Q, R, Sand T identify the four quasi-equivalent trimers in the icosahedral lattice. Total
statistics are listed for all three, nonequivalent copies of the Q, R and S subunits of 03 and p1.

d
Value for A2 pentamer.

eDifferent types of 62 subunits are close to the icosahedral five-fold (5f) axes, close to the icosahedral three-fold (3f) axes or at the icosahedral
two-fold (2f) axes.

le-A subunits approach the icosahedral five-fold and two-fold axes; A1-B subunits approach the icosahedral three-fold axes.
gTotals for the major capsid proteins listed above in this table.
h
A3 monomer.
IX3 pentamer constructed by five-fold replication of the single fitted molecule.

JRandomly oriented A3 monomer.
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I(Randomly oriented A3 pentamer.
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