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SUMMARY
Two distinct partitiviruses, Penicillium stoloniferum viruses S and F, can be isolated from the fungus
Penicillium stoloniferum. The bisegmented dsRNA genomes of these viruses are separately packaged
in icosahedral capsids containing 120 coat-protein subunits. We used transmission electron
cryomicroscopy and three-dimensional image reconstruction to determine the structure of
Penicillium stoloniferum virus S at 7.3-Å resolution. The capsid, ~350 Å in outer diameter, contains
12 pentons, each of which is topped by five arched protrusions. Each of these protrusions is in turn
formed by a quasisymmetric dimer of coat protein, for a total of 60 such dimers per particle. The
density map shows numerous tubular features, characteristic of α-helices and consistent with
secondary-structure predictions for the coat protein. This is the first three-dimensional structure of
a virus from the family Partitiviridae and exhibits both similarities to and differences from the so-
called “T=2” capsids of other dsRNA viruses.

INTRODUCTION
Viruses with dsRNA genomes infect a broad range of hosts (vertebrates, invertebrates, fungi,
plants, protozoa, and bacteria), several of medical, veterinary, or agricultural importance. The
International Committee on Taxonomy of Viruses recognizes six families of dsRNA viruses
with icosahedral capsids: Totiviridae, Birnaviridae, Partitiviridae, Cystoviridae,
Chrysoviridae, and Reoviridae (Fauquet et al., 2005). Except for totiviruses, all have
segmented genomes, with the segments numbering from two to twelve depending on the family
or genus.
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Despite some similarities, the dsRNA viruses constitute a diverse group. Their icosahedral
capsids range from simpler single-shelled structures (toti-, birna-, partiti-, and chrysoviruses)
to concentric multi-shelled ones (cysto- and reoviruses). All, however, include one specialized
capsid that directly surrounds the genome and is involved in both replicating and transcribing
it. Except in birna- and chrysoviruses, this capsid encloses the genome in a mostly continuous
icosahedral shell containing 120 chemically identical copies of coat protein (CP) in a so-called
“T=2” lattice (form of T=1 in which a protein dimer constitutes the asymmetric unit) (Cheng
et al., 1994; Grimes et al., 1998; Hill et al., 1999; Huiskonen et al., 2006; Lawton et al.,
2000; Nakagawa et al., 2003; Reinisch et al., 2000). The 60-subunit T=1 capsid of
chrysoviruses appears to be an exception, but because each of their subunits is thought to
contain two genetically duplicated domains, these 120 putative domains might adopt a
pseudo-“T=2” structure (Castón et al., 2003). Thus, although the 780-subunit, T=13 capsid of
birnaviruses (Coulibaly et al., 2005) is a clear exception, the 120-subunit capsid appears to be
a common attribute of the replication/transcription machinery of dsRNA viruses.

The genome-enclosing capsids of five dsRNA viruses have been examined to near atomic
resolution by X-ray crystallography. These crystal structures represent one member of the
family Totiviridae (Saccharomyces cerevisiae virus L-A, “T=2” virion with 60 asymmetric
dimers of Gag (coat) protein (Naitow et al., 2002)), one member of the family Birnaviridae
(infectious bursal disease virus, T=13 virion with 260 trimers of VP2 (Coulibaly et al.,
2005)), and three members of the family Reoviridae (bluetongue virus, “T=2” core with 60
asymmetric dimers of VP3 (Grimes et al., 1998); mammalian orthoreovirus, “T=2” core with
60 asymmetric dimers of λ1 (Reinisch et al., 2000); and rice dwarf virus, “T=2” core with 60
asymmetric dimers of P3 (Nakagawa et al., 2003)). In addition, several other dsRNA viruses
have been examined at low or moderate resolutions by transmission electron cryomicroscopy
(cryoTEM) and three-dimensional (3D) image reconstruction. These include Ustilago maydis
virus P4 and Helminthosporium victoriae 190S virus, family Totiviridae (Castón et al., 2006;
Cheng et al., 1994) bacteriophages ϕ6 and ϕ8, family Cystoviridae (Huiskonen et al., 2006;
Jäälinoja et al., 2007); Penicillium chrysogenum virus, family Chrysoviridae (Castón et al.,
2003); and rhesus and simian rotaviruses, striped bass reovirus, and cytoplasmic polyhedrosis
virus, family Reoviridae (Hill et al., 1999; Lawton et al., 2000; Shaw et al., 1996; Yeager et
al., 1994; Zhou et al., 2003).

As inferred from the facts above, the partitiviruses are the only dsRNA viruses with icosahedral
capsids for which a 3D structure has remained to be determined. Because the structural proteins
of dsRNA viruses share so little primary-sequence similarity between families (Mertens, 2004),
comparative sequence analyses cannot provide conclusive insights about capsid structure. It
was therefore necessary to employ ab initio methods to determine the first partitivirus structure.

Viruses in the family Partitiviridae have isometric capsids with uniform diameters ranging
from 28 to 38 nm in electron micrographs of negatively stained samples (Boccardo et al.,
1985; Bozarth et al., 1971; Buck and Kempson-Jones, 1973; Crawford et al., 2006; Lim et al.,
2005). The essential genome of partitiviruses comprises two linear dsRNA segments, each 1.4
to 2.3 kbp and packaged in separate particles. These two genome segments encode two proteins,
one the viral CP and the other the viral RNA-dependent RNA polymerase (RdRp). In addition,
satellite dsRNAs that are dependent on helper virus for replication and encapsidation are
associated with infections by some partitiviruses (Ghabrial et al., 2005).

The family Partitiviridae includes three recognized genera: Partitivirus, Alphacryptovirus, and
Betacryptovirus (Ghabrial et al., 2005). Members of the genus Partitivirus infect fungi (fungal
partitiviruses) whereas those of the genera Alphacryptovirus and Betacryptovirus infect plants
(plant partitiviruses; also called cryptoviruses). Among members of the genus Partitivirus,
Penicillium stoloniferum viruses S (PsV-S) and F (PsV-F), each with an ~47-kDa CP and an
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~62-kDa RdRp (Kim et al., 2003), are two of the simplest dsRNA viruses. PsV-S and -F can
co-infect the filamentous fungus Penicillium stoloniferum. The respective names of these
viruses reflect their particle mobilities upon electrophoresis: S, slow; F, fast (Bozarth et al.,
1971). Both viruses form nonenveloped spherical particles, with uniform diameters of 30 to
34 nm (Bozarth et al., 1971; Buck and Kempson-Jones, 1973), but which are also
distinguishable by serological properties (Bozarth et al., 1971). One estimate has indicated
PsV-S CP to be present in 120 copies per particle (Buck and Kempson-Jones, 1974), leading
one to expect another “T=2” structure. The genome of PsV-S specifically comprises a 1754-
dsRNA1 (or S1), encoding the 539-aa RdRp, and a 1582-bp dsRNA2 (or S2), encoding the
434-aa CP (Kim et al., 2003).

Here we report a cryoTEM and image-reconstruction study of PsV-S, the first partitivirus for
which a 3D structure has been determined. The icosahedral capsid of PsV-S (~350 Å in outer
diameter) contains 12 pentons, each of which is topped by five arched protrusions. Each of
these protrusions is in turn formed by a closely associating, quasisymmetric CP dimer. Sixty
such dimers are arranged in a “T=2” lattice, which as noted above, is a common, though not
universal, attribute of the genome-enclosing capsids of dsRNA viruses. The 3D map of PsV-
S, at an estimated resolution of 7.3 Å, exhibits numerous tubular densities, characteristic of
α-helices and consistent with secondary-structure predictions for the CP. Thus, though the
complete fold of PsV-S CP is not yet resolved, it is clearly dominated by α-helices, as are the
120-subunit CPs of other dsRNA viruses.

RESULTS
Preparation and Purification of PsV-S

Large quantities of purified virions (~1 mg virions per 1 g mycelium), representing a mix of
PsV-S and -F, were obtained from a co-infected Penicillium stoloniferum culture by gradient
sedimentation. After ion-exchange chromatography, the gradient-purified virions separated
into three distinct peaks, which were harvested as such (Figure 1, top). Peak 1 contained highly
purified PsV-S with essentially no trace of PsV-F, whereas peaks 2 and 3 were greatly enriched
in PsV-F but respectively contained small or trace amounts of PsV-S. The identities of the
particles in each fraction were verified by SDS/polyacrylamide-gel electrophoresis (SDS/
PAGE) (Figure 1, top).

The calculated molecular masses of the CPs of PsV-S (434 aa) and PsV-F (420 aa) are similar
(47 kDa), but Mr values determined using SDS/PAGE were 43,000 and 47,000, respectively
(Figure 1, top). It is unclear why the PsV-S CP exhibits a smaller Mr value, but this is consistent
with previous results (Buck and Kempson-Jones, 1974). On the other hand, the Mr values of
the more slowly migrating, minor bands resolved by SDS/PAGE (Figure 1, top, arrows)
approximated the calculated molecular masses (62 and 63 kDa) of the putative RdRps of PsV-
S and -F, respectively.

Agarose-gel electrophoresis of virion dsRNAs demonstrated the presence of three major
species in the more highly enriched fraction of PsV-F (peak 3). These included a more slowly
migrating pair of dsRNAs, consistent with genome segments F1, and F2, and a more rapidly
migrating species attributable to the satellite dsRNA, F3 (Figure 1, middle upper, lane PsV-
F). F1 and F2 were present in similar amounts, but much less than F3, consistent with previous
results (Kim et al., 2003;Kim et al., 2005). In contrast, the PsV-S fraction (peak 1) showed
only two species, present in similar amounts and consistent with genome segments S1 and S2
(Figure 1, middle upper and lower, lane PsV-S). The S1–S2 pair migrated more slowly than
the F1–F2 pair (Figure 1, middle lower), also consistent with previous results (Kim et al.,
2003;Kim et al., 2005). SDS/PAGE analysis of the CPs of the separated PsV-S and -F fractions
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versus the unfractionated preparation (Figure 1, bottom, lane PsV) correlated well with the
dsRNA-gel analyses (Figure 1, middle upper and lower).

Electron Micrographs of PsV-S
Because of the greater purity achieved for PsV-S, we focused on it for the remainder of this
study. Transmission electron micrographs were recorded from negatively stained samples (data
not shown) or unstained, vitrified samples (Figure 2). In both cases, the virions exhibited
circular profiles, consistent with a spherical morphology. The diameters of stained particles
varied from 33 to 40 nm, with the variation explained in part because some particles were
disrupted, were flattened on the carbon support, or had surface features masked by stain. The
diameters of vitrified particles showed less variation (all ~35 nm), consistent with a conserved
and well preserved structure. Close inspection of PsV-S images revealed the presence of coarse
features, projecting ~5 nm away from the capsid surface.

3D Structure of PsV-S
A 3D reconstruction of PsV-S was computed from 14,246 particle images recorded at a nominal
magnification of 50,000 in an FEI Sphera microscope at 200 keV and with underfocus settings
ranging between 1.1 and 2.3 µm (see Experimental Procedures). The resolution of the
reconstruction was estimated conservatively to be 7.3 Å, using a Fourier-shell correlation of
0.5 (Figure 3).

The outer surface of the PsV-S capsid is ~350 Å in diameter and is markedly uneven (Figure
4A–C). Sixty arched protrusions (“arches”), each topped by two pointed spikes, give the virus
particle an eerie resemblance to a medieval weapon, the morning star or martial flail. Each arch
has a dimeric morphology (35 Å long, 21 Å wide, and 28 Å high), with the dyad axis in an
approximately radial orientation, but not coincident with any of the 30 icosahedral twofold
axes. Indeed, all of the icosahedral symmetry axes (two-, three-, and fivefold) are located within
low-lying regions in the surface topography.

Orientation of the PsV-S surface arches could potentially exhibit one or the other handedness,
for example, tilting to the right (as shown in Figure 4A) or the left when viewed down a particle
twofold axis. To be able to display this aspect in the proper fashion, we performed tilt analyses
on vitrified samples as described previously (Belnap et al., 1997). The results confirmed the
handedness to be that shown in Figure 4A.

Density projection images, representing one-pixel- (1.27-Å-) thick, planar cross-sections
through the 3D map of PsV-S (e.g., Figure 4B, which is an equatorial section), provide edge-
on views of the capsid structure and reveal an inner surface that is markedly smooth. In such
views, the arches appear to extend from an underlying thin, mostly continuous shell. The arches
and shell are each composed of numerous punctate or linear density features (see further
analysis in next section). Two small pores, visible in the shaded-surface representation (Figure
4A) as well as in the equatorial section (Figure 4B), penetrate the shell. These occur at the
icosahedral three- and fivefold axes, where three CP-B and five CP-A monomers surround the
respective axes. In addition, at higher contour thresholds, a laterally bilobed pore appears at
each A–B–B3 junction (data not shown; see next section for nomenclature). Aside from these
pores, the PsV-S capsid forms a rather impenetrable vessel that houses and protects the single
dsRNA genome segment, S1 or S2, within each particle.

PsV-S dsRNA and RdRp in Core
Diffuse density inside the capsid (Figure 4B) is attributed to the dsRNA but must also include
contributions from the ~1 RdRp molecule that is thought to be present inside each PsV-S
particle (Buck and Kempson-Jones, 1974). This density is not as well resolved as that in the
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capsid, for several likely reasons. First, since the dsRNA and RdRp components are present in
only single copies per particle, they must occupy either asymmetric positions or a subset of the
symmetric positions available to them. In either case, this arrangement leads to a “smearing
out” of their contributions to the 3D map when icosahedral symmetry is imposed during
reconstruction. Second, it has not been possible to compute separate reconstructions for
particles that contain either of the two different genome segments, contributing further
heterogeneity to the internal density. Despite these limitations, it is intriguing that the “RNA
density”, with some exceptions (e.g., Figure 4B, black arrow), avoids contact with the capsid
inner surface. In addition, this density appears to avoid large, lobe-shaped regions along the
fivefold axes (Figure 4B, white arrow), suggesting that some portions of the genome may
loosely follow the capsid symmetry.

Organization of PsV-S Capsid Subunits
The dimeric structure of each arch and the “T=2” organization of the CP subunits (Figure 4C)
are clearly revealed in radial sections of the 3D density map, five of which are illustrated (Figure
4D). Careful inspections, progressing from high to low radius, show that two nearly identical
monomers (roughly resembling two symmetrically oriented “E”s) comprise each arch (Figure
4D, 164Å). Beneath the base of each arch, at progressively lower radii, the two monomers
splay apart, with one forming a pentameric cluster with its four nearest neighbors and the other
forming a trimeric cluster with its two nearest neighbors (Figure 4D, 148Å and 143Å). At even
lower radii within the shell, the number of intersubunit contacts increases substantially and
makes it more difficult to discern monomer boundaries (Figure 4D, 133Å and 125Å).
Nevertheless, at the higher radii, it is clear that the PsV-S capsid comprises 60 copies each of
two very similar subunits, hereafter designated “CP-A” (Figure 4C, cyan) and “CP-B” (Figure
4C, purple). These clusters of CP-A and -B subunits are what respectively surround the pores
at the five- and threefold axes as noted above. Further scrutiny of the radial sections shows that
the CP-A and -B subunits are staggered radially by ~4 Å, with CP-B at higher radius. Also,
the portions of the CP-A and -B subunits that comprise adjacent arches lie in approximately
the same orientation, except for slight differences to accommodate curvature of the shell.

Defining the Asymmetric Unit of PsV-S
The asymmetric unit of the 120-subunit PsV-S capsid consists of one CP-A and one CP-B
subunit (Figure 4C). These subunits are chemically identical but occupy nonquasiequivalent
environments in the icosahedron. From geometrical considerations alone, any adjacent pair of
CP-A and -B subunits could be chosen to represent the icosahedral asymmetric unit.
Knowledge about the role of subunit oligomers in virion assembly (dimers, trimers, etc.) can
sometimes identify a functional asymmetric unit (Rossmann et al., 1985). However, because
little is known about the pathway of partitivirus assembly, the choice for PsV-S is largely
arbitrary and based on dimer compactness and extent of contacts. Two obvious alternatives
involve (i) the quasisymmetric dimer of CP-A and -B subunits that form one arch or (ii) the
asymmetric dimer of approximately parallel CP-A and -B subunits in neighboring, antiparallel
arches. Alternative ii has been favored to describe other 120-subunit capsids of dsRNA viruses
(Castón et al., 1997; Castón et al., 2006; Grimes et al., 1998; Hill et al., 1999; Huiskonen et
al., 2006; Lawton et al., 2000; Nakagawa et al., 2003; Reinisch et al., 2000), but as suggested
below based on structural features, we favor alternative i to describe PsV-S.

In any virion structure, including that of PsV-S, a variety of distinct intersubunit interactions
are involved in forming a stable capsid. Neglecting the possible presence of extended regions
of each CP that might be forming additional contacts with adjacent or more distant subunits,
simple interpretation of the arrangement depicted in Figure 4C suggests the presence of at least
five classes of intersubunit contacts. Using CP-A and -B monomers from a single
quasisymmetric dimer (one arch and shell density most closely connected to the arch) to define
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the asymmetric unit (alternative i above), the intersubunit contacts would include the following:
A–B (intradimer), A–A5 (intrapentamer), B–B3 (intratrimer), and A–B′ and B–B′ (interdimer,
i.e., between neighboring, antiparallel dimers represented by each pair of arches). Except for
the A–B interactions within each arch, all others occur in the shell. The B–B′ interactions
include ones between neighboring subunits from adjacent CP-B trimers across the icosahedral
twofold axes.

Consideration of these different interactions, as discerned by inspection of the radial sections,
makes it feasible to assign densities to each of the different CP subunits. For example, B–B3
contacts produce a clustering of subunits around the threefold axes in comparison to A–A5
contacts around the fivefold axes. A particularly striking interaction (B–B′) occurs between
the CP-B subunits in adjacent, antiparallel dimers. A flat, plate-like density feature, oriented
perpendicular to the shell, extends away from each CP-B subunit, generating a pair of parallel
plates that pass close to the particle twofold axis and can be seen edge-on in both the shaded-
surface representation (Figure 4A) and some of the radial sections (e.g., Figure 4D, 143Å,
arrowhead). B–B′ interactions are also visible through lower radii within the shell (Figure 4D,
133Å and 125Å). The B–B′ interactions thus appear to “seal off” the icosahedral twofold axis
from the neighboring subunits in adjacent CP-A pentamers so that a sixth class of intersubunit
contacts, A–A′, appears not to be found in the PsV-S structure. A–B interactions occur at three
levels. Two sets of well-defined contacts are located at different radii in the arch (e.g., Figure
4D, 164Å). A third, more extensive but less obvious set of A–B contacts spans the radial
thickness of the shell domain (Figure 4D, 143Å–125Å). As noted above, all A–B′ and B–B′
contacts are confined to the shell, and they are thus similarly less well defined than the intra-
arch contacts.

Detecting and Modeling the PsV-S CP Secondary Structures
Inspection of the PsV-S 3D map revealed numerous tubular features of ~6-Å diameter,
suggestive of α-helices, and a few planar features, ~6-Å thick, suggestive of β-sheets. Such
features are recognizable in both radial (Figure 4D) and planar (Figure 4B and Figure 5B–D)
sections. Helices parallel to the viewing direction appear as dense, circular dots, whereas
helices perpendicular (i.e., lying “in plane”) appear as dark, thin lines.

Given the preponderance of tubular density features in the PsV-S map, along with our tentative
assignment of densities to the CP-A and -B subunits, we manually modeled all such “helix”
densities within the CP-A subunit as 6-Å-diameter cylinders of appropriate lengths (see Figure
6). The results of this modeling suggested that the CP-A helices are distributed in four layers,
two of which form the arch and the other two a part of the capsid shell. Six helices are clearly
evident within the arch domain (Figure 5C, P1A–P6A), including four in the outermost layer
(Figure 5C, P1A–P4A) and two below this (Figure 5C, P5A and P6A). All of the helices in the
top layer are parallel to each other and to the shell, and are oriented approximately
perpendicular to the long axis of the arch. Helix P6A is similarly oriented, but P5A, though
parallel to the shell, lies almost perpendicular to the other five CP-A helices in the arch. In
addition to these six helices, another tubular density feature (Figure 5C, P7A,B) lies at the
interface between the CP-A and -B subunits and is not sufficiently resolved to permit an
unambiguous assignment.

Our modeling further indicates the presence of eight helices (five long and three short) within
the shell domain of CP-A, six identifiable within a single planar section (Figure 5C, S1A–
S6A). Unlike in the arch domain, where the helices are aligned and stacked compactly, the shell
helices lie in different orientations. For example, a 15-Å-long tube of density lies adjacent and
nearly parallel to the fivefold axis, and with the homologous densities from four symmetry-
related CP-A partners, forms a funnel-shaped pore at the shell surface. In total, including the
assignment of at least one clear, sheet-like feature involved in forming the B–B′ contact at the
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twofold axis, our model accounts for ~70% of the density we tentatively assigned to the CP-
A subunit (Figure 6A). The remaining, unascribed density either appears as discontinuous
“islands” or bears no clear resemblance to helix or sheet. At least some of this density likely
represents loops that connect secondary-structure elements. For example, two ends of the
medium-length helices, P1A and P2A, lie at the base of the pointed spike, so that the spike may
simply be a large and exposed, though compact, loop that connects these helices.

Having modeled the CP-A subunit and recognized the similar density signatures of CP-A and
-B, we duplicated the CP-A model and fitted it as a rigid body to the density we had tentatively
assigned to CP-B (red cylinders in Figure 6A, B). Though the lengths and the positions of
corresponding tubular density features in the two subunits varied slightly, to a first
approximation the CP-A model fitted nicely to the CP-B density. For CP-A and -B subunits
within one arch, the CP-A model was rotated by ~180° to fit the CP-B density, consistent with
the description of this A–B pair as quasisymmetric (approximating twofold symmetry). The
largest deviations between CP-A and -B, which become apparent when the models are
superimposed (Figure 6B), occur at the two radial extremes: at the top of the arch and in the
inner wall of the shell. The large, central core of each subunit appears to adopt a more stable,
invariant structure.

PsV-S CP Secondary-Structure Predictions and Correlations with Structure Model
The deduced amino acid sequence of PsV-S CP permitted us to employ various secondary-
structure prediction algorithms to test our model of the subunit structure. We used three
different methods, SSPRO, PSIPRED, and PHD (Bryson et al., 2005; Cheng et al., 2005; Rost
et al., 2004), all of which assigned essentially the same sequence segments to α-helices or β-
sheets, though there were occasional, slight variances in the lengths of each element from the
different methods. The consensus predicted structure for PsV-S CP (Figure 6C) classifies it in
a mixed category, comprising 42% α-helix and 10% β-sheet, with the latter mostly found near
the C-terminus. One interpretation of the predicted structure identifies 17 helices (Figure 6C),
which we have subclassified as follows: two short (2–4 aa), eleven medium (8–13 aa), and four
long (19–26 aa; here the stretch of residues from 175 to 200 is treated as one contiguous helix
rather than two medium helices as implied by Figure 6C). Neglecting the short helices, which
would likely not be identifiable in our 7.3-Å map, 14 of the 15 other predicted helices correlate
nicely with the 14 tubular features that we modeled as helices for both subunits. The “missing”
medium-sized helix either is not clearly resolved or constitutes unassigned density, which may
appear nontubular if it is flexible or forms close contacts with a loop or β-strand. Though this
close correlation with the number of predicted helices provides some confidence in our
modeling, we were unable to assign sequences to appropriate-length tubular densities as a
means to identify the complete fold of PsV-S CP. Except for the loops that we ascribe to the
pointed spikes, lack of resolvable connectivity between the various secondary-structure
elements necessitates future analysis at higher resolution.

DISCUSSION
Among the six recognized families of dsRNA viruses with icosahedral capsids (Fauquet et al.,
2005), only the family Partitiviridae, comprising bisegmented viruses of fungi and plants, has
previously not been represented by a 3D structure. This report resolves that situation and reveals
the basic architectural design that many or all partitiviruses might be expected to share.
Complete genome sequences are available for many fungal partitiviruses, currently classified
in the genus Partitivirus, but only a few are reported for plant partitiviruses in the genus
Alphacryptovirus and none for ones in the genus Betacryptovirus. Considering differences in
host affinity and means of transmission among these viruses (Ghabrial et al., 2005), it will be
especially interesting to determine if plant partitiviruses exhibit the same structural hallmarks
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as PsV-S. We have recently found that the capsid structures of two other fungal partitiviruses,
PsV-F and Fusarium poae virus 1, resemble that of PsV-S (manuscript in preparation).

New structures may also be complementary to sequences in determining whether yet-to-be-
classified virus isolates should be placed in the family Partitiviridae. For example,
picobirnaviruses are a group of bisegmented dsRNA viruses from humans and other
vertebrates, which have small virus particles and genome sizes similar to partitiviruses
(Wakuda et al., 2005). Sequence comparisons, however, suggest that picobirnaviruses are
distinct from the other bisegmented dsRNA viruses (Rosen et al., 2000), and analysis of their
virion structure may support their assignment to a separate taxonomic family.

The 3D structure of PsV-S confirms “T=2” as a common, though not universal, capsid form
among dsRNA viruses. Partitiviridae is the fourth dsRNA-virus family (in addition to
Totiviridae, Cystoviridae, and Reoviridae) to exhibit this general design, and a fifth family
(Chrysoviridae) may have a pseudo-“T=2” capsid as described in Introduction. The
significance of this structure is not known, but it remains notable that these 120-subunit capsids
have so far been seen in nature only among dsRNA viruses. This may simply reflect a common
ancestor, but might also reflect some yet-to-be-understood aspect of RNA packaging or
synthesis by these viruses. See below for discussion of “T=2” capsids formed by recombinant
CPs of some T=3 viruses.

The PsV-S structure also reveals a previously unobserved feature of the 120-subunit capsid of
a dsRNA virus: prominent surface arches, external to the shell, each formed by additional
contacts between a pair of CP-A and -B subunits. These arches might be involved in host
interactions, although the existence and/or nature of such interactions remain poorly defined
for these viruses. Partitiviruses have generally smaller CPs than those of the other “T=2”
viruses: ~39 to 76 kDa for partitiviruses (e.g., 47 kDa for PsV-S) vs. ~76 to 147 kDa for others
(e.g., 76 kDa for Saccharomyces cerevisiae virus L-A; 85 kDa for bacteriophage ϕ6; and 142
kDa for mammalian orthoreovirus). Thus, since the smaller partitivirus CPs can mediate fewer
intersubunit contacts within the shell, this may have favored the presence of arches, i.e., layers
of contacts above the shell, to stabilize the capsid. The arch domain of PsV-S is, in a basic
architectural sense, analogous to the protruding (P) domain of tomato bushy stunt virus,
Norwalk virus, and others (Harrison, 2001).

The structure of PsV-S leads us to a particular view of how its “T=2” lattice is organized,
suggesting a quasisymmetric A–B dimer as the icosahedral asymmetric unit instead of the
asymmetric, approximately parallel A–B dimer (designated A–B′ in this report; Figure 4C)
favored by previous investigators of other “T=2” dsRNA-virus structures. This view is most
strongly promoted by the surface arches, which not only are compelling features but also
contribute to making the A–B contacts within each quasisymmetric dimer more extensive than
those within each asymmetric (A–B′) dimer. This view can also be applied to the other 120-
subunit capsids of dsRNA viruses (Castón et al., 1997; Harrison, 2001), although in toti- and
reoviruses the contacts within each quasisymmetric dimer are much less extensive than those
within each asymmetric dimer (Grimes et al., 1998; Huiskonen et al., 2006; Naitow et al.,
2002; Nakagawa et al., 2003; Reinisch et al., 2000; Zhou et al., 2003). In cystoviruses, the
contacts within each quasisymmetric dimer appear similar in extent to those within each
asymmetric dimer (Huiskonen et al., 2006; Jäälinoja et al., 2007).

The β-sheet-rich CPs of certain T=3, plus-strand RNA viruses, including brome mosaic virus
and cowpea chlorotic mottle virus, have been shown to form strict (60-subunit) T=1 and/or
“T=2”, in addition to T=3, capsids when expressed in recombinant form (Krol et al., 1999;
Tang et al., 2006). For these viruses, the usual T=3 capsid is assembled from symmetric CP
dimers, as a result of which particles with a strict T=1, “T=2”, or T=3 arrangement of CP
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subunits might be variably assembled from these same basic building blocks (i.e., from 30, 60,
or 90 CP dimers, respectively) (Krol et al., 1999; Tang et al., 2006). Our view of the PsV-S
capsid as being formed from 60 quasisymmetric CP dimers is consistent with this assembly
pathway and suggests how the α-helix-rich “T=2” capsid of dsRNA viruses might have evolved
from either a strict T=1 or a T=3 capsid ancestor by either addition or loss of 30 CP dimers per
particle. Alternatively, the “T=2” capsid might have been ancestral. Direct evolution between
the α-helix-rich and β-sheet-rich CPs seems unlikely, but the 120-subunit design was
apparently accessible for selection with either type of subunit and favored by the helix-rich
CPs of dsRNA viruses.

The PsV-S capsid appears to include contacts between CP-B, and not CP-A, subunits, across
the icosahedral twofold axes. Such B–B′ contacts also appear to occur in cystoviruses
(Huiskonen et al., 2006; Jäälinoja et al., 2007), but not in toti- or reoviruses; in the latter two
virus families, A–A′ contacts occur across the twofold axes (Grimes et al., 1998; Lawton et
al., 2000; Naitow et al., 2002; Nakagawa et al., 2003; Reinisch et al., 2000; Zhou et al.,
2003). This difference among families does not strictly correlate with CP size, since the CPs
of some partiti- cysto-, and totiviruses can all be near 80 kDa. An interesting correlation,
however, is that partiti- and cystoviruses (with twofold B–B′ contacts) mediate
semiconservative transcription (template strand released from the genomic duplex) whereas
toti- and reoviruses (with twofold A–A′ contacts) mediate conservative transcription (template
strand retained in the genomic duplex). The significance, if any, of this correlation, whether it
be evolutionary and/or functional, remains to be ascertained.

The PsV-S RdRp is not identifiable in the current, icosahedrally averaged structure of the
virion, as would be expected if it is present in only one copy per particle (Buck and Kempson-
Jones, 1974). Whether—and if so, where—this RdRp molecule is noncovalently anchored to
the inner surface of the CP shell remains unknown. Pores through the shell (at the five- and
threefold axes as well as at the A–B–B3 junctions, as noted in Results) are logical candidates
to be the sites for plus-strand RNA exit during viral transcription, and thus the RdRp seems
likely to be anchored beneath one of these pores. Anchoring of the RdRp molecules near the
transcript exit sites within other dsRNA viruses has been previously demonstrated or discussed
(Castón et al., 1997; Dryden et al., 1998; Prasad et al., 1996; Zhang et al., 2003), and this
hypothesis is now extended to partitiviruses.

The 120-subunit CPs of dsRNA viruses for which there are structure data at subnanometer
resolution, including now the 47-kDa CP of PsV-S, are dominated by α-helices. This contrasts
with the CPs of a large number of plus-strand RNA viruses, which contain the canonical BIDG-
CHEF β-motif and little helix (Harrison, 2001; Rossmann and Johnson, 1989). Interestingly,
modeled helices in the PsV-S completely differ in arrangement from those in Saccharomyces
cerevisiae virus L-A (Naitow et al., 2002). Also, with the possible exception of three “core”
helices (unpublished data), they differ substantially from those in the reoviruses (Grimes et al.,
1998; Nakagawa et al., 2003; Reinisch et al., 2000; Zhou et al., 2003). Hence, though the fold
of PsV-S CP is yet to be determined, it appears to be distinct from those of other dsRNA viruses.

EXPERIMENTAL PROCEDURES
Fungal Culture and Virion Purification

Penicillium stoloniferum ATCC 14586 was used as the source of PsV-S and -F. Mycelium was
harvested from 7-day stationary cultures grown at room temperature (~22°C) on potato
dextrose broth containing 0.5% yeast extract and was homogenized in a cold blender with
buffer A (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 5 mM EDTA, and 1 mM DTT), stored at
4°C. The homogenate was blended with an equal volume of chloroform, and the emulsion was
broken by centrifugation at 8000 × g for 20 min. The aqueous layer was subjected to two cycles
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of differential centrifugation (27,000 rpm for 150 min in a Beckman type 30 rotor and 10,000
rpm for 10 min in a Beckman JA-20 rotor). Pellets were resuspended in buffer A. The final
purification employed rate-zonal centrifugation in sucrose gradients (100–500 mg/ml). The
gradients were made in buffer A and centrifuged at 24,000 rpm in a Beckman SW28 rotor for
4 h. The major band was withdrawn with a syringe from the side of the tube and diluted with
buffer A. These virions were then concentrated by overnight centrifugation at 40,000 rpm in
a Beckman 50Ti rotor. All centrifugation steps were performed at 4°C. The pellets were
resuspended in 0.03 M sodium phosphate buffer (pH 7.6). PsV-S and -F were separated using
DEAE–cellulose chromatography essentially as described by Buck and Kempson-Jones
(1973) except that the column was eluted with a step gradient of 0.0 to 0.3 M NaCl solutions
at intervals of 0.05 M NaCl. Three UV-absorbing peaks were resolved. Peak 1 eluted with 0.15
M NaCl and contained only PsV-S; peak 2 eluted with 0.2 M NaCl and contained both PsV-S
and -F, with the latter predominating; and peak 3 eluted with 0.25 M NaCl and contained PsV-
F virions with traces (>1%) of PsV-S, as determined by RNA- and protein-gel analyses
described in the text.

CryoTEM
Small (3-µl) aliquots of purified PsV-S virions (~5 mg/ml) were vitrified for cryoTEM via
standard, rapid freeze-plunging procedures. Samples were applied to Quantifoil holey grids
that had been plasma-cleaned for 25 sec in an E. A. Fischione 1020 plasma cleaner. Grids were
then loaded into an FEI Vitrobot maintained at 80% relative humidity, blotted for 7.5 sec,
plunged into liquid ethane, and transferred into a precooled Gatan 626 cryo-transfer holder,
which maintained the specimen at liquid-nitrogen temperature in the microscope. Micrographs
were recorded on Kodak SO-163 electron-image film at 200 keV in an FEI Sphera microscope
under low-dose conditions (~15 e/Å2) and at a nominal magnification of 50,000.

3D Image Reconstruction
Eighteen micrographs, exhibiting minimal specimen drift and image astigmatism and recorded
at underfocus settings of between 1.1 and 2.3 µm, were digitized at 6.35-µm intervals
(representing 0.79-Å pixels at the specimen) on a Nikon Coolscan 800 densitometer. RobEM
(http://cryoEM.ucsd.edu/programs.shtml) was used to extract 14,246 individual particle
images, each 511-x-511 pixels in size and to preprocess them as described (Baker et al.,
1999). We next used the RMC (random-model computation) procedure (Yan et al., 2007a) to
generate an initial reconstructed model at 23-Å resolution from 82 particle images. This map
was then used to initiate full orientation and origin determinations and refinement of the entire
set of images using the current version of AUTO3DEM (Yan et al., 2007b). Corrections to
compensate in part for the effects of the microscope contrast-transfer function were performed
as previously described (Bowman et al., 2002; Zhang et al., 2003). A final 3D map,
reconstructed from the 14,246 particles extracted, was estimated to be reliable to at least 7.3-
Å resolution, using a Fourier-shell correlation of 0.5 (see Figure 3). To aid our analysis and
interpretation of the structure, we computed the 3D reconstruction to a resolution limit of 6.1
Å, using an inverse temperature factor of 1/200 Å2 to enhance the high-resolution features out
to 7.3 Å (Havelka et al., 1995), after which the inverse factor was held constant and a Gaussian
function was applied to attenuate the Fourier data smoothly to zero from 6.5 to 6.1 Å. Graphical
representations were generated with the RobEM and Chimera visualization software packages
(Goddard et al., 2007).

Handedness
To determine the handedness of the PsV-S structure, we recorded pairs of 0°- and 10°-tilt
images from the same specimen areas. The handedness of the capsid was then determined by
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comparing the particle images in each tilt pair, using a procedure described previously (Belnap
et al., 1997). Results were applied to the final 3D map.

Secondary-structure Predictions and Modeling
The amino acid sequence of PsV-S CP was retrieved from GenBank (accession number
YP_052857). Secondary-structure predictions were generated with the SSPRO, PSIPRED, and
PHD programs (Bryson et al., 2005; Cheng et al., 2005; Rost et al., 2004). Manual fitting of
cylinders designed to represent α-helices at low resolution was performed with the CHIMERA
software. Coordinates of L-A virus Gag protein (PDB-ID.1M1C), BTV VP3 protein (PDB-
ID.2BTV), Reovirus λ1 (PDB-ID.1EJ6), and RDV P3 (PDB-ID.1UF2), all obtained from
VIPERdb (Shepherd et al., 2006), were used to compare the folds of these viral subunits.
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Figure 1. Protein and dsRNA Gels of PsV-S and PsV-F
Top panel: SDS/PAGE analysis of ion-exchange chromatography fractions. Lane 1, peak 1
contained only PsV-S; lane 2, peak 2 contained a mixture of PsV-S and -F; lane 3, peak 3 was
highly enriched in PsV-F and contained only traces of PsV-S. The relative positions of 66- and
45-kDa markers (data not shown) are indicated to the left of lane 1. The virus preparation
analyzed in this panel was independent from that analyzed in the middle and bottom panels.
Middle panels: Agarose-gel electrophoresis of virion dsRNA isolated from ion-exchange-
purified PsV-S and PsV-F as well as the unfractionated gradient-purified mixture of both
viruses. The agarose gel was run for 1 h (upper) or 3 h (lower). S1 and S2 correspond to PsV-
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S dsRNA1 and dsRNA2, respectively; F1, F2, and F3 correspond to PsV-F dsRNA1, dsRNA2
and satellite dsRNA, respectively.
Bottom panel: SDS/PAGE analysis of the CPs of PsV-S and -F, purified by ion-exchange
chromatography, as well as of the unfractionated gradient-purified PsV preparation. F-CP,
PsV-F capsid protein; S-CP, PsV-S capsid protein.
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Figure 2. Electron Micrograph of Unstained, Vitrified PsV-S
Micrographs of PsV-S particles suspended in a layer of vitreous ice over holes in a carbon
support film were recorded at a nominal magnification of 50,000 in an FEI Sphera microscope
at 200 keV. Particles show consistently circular profiles and coarse surface features.
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Figure 3. Fourier-shell Correlation Plot
Fourier-shell correlation (FSC) plot (Harauz and van Heel, 1986) obtained from comparison
of 3D reconstructions from two halves of the 14,246-image PsV-S data set and calculated for
spatial frequencies ranging from 1/60 to 1/6.6 Å−1. The resolution of the PsV-S density map
was estimated to be 7.3 Å based on the conservative FSC=0.5 threshold test (first spatial
frequency at which the FSC value drops below 0.5).
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Figure 4. 3D Reconstruction of PsV-S
(A) Stereo image of a radially color-cued, surface-shaded representation of the PsV-S
reconstruction, viewed along an icosahedral twofold axis and showing the corrugated nature
of the outer surface.
(B) Density-projection image of a planar, one-pixel-thick equatorial section through the
reconstruction; densest regions are darkest. Positions of several icosahedral symmetry axes
that lie in the plane of the section are indicated. Black arrow points to a region where putative
interactions between capsid and genomic RNA occur. White arrow points to a lobe-shaped
region of reduced density along the fivefold axis, where genome appears to be at least partially
excluded. Punctate dots, especially apparent in the capsid shell near the vertical twofold axis,
are interpreted as density features belonging to α-helices seen end-on in this plane.
(C) Monoscopic view of the reconstruction rendered at 21-Å resolution and colored to highlight
the approximate boundaries of the two different positions of CP subunits (cyan, CP-A; purple,
CP-B) as well as to highlight the organization of these subunits in the “T=2” lattice. The white,
T=1 lattice overlay helps to clarify the arrangement of CP subunits within the icosahedron.
(D) Radial density projections (each one pixel or 1.27 Å thick), excised from the front
hemisphere of the reconstruction. The series progresses left to right from high to low radii as
indicated beneath. Arrowhead in projection at radius 143-Å indicates the plate-like density
described in the text. The scale bar in (D) is equally representative of all panels.
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Figure 5. Substructure in PsV-S Capsid
(A) Radially color-cued, surface-shaded representation of the PsV-S reconstruction, similar to
that shown in Figure 4A, but viewed along the local quasi-dyad axis of one arch. The dashed
horizontal line marks the location of the thin, density section shown in (B).
(B) Density-projection image of the reconstruction, similar to that shown in Figure 4B, but for
an equatorial cross-section that passes through the middle of a single arch along its long axis
(density highlighted inside the boxed region). This section reveals numerous, punctate dots
inside the arch and also distributed throughout the rest of the capsid.
(C) Enlarged view of the region marked by the box in (B). The punctate features in a single
arch and the underlying capsid shell are labeled to distinguish their locations within the CP-A
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or -B monomers. Each arch consists of 13 distinct features, with P1A to P7A located within the
CP-A monomer and P1B to P7B in CP-B. One feature, P7A,B, is not subdivided into two as
might be expected because it occurs where CP-A and -B monomers form a close A–B contact.
Six distinct features, S1A to S6A and S1B to S6B, lie within the shell and beneath the arch in
each subunit. Though no A–B contacts occur in the plane of this cross-section, several were
seen on either side of this plane and within the shell.
(D) Same as (C), but for a 3D view of the density map sliced along the plane marked by the
dashed line in (A). The outer envelope of the map, depicted in grey mesh, encompasses a solid
model view like that in (A), but rendered at a higher contour threshold to highlight the locations
of the punctate features identified in (C).
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Figure 6. Modeling the Secondary Structures of PsV-S Capsid Subunits
(A) Close-up, stereo view of the PsV-S 3D density map (in grey; contoured at a higher contour
threshold to emphasize the most prominent features), encompassing two neighboring arches
or one asymmetric unit. The tubular density features in both arches were modeled as cylinders,
with those deemed to reside within each separate CP monomer rendered in either cyan (CP-
A) or magenta (CP-B). Several of the tubular features are labeled according to the scheme
adopted in Figure 5. The modeling was initially performed manually and then verified
computationally (Yu and Bajaj, 2007).
(B) Further enlarged, stereo view of one CP-A and one CP-B model extracted from the PsV-
S density map and superimposed to maximize their overlap. Greatest similarities are identified
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where only the CP-A model appears, because it obscures CP-B; differences in the subunit
tertiary structures are identified where corresponding portions of the models diverge. The
number of presumed α-helices identified in each subunit is identical, and these secondary-
structure elements are distributed quite similarly, especially in the shell domain of each subunit.
(C) Consensus secondary-structure prediction for PsV-S CP, showing high α-helix content.
The few predicted β-strands are located mainly near the C-terminal end of the sequence.
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