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Summary

Viruses in the Reoviridae, like the triple-shelled human rotavirus and the single-shelled insect
cytoplasmic polyhedrosis virus (CPV), all package a genome of segmented dsRNAs inside the
viral capsid and carry out endogenous mRNA synthesis through a transcriptional enzyme complex
(TEC). By direct electron-counting cryoEM and asymmetric reconstruction, we have determined
the organization of the dsSRNA genome inside quiescent CPV (q-CPV) and the /n situ atomic
structures of TEC within CPV in both quiescent and transcribing (t-CPV) states. We show that the
total 10 segmented dsRNAs in CPV are organized with 10 TECs in a specific, non-symmetric
manner, with each dSRNA segment attached directly to a TEC. TEC consists of two extensively-
interacting subunits: an RNA-dependent RNA polymerase (RdRP) and an NTPase VP4. We find
that the bracelet domain of RARP undergoes significant conformational change when converted
from g-CPV to t-CPV, leading to formation of the RNA template entry channel and access to the
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polymerase active site. An N-terminal helix from each of two subunits of the capsid shell protein
(CSP) interacts with VP4 and RdRP. These findings establish the link between sensing of
environmental cues by the external proteins and activation of endogenous RNA transcription by
the TEC inside the virus.

Each capsid of viruses in the Reoviridae contains 9-12 segmented dsRNAs and up to 12
transcriptional enzyme complexes (TECs). These RNA-containing viruses are fully capable
of RNA transcribing and capping?. Crystal structures of the RNA-dependent RNA
polymerase (RdRP) component of the TEC have been determined for rotavirus and
mammalian reovirus (MRV)2:3, but no high-resolution /n situ structure of the TEC is
available. Moreover, the organization of TECs with the dSRNA genome and the mechanism
of transcriptional activation have remained mysteries, in contrast to the well understood
genome organization inside dsSDNA viruses*>.

With only a single protein shell that encloses 10 different genome segments, CPV is one of
the simplest dsRNA viruses® and serves as a model system, as highlighted by its contribution
to the discovery of RNA capping’. To gain insight into the organization of the TEC and
segmented dsRNA genome, we have determined CPV structure in a quiescent (g-CPV) state
at 5.1A resolution (see Methods, Extended Data Figs. 1,2). The structure reveals that each
CPV contains 10 TECs under 10 specific positions of the 12 icosahedral vertices (Fig. 1).
The two vertices without TECs are occupied by rod-like densities (Fig. 1a-e, Supplementary
Video 1, Extended Data Figs. 3-4). The previously ambiguous locations of TECs8 are now
determined to be 10 specific positions in each CPV particle, related by pseudo-D3
symmetry, with only one on a “south tropic” position and three each around the “north
tropic”, “north pole” and “south pole” positions (Fig. 1d, Supplementary Video 2).

Each TEC is surrounded by rod-like densities with lengths up to ~650A (Fig. 1a-c, e-f,
Extended Data Fig. 4a, Supplementary Video 1). In most regions, these rods form parallel
striations with an inter-rod distance of ~27A as suggested early (e.g., 10,11). Some of the
rods exhibit the characteristic minor and major grooves typical of dsSRNA duplex (Fig. 1g).
We therefore interpret these rod-like densities as dSRNA duplexes. Unlike the model of each
genome segment spiraling around one TEC (Ref 12), the duplexes do not spiral locally
around TECs (Fig. 1a-c, Extended Data Fig. 4 and Supplementary Video 1); instead, many
extend tangentially from one TEC to another (e.g., duplexes i-iii in Fig. 1b; Extended Data
Fig. 4), indicating that each dsRNA segment is organized beyond one TEC. Indeed, the
whole RNA genome is organized into 7 to 8 non-concentric layers with visible connections
between adjacent layers (Fig. 1e and Extended Data Fig. 3). This extended organization of
dsRNA is consistent with the rather long (~620 A) persistence length of dsRNA13 and would
reduce the energy needed for genome packaging and transcription. One RNA duplex (the
brown one in Fig. 1g) binds to each of the 10 TECs at the same relative position and
orientation, suggesting that this RNA duplex is a conserved feature among the 10 dsRNA
segments. However, the organization of the remaining RNA duplex differs among the 10
TECs (Extended Data Fig. 4g). The two vertices without TECs are occupied only by roughly
parallel dsRNA densities (Fig. 1a-c).
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We also obtained a 3.9A resolution asymmetric reconstruction directly from the raw images
of g-CPV and subsequently used non-crystallographic averaging to improve the resolution to
3.3A for the TEC-containing regions (see Methods and Extended Data Fig. 5). The averaged
map retains a short (~35A) RdRP-bound dsRNA density (Fig. 1g) and resolves the two
protein components of the TEC: VP4 and RdRP (Fig. 2a). We built a backbone model of the
RdRP-bound dsRNA and de novo atomic models of both VP4 and RdARP (Fig. 2c-f,
Extended Data Fig. 6, Supplementary Videos 3-8). VP4 and RdRP interact extensively (Fig.
2a) with a buried interface area of ~2800A2.

VP4 appears “L”-shaped and consists of an N-terminal (aal-252) and a C-terminal (aa
253-561) domain, with two unresolved/flexible segments (aa 23-40 and 86-131) (Fig. 2a,b,
Supplementary Video 3). The N-terminal domain is formed by two small p-sheets and
several a-helices and the main body of the C-terminal domain is a Walker-A a/p motif, a
well-known NTP-binding motif found in the P-loop kinase family of proteins. Sequence
analysis predicted an NTP binding site in VP4 (Refs 14,15). Indeed, the VP4 structure
contains a GTP molecule at the predicted NTP binding site of the C-terminal domain (Fig.
2c, Supplementary Video 4). We thus rename the C-terminal domain as the NTPase domain
(Fig. 2b,c). A similar fold was also observed in the N-terminal a/f domain of bluetongue
virus VP4. But, remarkably, bluetongue virus VP4 is an RNA capping enzyme and its a./p
domain does not bind GTP (Ref 16). CPV VP4 and its homologs in other dSRNA viruses
have been speculated to function as an NTPase, as an RNA 5’-triphosphatase (RTPase) or as
a helicasel417:18 Qur structure supports VP4 as an NTPase but shows no interaction with
dsRNA, suggesting that VP4 is unlikely a helicase. Whether VP4 is the CPV RTPase or an
RdRP regulatory factor remains to be determined.

Like other RARP structures?319, the CPV RdRP contains a polymerase core with finger (aa
349-515, 549-641), thumb (aa 730-863) and palm (aa 516-548, 642-729) subdomains (Fig.
3a). This polymerase core is sandwiched between the N-terminal (aa 1-348) and C-terminal
bracelet (aa 864-1225) domains (Fig. 3 and Extended Data Fig. 6). A GTP is identified (Figs
1g, 3a) at the position equivalent to the cap-binding site observed in the MRV RdRP2,
Interestingly, the bracelet domain of q-CPV RdRP differs from that of MRV significantly,
despite close similarities between both their polymerase core and their N-terminal domains.
Consequently, the crystal structures of MRV RdRP has an open RNA template entry channel
and an accessible polymerase active site?; while in the g-CPV RdRP, the polymerase active
site is covered by the bracelet domain and there is no recognizable channel for template
entry (Figs 3a,4a, Supplementary Videos 5,8). Since g-CPV is incapable of mMRNA
transcription, we considered that these structural differences might be characteristic of
conformational differences between bracelet-containing RdRPs in the quiescent and
transcribing states.

To test this hypothesis, we then determined the structure of actively transcribing CPV (t-
CPV), obtained an averaged TEC map at 4.0 A resolution, and built atomic models of VP4
and RdRP (Fig. 3b, Extended Data Figs 5, Supplementary Video 9). In t-CPV, the location of
TECs remains the same, as do the structures of VP4 and those of the N-terminal and
polymerase core domains of RARP (Fig. 3a-f, Extended Data Figs 7-9, Supplementary Video
10). By contrast, the RARP bracelet domain undergoes major conformational change (Fig.
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3d,e). Consistent with the above hypothesis, the /n situ structure of the t-CPV RdRP is quite
similar to the crystal structure of MRV RdRP in its elongation state? (Extended Data Fig.
10).

The most significant changes of the CPV RdRP between quiescent and transcribing states
involve two neighboring structural modules in the bracelet domain, the capsid-proximal
Module A (aa 1080-1140 containing helices Ba.14-Ba.16) and the VVP4-proximal Module B
(aa 912-1010 containing helices Ba5-Ba9) (Fig.4a-b, Extended Data Figs 9,10). Compared
to that in g-CPV, Module A in t-CPV rotates ~40° towards the capsid shell (Fig. 3f,
Extended Data Figs 9, 10f-k). Consistent with previous icosahedral reconstructions, our
asymmetric reconstructions show that the capsid shell of t-CPV expands outwards from g-
CPV, with the maximal (~10 A) expansion occurring at the vertex region?%-21, to which
Module A of the bracelet domain is attached (Fig. 4e,f). Likewise, Module B refolds
substantially from quiescent to transcribing state, such that a template entry channel is
formed (Fig. 4a,b) and the blockage of the active site by the Ba5-loop-Ba6 fragment is
removed (Fig. 3f, Fig. 4a-b, Extended Data Figs 9,10).

In the quiescent state, a helical dsSRNA duplex is held inside a shallow cleft formed by
Modules A and B (Figs.1g,4c, and Extended Data Fig. 7d,f) through interaction between a
major groove of the RNA duplex and residue Arg979 of Module B (Fig. 4c inset). In the
transcribing state, this RNA duplex becomes detached perhaps as a result of refolding the
RdRP bracelet domain (Fig. 4d, and Extended Data Fig. 7e,g). We anticipate that
detachment of the RNA duplex would permit RNA to slide towards the template entry
channel for RNA synthesis in t-CPV. Indeed, in the catalytic center of the t-CPV RdRP, we
observe weak densities (Fig. 3b,g-i) that match the RNA duplex in the crystal structure of
the MRV RdRP elongation complex2. We are able to place a 5-basepair RNA backbone
model in the active site and a CTP at the NTP binding site (Fig. 3g-i).

In addition to enclosing the viral genome and anchoring TECs, the capsid shell protein
(CSP) also regulates polymerase activity in dsRNA viruses?2-25, In particular, the CSP N-
terminal fragment plays roles in genome replication, mRNA transcription and
capping?3:26:27 A CSP N-terminal fragment, unresolved in all previous structures?1:28-30 js
resolved here to form a helix in the two TEC-interacting CSP subunits in both q-CPV and t-
CPV (Fig. 4e,f). The N-terminal helix of one CSP inserts into the interface between the
NTPase domain of VP4 and the finger subdomain of RARP (Fig. 4f lower inset) and that of
the other CSP interacts with the bracelet domain of RdRP (Fig. 4f upper inset). Notably, the
former is in proximity to the NTP-binding site of the VP4 NTPase, suggesting how the N-
terminal fragment of CSP is positioned to affect TEC. In addition, the structures reveal that
other regions (/.e., vertices area) of CSP also interact with Module A of the RARP bracelet
domain (Fig. 4e-f). From quiescent to transcribing state, Module A and the CSP regions
involved in this interaction both undergo conformational changes. Taken together, these
results point to a sequence of conformational changes that leads to activation of endogenous
transcription. Specifically, environmental cues cause the capsid shell to expand?t, which
triggers refolding of the RARP bracelet domain, leading to formation of the entry channel for
a RNA template and exposure of the polymerase active site for RNA synthesis.
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Methods

Sample preparation and cryoEM imaging

CPV particles were purified as described previously30. Purified polyhedra were treated at pH
10.8 with an alkaline solution (0.2 M Nay,CO3-NaHCQ3) for 1 hour, and then centrifuged at
10,000g for 40 minutes. The supernatant was collected and centrifuged at 80,0009 for 60
minutes at 4°C to pellet the CPV virions. The resulting pellet was directly re-suspended in
the quiescent buffer (7OmM pH 8.0 Tris-Cl, 10 mM MgCl,, 100 mM NaCl and 2 mM GTP).
In order to prepare the transcribing CPV (t-CPV) particles, 30ul purified CPV was incubated
in a reaction buffer (7OmM Tris, pH 8.0, 10 mM MgCl,, 100 mM NacCl, and 1 mM SAM
+2mM GTP+2mM UTP+2mM CTP+4 mM ATP) at 31°C for 15 min, and then the reaction
was stopped by quenching the reaction tubes on ice.

To prepare cryoEM grids, 2.5ul of purified CPV sample was applied to a Quantifoil grid
(2/2), blotted for 15 seconds with an FEI vitrobot in 100% humidity, and then plunged into
liquid ethane. CryoEM images of the quiescent CPV (g-CPV) were collected in an FEI Titan
Krios cryo electron microscope, operated at 300kV with a nominal magnification of 49,000x
(Extended Data Fig. 5g). The microscope was carefully aligned and electron beam tilt was
minimized by a coma-free alignment procedure. Images were recorded on a Gatan K2 direct
electron detection camera with the counting mode, and the pixel size was calibrated as
1.01A/pixel on the specimen using catalase crystals. The dose rate of the electron beam was
set to ~8e~/pixel/s, and the image stacks were recorded at 4 frames/sec for 3 seconds. The
drift between frames in each image stack was corrected with the UCSF software31, and the
total 12 frames of each stack were merged to generate a final image with a total dose of
~25e~/A2. Contrast transfer function (CTF) parameters, including defocus values and
astigmatism, were determined by CTFIND32 (Extended Data Fig. 5g).

Sample grid preparation, cryoEM imaging and drift correction of frames for the transcribing
CPV (t-CPV) were performed using the same procedure described above for g-CPV with the
exception of the camera used. The t-CPV cryoEM images were recorded on a new Gatan K2
direct electron detection camera attached to a Gatan imaging filter (GIF Quanta) with a pixel
size of 1.36A at the specimen scale (Extended Data Fig. 5g).

Asymmetric reconstruction based on original images

A total of 68,526 particles were selected for image processing using Frealig3 and
ReliorP*. The 2x binned data set was first processed using icosahedral symmetry with
FrealigrP3. The centers of all particles were then fixed and used for the asymmetrical global
search with Frealign using 4x binned data set starting at 20 A resolution.

To generate an initial model, we placed the crystal structure of the MRV RdRP?2 under a
previously obtained CPV capsid map3® at the location corresponding to that in MRV capsid
as previously reported® and imposed a tetrahedral symmetry (i.e., with 4 three-fold axes, 3
two-fold axes and 12 asymmetric units), resulting in a montage map with an empty CPV
capsid containing 12 RARPs but without any VVP4. This montage map was filtered to 30A
resolution and used as the initial model for image processing with Frealign. After 9
iterations of global search and 2 iterations of refinement, the resolution of the density map
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was determined to be 3.9A. In the final map, only 3 RdRPs (#8-10 in Fig.1d) remained at the
same locations as in the initial model with the tetrahedral symmetry.

The final map was reconstructed using the top 47,968 (70%) particles of the original
unbinned data set. Averaging all TEC densities under different vertices was performed
following the procedure described previously3® to improve the density quality and the
resolution. The effective resolution of the asymmetrical and averaged reconstructions were
estimated to be 3.9 A and 3.3 A, respectively, based on the FSC (=0.143) and the correlation
coefficient (=0.5) between the density map and atomic model calculated with Phenix
(Extended Data Fig. 5g)37:38. These estimated resolutions are consistent with the observed
structural features of the density maps (Fig. 2, Extended Data Fig. 5e, and Supplementary
Videos 3-8). The averaged map was filtered to the spatial frequency of 1/(3.3 A) and
sharpened with a reverse B-factor of ~120A2. This B-factor was chosen with a trial-and-
error method based on the optimization of noise level, backbone density continuity, and
emergence of side-chain densities.

Since there were no densities in the initial montage model at the VP4 locations, the
emergence of VP4 densities in the map and the match of side-chain densities to those
expected from the VP4 amino acid sequence (Fig. 2) provide strong internal controls for the
validity of the high resolution cryoEM map. Consistent with this assessment, the locations of
the RARP in the final reconstruction are not only different from those in the initial montage
model, but also are related by D3 symmetry instead of the tetrahedral symmetry in the initial
model. Most convincingly, the density features in the final map agree with the CPV RdRP
amino acid sequence but differ from that of the MRV RdRP used in the initial model.

In addition, we also performed independent reconstruction without using the model of the 12
MRV RdRPs, and obtained a nearly identical structure from the same dataset. In this
procedure, we first determined an icosahedral reconstruction without using any initial
models. This icosahedral reconstruction was used to restrain refinement without symmetry
(i.e., symmetry operator is C1) to search for orientation around the 60 icosahedral-
symmetry-related locations with Re/jor*. This independent result further validate our TEC
structures.

To obtain the 3D structure of the transcribing particles, we low-pass filtered the above 3D
map of g-CPV to 30A resolution and used it as the initial model. After 11 iterations of
asymmetrical global search and 2 iterations of local refinement, the density map converged
to a resolution of 4.8 A, and the density quality of the TEC was further improved to ~4.0 A
resolution by aligning and averaging all TEC densities inside the asymmetric reconstruction
(Extended Data Fig. 5d,f,g).

reconstruction using capsid-subtracted images

To further improve the genome structure, we used the following procedure to carry out
asymmetric reconstruction of g-CPV with the same particle image dataset but with capsid
contribution subtracted. As illustrated in Extended Data Fig. 1, this procedure includes four
stages: 1, capsid subtraction in raw particle (orange); 2, initial model generation (green); 3,
asymmetric feature emergence in Relion® refinement (blue); 4, orientation selection
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(purple). In the first stage (orange in Extended Data Fig. 1), we determined the orientation
and center parameters for each particle and obtained an icosahedral reconstruction with
Frealign®3 from raw particles with an inverse B-factor of —40 A2 (a-b). Based on these
parameters, a CTF-corrected projection (c) with empirical B-factor of 160 A2 was generated.
Next, the capsid contribution to the images was removed by subtracting the 2D projection
corresponding to the icosahedral orientation of each image as done before39-42 with the
following improvements. To accurately subtract the contribution from the capsid, we
determined a scaling factor between capsid projection (c) and each raw particle image (a).
The projection and raw images were both band-pass filtered between 1/400 A~1 and 1/29
A~1 then radially masked based on the inner and outer diameters of capsid to produce ring-
shaped projections (d) and raw (e) images. The standard deviations of these ring-shaped
images were calculated and used to normalize both the unmasked and masked (/.¢., ring-
shaped) projections. The cross-correlation coefficient (0 tol) between the ring-shaped raw
image and the normalized ring-shaped projection was computed and used as the probability
factor measuring the contribution of capsid signal in the raw particle image. Each raw image
was then subtracted by the unmasked projection multiplied by this probability factor to
generate a capsid-subtracted particle (f) for the following refinement. Particles with a
probability factor less than 0.1 were not included in the subsequent analyses.

In the second stage (green in Extended Data Fig. 1), the map from the above Frealign
asymmetric refinement (g) was low-pass filtered to 60 A resolution, masked with a 260 A
radius (h), and used to refine the capsid-subtracted particle (f) with Relion version 1.2. The
Tau2_fudge value (T-factor) in Relionwas set to 0.5. T-factor is an ad hoc value in Relionto
tune refinement speed, and a value of 0.5 slowed down the refinement progression thus
ensuring the priority use of low resolution (up to 20A, such as dsRNA) data in the
refinement. This refinement led to a reconstruction without the capsid (i). This capsid-
removed map has 12 TECs with D3 symmetry, which could be classified into two groups:
the first group containing six better-resolved TECs close to the 3-fold axis (polar) and the
other group containing six less-resolved TECs near the equator (tropical), suggesting
potential smear of density due to orientation mis-assignments or TEC flexibility/lower
occupancy near the equator.

In order to further eliminate potential orientation mis-assignments, we next conducted the
third stage of data processing (blue in Extended Data Fig. 1). We first low-pass filtered the
capsid-removed reference (i) to 32 A resolution (j) and used it to drive Relion refinement
with the capsid-subtracted particles (f). The T-factor used in this refinement is 0.1, only
2.5% of that used in Relion convention, thus ensuring slow progression of the refinement.
Slower refinement provides time for asymmetrical feature to emerge. Relion global search
was carried out with a 3.75 degrees angular interval, followed by local angular search with
1.875 degrees interval and highly-constrained translational search (0.7 pixel in range with
0.5 pixel interval). Asymmetrical RNA density feature with 10 TECs emerged after 10
iterations (k). In our procedure, one way to prevent trapping into local minima in orientation
assignment due to symmetric structural elements is to filter the current refinement result
back to ~32 A resolution and refine with T-factor of 0.1 again to remove residual symmetric
feature from the working reference. This process is carried out iteratively.
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To further improve resolution of the 3D map, we carried out the fourth stage for particle
orientation selection (purple in Extended Data Fig. 1). From the orientation of each particle
determined in the high-resolution (~3A) icosahedral reconstruction (b), we calculated 60
fcosahedral-related orientation candidates. The task of the rest of the fourth stage of data
processing is to select one out of these 60 orientation candidates to be the asymmetric
orientation of the particle as done before*>43, To do this, we continued to run Relion
refinement for 15 iterations using the above asymmetric map with 10 TECs (K) as initial
model and the orientation determined by each iteration was recorded, giving rise to 15
Relion orientations for each particle. For each of these 15 Relion orientations, we calculated
its angular distances to the 60 icosahedral-related orientation candidates; and the
icosahedral-related orientation candidate with the smallest angular distance was selected as
the working orientation for that iteration, resulting in a total of 15 working orientations for
each particle. The particle would be retained if 14 or all of its 15 working orientations are
the same (/.e., the selected orientation) and their averaged angular distance was less than 3
degrees. Otherwise, this particle will be discarded. This procedure yielded a total of 11,741
particles with selected orientation. The original raw images of these selected particles were
combined to generate an asymmetric reconstruction using Frealign and the resolution was
determined to be 5.1 A.

As shown in Extended Data Figure 2, this procedure was repeated by using a Gaussian ball
to replace the capsid+TEC model (g) in the initial model generation stage (green in
Extended Data Fig. 1). The result is the same, confirming our procedure was not influenced
by the choice of initial model.

Atomic modeling and visualization

The atomic models of both RARP and VP4 in the quiescent state were built with Coot#4 and
refined with Phenix®® as described previously>.

The atomic model of the VP4 structure was manually built with Coot. Because no homology
models of VP4 previously existed, the Ca carbon backbone was constructed by matching
the VP4 amino acid sequence to the density map. Once the correct placement of each
residue was ensured, the backbone was converted to a purely alanine backbone by the
function “Mainchain,” and mutated to the corresponding amino acids through the function
“Mutate Residue Range.” With the initial model now completed, the “Density Fit Analysis”
validation tool was used to screen for sequences of the model that did not fit the density.
When identified, these sequences and the amino acids surrounding them were examined for
any other possible conformations that would better fit the density. Due to the high resolution
of this structure, this was completed through the refinement tool “Real Space Refine Zone,”
which optimizes the fit of the model to the mass density while preserving stereochemistry.
Additionally, refinement was also performed based on the Ramachandran plot, an important
indicator of three-dimensional protein structure that validates the torsion angles of a protein
chain. In the Ramachandran plot, any residues with disallowed values were selected, and the
stereochemistry of that residue along with its surrounding residues was optimized with the
refinement tool “Regularize Zone.” After ideal Ramachandran values were obtained (<1%
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outliers), the refinement function “Rotamers” was used to select a rotamer that best fit the
density.

The atomic model of the polymerase structure was also manually built with Coot. However,
since an atomic model for the MRV polymerase was available in the Protein Data Bank
(accession number 1MUK), this model was used as a template to assist with model building
through the identification of the N-terminus, C-terminus, and various secondary structures.
Once the Ca carbon backbone was built by matching the polymerase amino acid sequence
to the density map and mutated to the appropriate amino acids, the model was refined with
“Regularize Zone,” “Rotamers,” and “Real Space Refine Zone.” The model was validated
with the Ramachandran plot and the function “Density Fit Analysis.” The complex of VP4
and polymerase was then refined with Phenix, including the real space refinement38,

The atomic models of the transcribing state were built by fitting the atomic structures of
RdRP and VP4 at quiescent state into the density, manually adjusting the changed residues
with Coof** , and refining the models with Phenix38.

Visualization, segmentation of density maps, and generation of videos were done with UCSF
Chimeradl.
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Extended Data
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Extended Data Figure 1.
Illustration of the asymmetric reconstruction procedure using particles with the capsid

density subtracted.
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Extended Data Figure 2.
Validation of asymmetric reconstruction from capsid-subtracted images using a Gaussian

ball as the initial model.

Nature. Author manuscript; available in PMC 2016 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

%%%%%@@@ﬁﬁﬁii
9@§@@ﬁ#ﬂﬁi@;

Extended Data Figure 3. Sections of the g-CPV density map along the 3-fold (i.e., the earth axis)
(a) and 2-fold (b) axes of the pseudo-D3 symmetry

Note: the Lack of 3-fold and 2-fold symmetry in the RNA density in contrast to the perfect
symmetry of the capsid shell proteins. Pixel size=4.04A; Clipped map size=166*166*120
pixels.

Nature. Author manuscript; available in PMC 2016 October 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhang et al.

Page 13

Souther Norther
n tropic North Pole

South Pole n tropic

Extended Data Figure 4. dsRNA density maps in the quiescent state
a, View of TEC+RNA densities with the same orientation of Figure 1d. b-c, The same view

as in (a) but rotated by +90° (b) or —90° (c) along x axis in (a) to view from either north (b)
or south (c) poles. d-f, Three views from three 2-fold axes on the equator, each is rotated by
120 ° along the y axis from each other. g. dsSRNA density maps at the twelve vertices. TECs
are arranged and numbered according to Figure 1d. First row: TECs 1, 2, 3; Second row:
TECs 4, 5, 6; Third row: TEC 7 and two unoccupied positions; Fourth row: TECs 8, 9, 10.
All TECs have a dsRNA segment bonded at the flange, each marked with a black arrow.
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Compared with polar TECs, all tropical TECs (4-7) have extra piece of dense rods, with
locations indicated with an opened black arrow.

Cross Correlation Coefficient

AV
A\

06 \

1
genomexTECs
04 \
\
\
\
N

o2~ quiescent

original

0.143

04

Cross Correlation Coefficient

o2 transcribing

------- 0443 = = —mm e e N A - -

1/20 110 17

1/5

Spatial Frequency

transcribing

1/35 1/3.2 1/20 n

0 17
Spatial Frequency

1
1/5 1/4 135

Quiescent state

Transcribing state

Sample buffer (pH8.0) 70mM pH 8.0 Tris-Cl, 10

mM MgClz, 100 mM NaCl

70mM Tris, pH 8.0, 10 mM
MgClz, 100 mM NaCl, and
1 mM SAM+

2mM GTP+2mM UTP+
2mM CTP+4 mM ATP

and 2 mM GTP
Microscope FEI Titan Krios
Voltage (kV) 300
Camera Gatan K2 (counting mode)

Energy-filter None
Nominal Magnification 49,000x
Alpixel 1.01
Underdefocus range (um)  0.6~4.51
Total Dose (electrons/A?)  ~25
Frames per micrograph 12

Micrographs exposed 4385
Particles selected 68526
Resolution (A) 3.3 (averaged)

(FSC=0.143)

FEI Titan Krios

300

Gatan K2 (counting mode)
GIF Quantum Energy Filter
105,000

1.36

0.89~3.4

~40

40

4907

81887

4.0 (averaged)

Model refinement with phenix

0.18 (50-3.3A)
0.17 (50-3.3A)

Rwork (overall)
Riree (overall)

Ruwork (best resolution zone) 0.37 (3.6-3.3A)
Riee (best resolution zone) 0.36 (3.6-3.3A)

Ramachandran plot values

Most favored 97.57%
Generously allowed 2.38%
Disallowed regions 0.06%

0.25 (50-4.0A)
0.23 (50-4.0A)

0.35 (4.6-4.0A)
0.32 (4.6-4.0A)

95.91%
391%
0.18%

Extended Data Figure 5. CryoEM reconstructions of CPV in the quiescent and transcribing
states

a-b, CryoEM images of CPV particles in quiescent (a) and transcribing (b) states. These
images were obtained by aligning and averaging frames in direct electron counting image
stacks. Fiber-like nascent mMRNAs are visible over background in (b) (marked by green
arrows), while the background in (a) is clean. c-d, Fourier shell correlation coefficients
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(FSCs) as a function of spatial frequency between two half maps for reconstructions in the
quiescent (c) and transcribing (d) states. The black and red lines represent FSCs for the
asymmetrical reconstructions of capsid + genome and the locally averaged TEC densities,
respectively. The effective resolutions of the local averaged maps are ~3.3 A (c) and ~4.0 A
(d) resolution (FSC=0.143) for maps in the quiescent and transcribing, respectively. e-f,
CryoEM densities (grey surface representations) superimposed with atomic models (ribbons
and sticks) for the quiescent (e) and transcribing (f) states. The a-helix (Pa12) and the four-
stranded B-sheet (P4, P7-8 & P11) in (e) and (f) are both from the palm subdomain of the
polymerase domain at 3.3 A (e) and ~4.0 A () resolutions. g, Statistics of CPV
reconstructions and atomic model refinement.
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Extended Data Figure 6. Sequence and secondary structure assignment of CPV RdRP in the
quiescent state

a-helices were marked by cylinders, p-strands by arrows, loops by thin lines, and the
flexible tip domain by dashed lines. The colour scheme is the same as Figure 3a.
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Extended Data Figure 7. The RARP-bound dsRNA in the quiescent and transcribing states
a-c, Location of a TEC on the inner surface of the capsid shell in the quiescent and

transcribing states. The inner surface of the CPV capsid (a) with 10 CSPs labelled (CSP-A.
1/B.1 ~ CSP-A.5/B.5). Position of a TEC on the inner surface of capsid in the quiescent (b)
and transcribing (c) states. VP4 and RARP are colored cyan and purple, respectively. An
icosahedral 5-fold axis is indicated with a small green pentagon. d-e, CryoEM densities of
TEC and dsRNA (orange) in the quiescent (d) and transcribing (e) states. f-g, Models of
TEC (surface representation) and dsRNA (ribbons) in the quiescent (f) and transcribing ()
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states. Close-up views show the bound dsRNA (surface representation) on RdRP in the
quiescent state (f) and its detachment in the transcribing state (g). VP4 is coloured cyan and
the RARP is coloured as in Figure 3a. Note: All surfaces displayed in this figure were
rendered from models, except for the density maps of RARP+dsRNA in (d-e).

e

aa 910:923
)

Extended Data Figure 8. Tracing amino acid residues 910-932 and 971-1000 of module B of the
bracelet domain of RARP in the quiescent and transcribing states

a-b, CryoEM densities of RARP in the quiescent (a) and transcribing (b) states. The

locations of the residues 910-932 and 971-1000 are indicated with cyan boxes in (a) and (b).
Due to their flexibility, these residues are not readily visible when displayed as in (a) and (b)
but become visible when the maps are filtered to a lower resolution (e.g., 4.5A resolution) as
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in (c-f). The colour scheme of domains/subdomains is the same as in Figure 3a. ¢, Trace of
the residues 971-1000 (green) and 910-932 (purple) of module B of the bracelet domain of
RdRP in the quiescent state. d, The same as (c) but in a different view. e, Trace of the
residues 971-1000 (green) and 910-932 (purple) of module B of the bracelet domain of
RdRP in the transcribing state. f, The same as (e) but in a different view to show the
unambiguous trace of the two peptide fragments. g-h, Trace of the residues 910-923 (g)
(purple) and 926-932 (h) (purple) of the bracelet domain of RARP in the transcribing state,
showing the unambiguous trace of the two peptide fragments. i-j, CryoEM densities (grey)
and model (ribbon) of RARP in the transcribing state, showing a-helices (i) and a p-hairpin
(i). The colour scheme of domains/subdomains is the same as in Figure 3a. k-1, Trace of the
residues of the bracelet domain of RARP in the transcribing state, showing a a.-helix (k) and
a p-sheet (I).

(quiescent RdRP)

(quiescent RdRP) 9 (transcribing RdRP)

Extended Data Figure 9. Stereo and rotated views of Figure 4a and 4b
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a-b, Stereo views of modules A (yellow cylinders and loops) and B (purple cylinders and

loops) of the bracelet domain of RARP in the quiescent (a) and transcribing (b) states. c-d,
Same as in (a-b) but rotated around the X-axis by 90°. Note: All surfaces displayed in this
figure were rendered from models.

1
Bal6 16
(q-CPV RdRP) (t-CPV RARP (MRV RdRP)

Extended Data Figure 10. Comparisons of RARPs from CPV and MRV
a-b, CryoEM /n situ structure of the RARP in t-CPV (a) and crystal structure of the MRV

RdRP (b), both containing a RNA duplex in the active site. c-e, Superposition of domains of
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RdRPs from t-CPV (colour) and MRV (grey): N-terminal (c), polymerase (d) and bracelet
(e) domains. f-h, Comparisons of modules A (yellow) and B (magenta) of the bracelet
domain of RARPs from g-CPV (f) t-CPV (g) and MRV (h). i-k, The same as in (f-h), but
with helices shown as cylinders, as in Figure 4 a,b.
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Figure 1. Transcription enzyme complex (TEC) and dsRNA genome organization inside CPV
a, Superposition of the high-resolution (3.9 A) map of half a capsid (grey) and low-

resolution (22 A) map of dsRNA genome (radially colored as in f) and TECs (cyan). b-c,
Front (b) and back (c) views of the dSRNA genome and TECs of (a). d, Earth-like
representation, illustrating the locations of the ten TECs (surface-rendered) with pseudo-D3
symmetry: three on each pole and the northern tropic but only one on the southern tropic. e,
Cross sections of the 22 A-density map, perpendicular to either the “earth axis” in (d) (top
row) or a pseudo-D3 2-fold axis (bottom row). Densities of TECs are humbered as in (d);
and the two vertices without TEC but with RNA are indicated by white arrows. f, Boxed
region in (a) containing RNA threads (radially colored as in the bar) and a TEC (cyan) with
bound dsRNA (dashed box). g, Averaged TEC region, filtered to 4.5 A and viewed as the
southern-most TEC of (a). The RdRP-bound dsRNA has the same structure in all TECs and
shows major (yellow arrows) and minor (white arrows) grooves.
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Figure 2. Averaged TEC map at 3.3A resolution and de novo modelling of VP4
a, Averaged map of the TEC region showing VP4 (cyan) and RdRP (purple), both anchored

to the inner surface of the capsid (grey). b, Atomic model of VVP4. c-f, The boxed regions in
(b), showing density (meshes) superposed with atomic models of the GTP-binding site (c), a
loop (d), a helix (e) and an RdRP-interacting loop (f).
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Figure 3. Comparison of RARP in quiescent and transcribing states
a-b, Ribbon models of RARP in quiescent (a) and transcribing (b) states. The latter contains

fragments of RNA template (orange) and nascent mRNA (cyan) inside the active site (box).
c-f, Superpositions of RARP structures in quiescent (colour) and transcribing (grey) states
shown in full (c) and as separate domains — N-terminal (d), polymerase (), and bracelet (f)
with Modules A (yellow) and B (magenta) further highlighted on its right panel. g-i,
Densities (grey) and models (ribbons and sticks) of nucleic acids in the active site of RARP.
The fragments of the (-)RNA template and the nascent mRNA in the active site are
modelled as a poly-G and poly-C, respectively. In (h), a CTP is placed in the NTP-binding
site and in (i), the template and MRNA form RNA duplex in the active site of RARP
(surface-rendered model).

Nature. Author manuscript; available in PMC 2016 October 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Page 26

Template

Figure 4. Interactions between TEC and capsid shell proteins (CSPs)
a-b, Conformational changes of modules A (yellow loops/helices as wires/cylinders) and B

(magenta loops/helices as wires/cylinders) in quiescent (a) and transcribing (b) states.
Module A interacts with the capsid shell, and the loop-Ba5 fragment of module B blocks
the active site (inset) in the quiescent state (a) but retracts to expose the active site in the
transcribing (b) state (see Extended Data Figure 7). c-d, The RdRP-bound dsRNA (ribbon)
in the quiescent state (c) is detached from RdRP in the transcribing state (d). e-f, Interactions
of CSPs (ribbons) with RARP (purple and yellow) and VP4 (cyan). Residues of RARP and
VP4 within 4A distance to the capsid shell are marked in red. An icosahedral 5-fold axis is
indicated by a green line in (e) and a green pentagon in (f). Insets in (f) indicate two CSP N-
terminal helices (white density with ribbon-and-stick models): one (upper) interacts only
with RdRP while the other (lower) with both RARP and VP4.
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