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Atomic structure reveals the unique capsid
organization of a dsRNA virus
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For most dsRNA viruses, the genome-enclosing capsid comprises 120
copies of a single capsid protein (CP) organized into 60 icosahedrally
equivalent dimers, generally identified as 2 nonsymmetrically
interacting CP molecules with extensive lateral contacts. The crystal
structure of a partitivirus, Penicillium stoloniferum virus F (PsV-F),
reveals a different organization, in which the CP dimer is related by
almost-perfect local 2-fold symmetry, forms prominent surface
arches, and includes extensive structure swapping between the 2
subunits. An electron cryomicroscopy map of PsV-F shows that the
disordered N terminus of each CP molecule interacts with the dsRNA
genome and probably participates in its packaging or transcription.
Intact PsV-F particles mediate semiconservative transcription, and
transcripts are likely to exit through negatively charged channels at
the icosahedral 5-fold axes. Other findings suggest that the PsV-F
capsid is assembled from dimers of CP dimers, with an arrangement
similar to flavivirus E glycoproteins.
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M ost known viruses with dsSRNA genomes appear to share
structural similarity by having a characteristic, 120-subunit
T=1 capsid surrounding the genome (1). Such a capsid, sometimes
nicknamed "T=2", provides protection for the genome and en-
zymes involved in RNA synthesis and may also contribute to
genome packaging. Additional layers may build on this shell,
depending on the complexity of each virus.

The encapsidated dsRNA viruses are currently classified into 7
families (Reoviridae, Chrysoviridae, Cystoviridae, Birnaviridae, Pico-
birnaviridae, Partitiviridae, and Totiviridae) with hosts ranging from
bacteria to humans. Among these are pathogens of health and
agricultural importance such as rotavirus, bluetongue, and rice
dwarf viruses. The genomes of dsRNA viruses comprise a varying
number of RNA segments, ranging from 1 in totiviruses up to 12 in
some reoviruses. The intact virus particles are transcriptionally
active, and newly synthesized plus-strand RNA transcripts have
been shown to extrude from specific channels in the T=2 shell (2).
The viral RNA-dependent RNA polymerase (RdRp) molecules,
which are likely to be tethered to the capsid through noncovalent
interactions (3), also catalyze the synthesis of minus-strand RNA
from a plus-strand precursor to generate the dsSRNA genome in
assembling particles. How the viral genome segments, RdRp mol-
ecules, and capsid protein (CP) molecules interact to ensure
asymmetric transcription and extrusion of the nascent transcripts is
an intriguing question, and detailed structural studies have begun to
shed some light on these processes (2-6).

Transmission electron cryomicroscopy (cryoEM) and 3D image
reconstructions have been reported to date for particles from 6 of
the 7 families of encapsidated dsRNA viruses (all but Picobirna-
viridae) (7-17). In addition, several crystal structures have been
reported, including ones for 3 reoviruses [mammalian orthoreovi-
rus, bluetongue orbivirus, and rice dwarf phytoreovirus (18-20)], 1
birnavirus [infectious bursal disease virus (21)], and 1 totivirus
[Saccharomyces cerevisiae virus L-A (22)]. Except for birnaviruses,
these structures show that the basic building blocks of the T=2
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capsid are CP dimers formed from nonsymmetrically-related CP
molecules, A and B, that interact laterally near the icosahedral
5-fold (5f) axes. Although the A and B subunits have similar
structural folds, they are distinguished by differences in secondary
structures and domain hinge angles, attributable to different bond-
ing interactions with their respective neighbors. The CP molecules
of dsRNA viruses are usually large (>60 kDa), and form a thin and
spherically-shaped capsid shell, with no large channels. In viruses
with high genomic RNA densities, the genome is packed into liquid
crystalline arrays that give rise to concentric shells of density, 25-30
A apart, in the particle interiors (6, 11, 12, 18).

Penicillium stoloniferum viruses F and S (PsV-F and PsV-S) are
members of the family Partitiviridae. This family includes members
with the smallest CP molecules of any dsSRNA virus known to date
(e.g., only 420 aa for PsV-F and 434 aa for PsV-S), making them
excellent models for studying dsSRNA virus assembly. Both PsV-F
and PsV-S have 2 essential genome segments, dSRNA1 and
dsRNAZ2, the first encoding the RdRp and the second the CP (23).
Each of these segments is packaged in a separate particle. PsV-F,
but not PsV-S, contains a satellite segment, dSRNA3. PsV-F
dsRNA3 has an unrelated sequence to the other 2 segments and
putatively contains only 1 short ORF of 54 aa with unknown
function (24). PsV-F and PsV-S can coinfect P. stoloniferum (25) but
are distinguishable in many ways, including in their low sequence
identities (29% for RdRp and 22% for CP) and in not packaging
each others” genomes. The structure of PsV-S virions has been
determined to 7.3-A resolution (14), and the capsid shows 60
unusual, arch-like protrusions, each formed by a quasisymmetric
CP dimer. .

Here, we report a 3.3-A crystal structure of the PsV-F virion for
family Partitiviridae. The capsid shows a surprisingly different
protein organization compared with other dsRNA viruses. In
particular, the CP dimers exhibit almost-perfect local 2-fold (2f)
symmetry and form prominent surface arches. Moreover, these 2
CP molecules interact extensively by structure swapping, a feature
not yet seen in other dsRNA viruses. The first 41 aa of CP are
disordered in the crystal structure, but an 8.0-A cryoEM map
suggests that this region forms a separate domain that interacts with
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Fig. 1.

the genome. PsV-F virions can synthesize transcripts from each of
the 3 dsRNA segments via a semiconservative mechanism, and
these transcripts are likely to be extruded through negatively
charged channels at the icosahedral 5f axes. The results additionally
provide strong evidence that assembly of the PsV-F capsid involves
dimers of CP dimers, with an arrangement similar to flavivirus E
glycoproteins (26).

Results and Discussion

Overall Architecture of the PsV-F Capsid. Purified PsV-F virions were
examined by cryoEM, and a 3D reconstruction at 8.0-A resolution
was computed from 2,605 particle images. Like in PsV-S, the most
prominent features of the PsV-F structure are 60 arch-like protru-
sions that decorate the spherical shell (Fig. 14). Closer inspection,
however, reveals numerous differences between these 2 partitivi-
ruses. For example, the arches are thinner and oriented distinctly in
PsV-F, and the distribution of the genomic dsRNA differs in the 2
viruses.

To provide further insights into partitivirus structure and assem-
bly, both PsV-F and PsV-S virions were subjected to crystallization.
Only PsV-F produced crystals suitable for X-ray diffraction studies.
A 33-A structure of PsV-F was then determined by using its
cryoEM reconstruction as a phasing model (Table S1). As seen
clearly in the crystal structure, the PsV-F capsid consists of 120 CP
molecules arranged with icosahedral symmetry (Fig. 1 B and C).
Two nonsymmetrically related molecules, A and B, form each
asymmetric unit of the icosahedron. Sixty CPA molecules surround
the icosahedral 5f axes and form 12 flower-shaped pentamers that
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Structure of the PsV-F capsid. (A) Radially color-coded surface view of 8.0-A cryoEM structure, in stereo. (B) Radially color-coded surface view of X-ray
crystal structure calculated at 8.0-A resolution. (C) The Ca trace of the PsV-F capsid structure viewed along an icosahedral 2f axis. The CPA and CPB molecules
are colored red and yellow, respectively. Icosahedral 2f, 3f, and 5f symmetry axes are marked. (D) A CP dodecamer with the 4 possible CPA-CPB dimers (A;-B;,
A1-B, A1-B3, and A1-Bs). The biologically relevant one, A;-Bj, is shown in red and yellow, whereas its 2f-related counterpart, A,-B,, in shown in magenta and
light orange. (E) Molecular contacts made by CPA-CPB dimers at the icosahedral 2f (green), 3f (cyan), and 5f (purple) axes. The colored volume shows only
structure elements buried at the intermolecular interfaces; thus, the size of the surface shown is directly proportional to the size of buried surface.

contact only at the icosahedral 2f axes. Sixty CPB molecules pack
into 20 trimeric clusters around the icosahedral 3-fold (3f) axes.
These CPB trimers are fully isolated from one another. The
maximum outer and minimum inner diameters of the capsid are
~370 and ~250 A, respectively. The capsid has a rough outer
surface featuring 60 arch-like protrusions, each ~45 A tall (Fig. 1
B and C). Small pores penetrate this shell at the icosahedral 5f and
3f axes and may play important roles in the export of RNA
transcripts as discussed below.

Structure of PsV-F CP. The atomic model of PsV-F CP includes
residues 42—420. The first 41 aa, the only disordered region, appear
to extend into the interior of the particle for both CPA and CPB.
The overall structure of CP has an unusual reclining-V shape (Fig.
2 A, C, and D). The lower arm (amino acids 42-192 and 315-420)
is the basic building block of the capsid and is referred to as the shell
domain (Fig. 2D). The upper arm (amino acids 193-314) forms the
arch-like protrusion and is referred to as the arch domain. The shell
domain can be further divided into elbow, wrist, and finger subdo-
mains. The elbow is located at the proximal end of the lower arm
and is largely a-helical. It is organized by a long, central helix, a2
(amino acids 101-126), surrounded by 6 additional helices: al, a3,
a4, oS5, o7, and a14. The wrist and fingers are mostly B-stranded and
have important roles in mediating intermolecular interactions
within the shell. The arch domain has a mixed «/B structure. It
emanates from the shell domain through 2 antiparallel B-strands
(B5 and B8) and ends in a B-hairpin (86 and B7) at the tip of the
arch.
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Structure of PsV-F CP. (A) Side view of the icosahedral asymmetric unit of the virus particle. The local 2f axis that relates the CPA (red) and CPB (yellow)

molecules is shown. This axis is normal to the capsid shell. Dimensions of the dimer are shown in a schematic diagram. (B) CPA-CPB dimer viewed along the local
2f axis from the interior of the virus particle. (C) Superposition of CPA and CPB using all Cae atoms. The 3 most structurally divergent regions are labeled |, Il, and
IIl. (D) Structure of a CPA molecule. Secondary structure elements are labeled. (E) Secondary structure assignments in CPA. Rods, arrows, and lines represent
a-helices, B-strands, and coils/turns, respectively. The disordered N-terminal region is shown by a dashed line. The color scheme follows that in D.

Among the 4 unique types of CPA—CPB pairs in the PsV-F capsid
(Fig. 2B), the one connected by an arch has the largest buried
surface area (=~9,900 A?), suggesting that this type of CP dimer is
the likely assembly precursor. The arch affords the dimer a striking
profile: a 100 X 80 X 80-A isosceles triangle with protein densities
along the sides and a central solvent space (Fig. 24). Most of the
A-B interactions within this dimer are made by the shell domain
(Fig. 2A). In particular, the fingers subdomain, which contains both
N- and C-terminal regions of the polypeptide, reaches over and
grabs the wrist and elbow of the other molecule. Notable structural
features at the dimer shell interface are four 4-stranded B-sheets.
Two of these sheets consist of B-strands from the same molecule
(B2, B11, B3, and B4), whereas the other 2 sheets are formed by
B-strands between the 2 molecules (89 and B10 from one and S1
and B12 from the other). Additional A-B interactions within this
dimer are made by the arch domain (Fig. 24). In the surface arch,
a B-hairpin (36 and B7) and a connecting helix (a9) from each of
the 2 CP molecules wrap around each other. The arch-like protru-
sions are fairly flexible as suggested by their atomic temperature
factors (=90 AZ for the tip of the arch vs. ~52 A? for the capsid
overall) (see Fig. 44). Hinge motions in the 2 loops that connect
arch and shell presumably give rise to this high mobility.

The 2 molecules in a CPA-CPB dimer assume nearly identical
conformations and are related by almost-perfect local 2f symmetry
(1.2 A rmsd for 379 Ca atoms with a 180° rotation and a 0.2-A
translation). Careful inspection reveals that major differences be-
tween the 2 molecules are restricted to 3 small regions (Fig. 2C).
Region III, which is formed by the C-terminal region of the CP
polypeptide, shows the most pronounced difference. The C termi-
nus of CPB is located near the icosahedral 5f axis (Fig. 1 C and D).
In contrast, the C terminus of CPA is located between the 5f and
3f axes and adopts a bent conformation by contacting a neighboring
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CPA molecule (Fig. 1 C and D). Continuation of the CPA C
terminus without bending would result in steric clash with a
neighboring CPB molecule at the 3f axis. The rmsd is reduced to 0.7
A if only 6 residues are removed from these 3 regions.

With only 420 aa (46.5 kDa), PsV-F CP is the smallest among
dsRNA viruses for which crystal structures are available. The shell
domain is somewhat reminiscent of the apical domain, or domain
I, of reovirus CPs in terms of the arrangement of a-helices (18-20),
but the overall structure is much smaller (Fig. S1). The arch
structure has not been seen in other dsRNA virus families. Indeed
the analogous capsid in those other dsRNA viruses are generally
thin, smooth (18-20, 22), and in the case of Reoviridae family
members, requires additional proteins for stabilization (17-20).
Saccharomyces cerevisiae virus L-A of family Totiviridae does not
have a stabilizing protein, but faces fewer environmental challenges
than do reoviruses because it lacks an extracellular phase to its life
cycle. Members of family Partitiviridae likewise do not transmit
extracellularly, and their CP molecules are unusually small in
comparison with those of other dSRNA viruses. Thus, the presence
of surface arches in partitiviruses may serve to enhance capsid
stability, which is likely to be a problem for thin capsid shells built
from small CP subunits. The arch, shell, and disordered N-terminal
domains of PsV-F CP are respectively analogous to the protruding
(P), shell (S), and RNA-binding (R) domains of other viral CP
molecules as first described in tomato bushy stunt virus (27).

Role of CP Dimers in Organizing the PsV-F Capsid. In reoviruses and
others, the A-B dimer that encompasses the most intermolecular
contacts has its 2 subunits lying side-by-side with a 50-60° angle
between them (Fig. S1). The A and B subunits from these other
viruses also superimpose poorly because of large domain move-
ments. For instance, superposition of the A and B subunits from
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S. cerevisiae virus L-A or rice dwarf virus yields a respective rmsd
of 1.9 or 4.9 A, and this value is even larger, >10 A, for the A and
B subunits of mammalian orthoreovirus or bluetongue virus.

In PsV-F, such a side-by-side A-B dimer does not exist, because
the 2 A and B molecules occupying similar locations do not interact.
Instead, the most stable dimer appears to be the one related by the
protruding surface arch with almost-perfect 2f symmetry. In each
capsid, 60 CPA-CPB dimers interact around 2f, 3f, and 5f axes to
form an icosahedral particle. The strongest interactions between
these dimers appear to occur at each icosahedral 2f axis, where a
surface area of ~3,500 A2 is buried. As noted above, these
interactions are made entirely between the 2 dimer-associated CPA
molecules (Fig. 1 D and E). In comparison, interactions between
dimer pairs related by the icosahedral 3f or 5f axes bury respective
surface areas of only ~2,000 and ~1,900 A2 (Fig. 1 D and E).

We thus consider it likely that assembly of PsV-F particles
proceeds from dimers of CP dimers. Indeed, the extent of protein—
protein interaction within a viral capsid has been used to predict the
most likely pathway of particle assembly (28). In PsV-F, 30 such
dimers of dimers, each of which has a nearly perfect diamond shape
with smooth edges (Fig. 1D), are then likely to interact further via
3f and 5f symmetry contacts, with a buried area of ~3,900 A2, to
complete assembly of the 120-subunit icosahedron. Interestingly,
similar dimer—dimer interactions are observed for the E glycopro-
tein in flavivirus virions (26), even though flavivirus E and PsV-F
CP have very different structural folds. Our assembly pathway
involving dimers of CP dimers for PsV-F is distinct from that
involving pentamers of dimers as proposed for other dsRNA
viruses (29), and indeed dimers of dimers and pentamers of dimers
represent mutually exclusive assembly pathways.

Internal Densities and Genome Organization. The N-terminal region
of PsV-F CP makes a sharp turn at Ile-47 after extending up from
the particle interior. These visible tips of the CPA and CPB N
termini are spatially close, with their Ca atoms belng only ~15 A
apart. Because the first well-ordered residue in the CP crystal
structure is Met-42, we recognized that it, instead of Met-1 in the
ORF of dsRNA2, might be the actual start of CP. To address this
possibility, we performed mass spectrometry on particle-associated
CP, with results indicating that CP is indeed full length (46.5 kDa,
consistent with amino acids 1-420) relative to its ORF (24).

The disordered sequence contains several basic residues. For
example, there are 8 Arg or Lys residues in amino acids 11-43 (24%
compared with 11% in CP overall). This greater preponderance of
basic residues suggests that the N-terminal region might bind to
RNA and participate in RNA packaging during particle assembly.
It might also play a role during viral transcription. Indeed, some
densities for the CP N terminus appear to be present in the 8.0-A
cryoEM map of PsV-F virions (Fig. 3) and in the X-ray crystal-
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Fig.3. Densities of the disordered N-terminal regions
and genomic dsRNA. (A) Superposition of the virus
atomic model onto the cryoEM reconstruction at 8.0-A
resolution. Only the Ca trace is shown for the atomic
model (CPA, red; CPB, yellow). Densities corresponding
to the disordered N termini of CPA and CPB are indi-
cated by cyan arrows. (B) Close-up view of the boxed
region from A. The disordered N-terminal region, in-
dicated by cyan and blue arrows for densities from 2
different A-B dimers, clearly extends into the under-
lying RNA (indicated by a pink arrow) through a tube-
like cryoEM density. The ordered N-terminal ends of
CPA and CPB are indicated by red and yellow stars,
respectively.

lography map calculated at lower resolution. Both of these maps
suggest interactions between the N-terminal region and the under-
lying dsRNA. An interesting possibility is that the 2 disordered,
spatially close N termini from the same CPA-CPB dimer may form
a dimeric structure with RNA-binding activity.

In each particle, 60 such dimeric structures would be evenly
distributed on the inner surface of the capsid shell. The spacing
between the shell and the first spherically-ordered RNA density
layer is larger than between other concentric RNA density layers
(Fig. 3), perhaps because of the presence of these N-terminal
structure elements. The presence of these N-terminal peptides
increases the mass density in the virion interior by ~100 mg/mL
over the packaged genome. Indeed, at least 3 layers of RNA density
are discernible in the cryoEM reconstruction of PsV-F, with an
interlayer spacing of ~25 A, indicating tight, liquid crystalline
packing of the dsRNA.

RNA synthesis activity has been demonstrated for PsV-S (30, 31)
and for intact virions of PsV-F in this study (see Fig. 5). The PsV-F
capsid structure shows no pores or channels large enough to
accommodate an RNA transcript (Fig. 4 A and C). However,
structural elements surrounding the 5f axes appear to be flexible.
For example, the 5f axes are surrounded by the C-terminal ends of
5 CPB molecules on the inner side and a helix-loop-helix motif
from each of 5 CPA molecules on the outer side (Fig. 4B), both of
which have rather high temperature factors (Fig. 44), and may
therefore be able to adopt an alternative conformation, opening a
channel as much as 18 A wide. There is also an ~5-A pore at each
3f axis, but temperature factors for this region are low (Fig. 44),
suggesting less flexibility. These 3f pores might be used instead for
nucleotide substrate or pyrophosphate byproduct diffusion.

Calculation of electrostatic potential shows that the PsV-F capsid
is negatively charged on its inner surface (Fig. 4C), a feature
common to many dsRNA viruses (18). Because the genome is
confined to the particle interior during transcription, these negative
charges on the inner capsid surface may facilitate the movement of
template and/or product RNA molecules by repulsion. In contrast,
the electrostatic potential of the outer capsid surface is more
variable, ranging from slightly positive to highly negative (Fig. 4C).
Notably, the highly negative areas on the outer surface immediately
surround the icosahedral 5f axes and indeed spill onto the inner
surface through the 5f channels. These observations suggest that
specific mechanisms, rather than random diffusion, may be in place
to guide RNA transcripts in exiting the particle interior.

RNA Synthesis by PsV-F Virions. PsV-F virions, the same as used for
crystallization, were used in an in vitro assay for RNA synthesis.
Genome segments dsSRNA1 (1,677 bp) and dsRNA2 (1,500 bp),
and satellite segment dsRNA3 (677 bp), were found to be tran-
scribed by the particle-associated RdRp molecules. Transcript
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Fig. 4. Temperature factors and electrostatic potentials of PsV-F capsid. (A)
Temperature factors were mapped to the Ca trace. Residues with temperature
factors ranging from high (124 A?) to low (22 A2) are, respectively, colored by
using a red-to-blue spectrum. The virus particle is oriented as in Fig. 1A. (B)
Close-up view of areas around an icosahedral 5f axis viewed from the particle
exterior, with CPA and CPB colored in red and yellow, respectively. The dotted
circle shows an 18-A channel that may form through structural rearrangement
during transcription. (C) Electrostatic potentials on the outer (Left) and inner
(Right) surfaces of the virus particle. The molecular surfaces are colored contin-
uously from —74 to 24 kT/e with negative potential in red and positive potential
in blue.

yields from each of the 3 segments appeared to be directly related
to its relative amount in the virion sample, with dsSRNA3 and its
transcript being most abundant (Fig. 5). Because the reported
terminal sequence of dsRNA3 is different from that of dsRNA1
and dsRNA?2 (24), it seems that the RARp may not require a specific
terminal sequence for transcription initiation.

RNA digestion experiments showed that the nascent RNA
transcribed from each template is in the form of dsSRNA, in that the
radiolabeled products were sensitive to RNase V1, but not RNase
A (Fig. 5). This result is consistent with the conclusions that
transcription by PsV-F particles proceeds through a semiconserva-
tive mechanism as noted (30) and that only 1 transcription cycle
occurred within the 2-h incubation used in our experiments.
Additional factors may thus be needed for efficient reinitiation of
transcription by PsV-F particles. Transcription was mediated by
intact virions, because nascent RNA products were resistant to
RNase V1 if not first extracted with phenol:chloroform (Fig. 5,
lanes 3 and 4 vs. 10 and 11). However, the PsV-F capsid appears not
to be wholly impervious, because prolonged treatment with RNase
V1 led to degradation of the genome segments (Fig. 5, lanes 5
and 12).

What are the structural implications for semiconservative tran-
scription by PsV-F virions? During each transcription cycle, the
duplex-associated plus-strand RNA must be unwound from the
minus strand and directed to exit the particle. But is the plus-strand
RNA directed first into the particle interior during transcription
and only later finds its way to an exit channel, or is it immediately
directed to an exit channel while being nascently unwound from the
minus strand? The answer is not known, but negatively charged
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Fig. 5. RNA synthesis activity of PsV-F virions. RNA synthesis was performed

by using purified PsV-F virions in a standard reaction buffer including
[a-32P]GTP. Reaction products were treated with various amounts of RNase V1
(lanes 3-5 and 10-12, in units) or RNase A (lanes 6-8 and 13-15, in ng) for 20
min at room temperature, before (lanes 2-8) or after (lanes 9-15) the total
RNA was extracted by using phenol:chloroform. The control samples (lanes 2
and 9) had no RNase treatment. All RNA samples were reextracted and
subjected to agarose gel electrophoresis, and the resulting gel was stained
with ethidium bromide (EB; Upper) and photographed before drying for
autoradiography (32P; Lower).

surface features and flexible structural elements near the 5f axes of
the PsV-F capsid suggest these channels as the probable sites of
transcript exit.

Previous stoichiometric estimates are for 1, or perhaps 2, copies
of RdRp per particle (32). The RdRp molecules are presumed to
be noncovalently anchored to the inner surface of the PsV-F capsid,
although that has yet to be demonstrated. No strong evidence for
internal densities attributable to the RARp molecules was obtained
in this study, which is not surprising given their low copy number.
Future studies of transcribing PsV-F particles to localize the RdARp
and transcripts should provide new insights into the RNA packag-
ing and transcription mechanisms of this and related viruses.

Materials and Methods

Sample Preparation. PsV-F virions were grown and purified as described (14).
Mass spectrometry (MALDI-TOF; Tufts University Core Facility, Boston) indicated
amolecular mass of 46,586.0 kDa, close to the calculated value of 46,538.4 kDa for
full-length CP. N-terminal sequencing (also performed at Tufts) showed that the
N terminus is blocked and therefore likely intact.

CryoEM and Image Reconstruction. PsV-F sample preparation and data collection
were performed essentially as described for PsV-S (14). A total of forty 4K x 4K
CCD images, exhibiting minimal specimen drift and image astigmatism and
recorded at underfocus settings of between 1.58 and 2.88 um, were selected for
boxing images of individual particles. The random model method (33) was used
to generate an initial map from 150 particle images, and this map then served as
the starting model to initiate full orientation and origin determinations for a set
of 2,605 particle images by using AUTO3DEM (34). The resolution of the final
reconstruction was estimated at 8.0 A by Fourier-shell correlation analysis [0.5
threshold criterion (35)].

Crystallization, Data Collection, and Data Processing. Crystals were obtained by
hanging drop vapor diffusion. Crystallization solution consisted of a 1:1 mixture
of virus suspension (4 mg/mL) and well solution [0.1 M Tris (pH 8.5), 1.98 M
ammonium sulfate, and 0.1 M potassium fluoride]. Crystals generally appeared
after 4 days and grew to full size (0.05-0.15 mm) after 2 weeks at 10 °C.
Cryogenic cooling under either ambient or high pressure resulted in severe
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crystal damage and limited diffraction to ~8-A resolution. Crystals were there-
fore either premounted in quartz capillary tubes (Hampton Research) or
mounted on site in MicroMount loops (MiTeGen). X-ray diffraction data were
collected at 1 °C from crystals mounted in MicroMount loops (MiTeGen) at the
MacCHESS F1 beamline (Cornell University, Ithaca, NY). A 0.2° oscillation angle
and a 6-s exposure time were used for each frame. Serious decay in diffraction
patterns often occurred after 4 exposures. The data were indexed and integrated
by using Denzo (36). Because of the alternative indexing problem, frames from
each space group were divided into 2 separate sets with consistent hands and
then merged together by using ScalepackLvirus (36). A total of ~100 crystals,
yielding 125 frames, were used to generate the final dataset (Table S1). Self-
rotation function and packing consideration showed 4 particles in each F23 unit
cell. There was 1 pentamer, or 1/12 of the particle, in every crystallographic
asymmetric unit.

Crystal Structure Determination. The 8.0-A cryoEM reconstruction of PsV-F
virions was used as phasing model. AVE, part of the RAVE software package (37),
was used to create a crystal unit cell using the proper F23 symmetry. The best
initial model (R factor = 49.3%, correlation coefficient = 44.5% for data from 50
to 10 A) was obtained when the cryoEM map was scaled down to 94.7% of the
original size. Using 5f noncrystallographic symmetry, phases were gradually
extended (1 reciprocal lattice interval per step) from 10 to 3.3 A using the RAVE
and CCP4 programs (38). Fifteen averaging cycles were performed at each phase
extension step.

The final map at 3.3-A resolution was of excellent quality with continuous
main-chain and clearly defined side-chain densities. Small bumps correspond-
ing to main-chain carbonyl groups could be frequently seen. Atomic models
were built in O (39). All refinements were carried out by using CNS (40) with
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5f noncrystallographic symmetry restraints. Ramachandran plot (41) showed
84% of non-Gly residues in the most-favored regions with none in disallowed
regions.

RNA Synthesis. PsV-F virions (100 ug) were used in an in vitro assay (100 uL) for
RNA synthesis in a standard buffer [20 mM Tris (pH 8.0), 5 mM MgCly, 5 mM KCl,
5 mM NaCl, and 4 mM DTT] containing 0.4 uM [«-32P]GTP (specific activity 3,000
Ci/mmol), 10 uM GTP, and 500 uM each of CTP, ATP, and UTP. After incubation
at 37 °C for 2 h, reaction products were purified by using G-50 spin columns
(Roche) and aliquoted into 20 fractions. Each aliquot was treated for 20 min at
room temperature in a total volume of 10 uL with either RNase V1 [in 10 mM Tris
(pH7),0.1 MKCl, and 10 mM MgCl,] or RNase A [in 20 mM Tris (pH 7.0), 0.5 M NadCl,
and 10 mM MgCl;] before or after phenol:chroloform extraction. RNase-treated
samples were reextracted and subjected to 1.5% agarose gel electrophoresis in
Tris-borate-EDTA buffer, and the gel was then stained with ethidium bromide
and photographed before drying for autoradiography.

Figure Preparation. Ribbon diagrams and Ca traces were prepared by using
Molscript (42) and PyMOL (www.pymol.org). Molecular surfaces were calculated
and colored by using SPOCK (http://quorum/tamu/edu).
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