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Pariacoto virus (PaV) is a single-stranded RNA
virus recently isolated in Peru from the Southern
armyworm (Spodoptera eridania)1. It is a non-
enveloped T = 3 icosahedral insect virus of the
family Nodaviridae. The PaV genome consists of
two messenger-sense RNA molecules: RNA1
(3,011 nucleotides), which encodes protein A, the
viral contribution to the RNA replicase; and
RNA2 (1,311 nucleotides), which encodes pro-
tein α, the precursor to the viral coat proteins2.
The 401 amino acid sequence of PaV protein α
shares ∼ 40% identity with the capsid proteins of
the other insect nodaviruses (Fig. 1), whereas the
RNA replicase of PaV is 26% identical to that of
Flock House virus (FHV). These and other data
indicate that PaV is the most distantly related
member of the nodaviruses that infect insects.

Structural studies of two other nodaviruses,
FHV and black beetle virus (BBV), placed them
among the best understood icosahedral virus
structures (for a review, see ref. 3). The nodavirus
virus particle is an assemblage of 180 coat protein
subunits that coencapsidate the two single-
stranded genomic RNA molecules. Although the
protein subunits are chemically identical, they
occupy three quasi equivalent locations (A, B and
C) within the icosahedral asymmetric unit (Fig.
2a). The A subunits form the 12 pentamers of the
capsid whereas the B and C subunits alternate
around the icosahedral three-fold axes to form 20
hexamers. The coat protein precursor α under-
goes a post-assembly, self-catalyzed cleavage to
yield mature coat proteins β and γ. This matura-
tion is required for infectivity4. The portion of γ
that is visible in the crystal structure (residues
364–381 in FHV) is helical in all known
nodavirus structures and is thought to facilitate
translocation of the viral RNA across host cell
membranes during entry5,6. Despite this wealth of
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Fig. 1 Sequence alignment of PaV with FHV. Loops, arrows and T represent helix, β-strand
and turns, respectively; their positions are based on the X-ray structure. Identical residues
are shown as white text on a red background. Similar residues are shown as red text on a
white background. Residues in lower case are those not visible in the PaV and FHV crystal
structures. Blue and green arrowheads indicate the autocleavage site and the catalytically
active residue respectively. This figure was adapted from ref. 2 and adjusted slightly based
on the three-dimensional structures.
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detail, studies of nodavirus structures have been frustrated by a
lack of continuity of the polypeptide chains at the N- and C-ter-
mini of the subunits and by the visibility of only a short, 12-
nucleotide RNA duplex represented by an island of density at the
two-fold symmetry axes of the particle7,8. Here we report the
crystal structure of PaV at 3.0 Å resolution and the electron cryo-
microscopy (cryo-EM) image of PaV reconstructed at 23 Å reso-
lution. The electron density reveals continuity of both RNA and
the capsid protein that were not present in other nodavirus crys-
tal structures.

Overview of the crystal structure
The crystal structure of PaV was determined by molecular
replacement and real space averaging. The coordinates were
refined to a crystallographic R-factor of 0.218 at 3.0 Å resolution
with good stereochemistry. The present model of the asymmet-
ric unit contains amino acid residues 7–378 and 394–401 of sub-
unit A, 49–382 of subunit B, 51–382 of subunit C, a
25-nucleotide long RNA duplex, a calcium ion, a putative sulfate
ion and 219 water molecules (Fig. 2b,c).

Residues 83–321 of the coat protein fold as an
eight-stranded antiparallel β-sandwich, similar
to the topology of other nodaviruses and many
other animal and plant virus capsid proteins
(Fig. 2b). Superposition of Cα atoms from
selected residues in one icosahedral asymmetric
unit (264 residues for each of the three subunits)
of PaV with those in BBV8 and FHV7 gave root
mean square (r.m.s.) deviations of 0.94 Å and
1.20 Å, respectively (Fig. 2d). The electron den-
sity showed a clear break at the post-assembly
cleavage site between residues Asn 361 and
Ser 362 for all three PaV subunits, consistent
with the detection of protein γ in purified PaV2.
Although the Asn-Ser sequence at the cleavage
site differs from the Asn-Ala motif found in all
other insect nodaviruses examined to date, the
local structure around this site is very similar to
that of BBV.

Residues 196–209 of three subunits join
together around the quasi three-fold axis to
form a ∼ 15 Å protrusion at the surface (Fig. 2d).
This is six residues longer in PaV than in FHV
and BBV due to insertions between residues
200–208 (Fig. 1). The conformations of loops
144–154, 260–273 and 278–283 surrounding
the protrusion in PaV are different from those
in BBV and FHV. A single mutation in one of

these surface loops in FHV (A265V, corresponding to Ser 264 in
PaV) greatly reduced its infectivity of cultured Drosophila
melanogaster cells9, which are not susceptible to infection by
PaV2, suggesting that this region may be implicated in host cell
recognition for the different virus species.

The C-terminus of subunit A
An ‘island’ of continuous density was observed in a channel near
the quasi three-fold axis formed by subunits A, B and C of PaV.
The density distribution agreed well with the sequence of the 
C-terminal eight residues (394–401) of protein γ. The average real
space correlation coefficient between this segment in the refined
model and the averaged electron density map was 0.83. We postu-
late that these eight residues extend from an A subunit that is
related by five-fold symmetry to the A subunit contributing to the
quasi three-fold axis close to the density (Fig. 3). There is weak
density between the N-terminus of this eight-residue segment
and the visible C-terminus of the five-fold related A subunit (A5).
This weak density, while too diffuse to allow the preparation of a
detailed model, is adequate to account for residues 379–393,

Fig. 2 The structure of PaV. a, Schematic presentation of a T = 3 quasi equivalent lattice cor-
responding to a rhombic triacontahedron. Each trapezoid represents a single subunit
(labeled A, B and C). The positions of the icosahedral two-fold, three-fold and five-fold axes
are indicated by the white ovals, triangles and pentagons, respectively (yellow for local sym-
metry). A5, subunit A related by the icosahedral five-fold symmetry. b, Overall structure of
an icosahedral asymmetric unit of PaV (viewed from outside). Subunits A, B and C are col-
ored blue, red and green, respectively. The extended N-terminus of subunit A is colored yel-
low and its C-terminus gold (residue 394 is labeled). The RNA duplex is shown as a stick
model with coils through phosphorus atoms. Ca2+ is colored gray and the sulfate ion (which
is mostly hidden behind the Ca2+ ion) cyan. The approximate positions of the three-fold and
five-fold axes are indicated by triangles and a pentagon, respectively. The same color code is
used hereafter unless otherwise stated. Figures were generated with Molscript27,
Bobscript28, Raster3D29 and GRASP30. c, Left: the interior of the capsid showing the molecu-
lar surfaces of icosahedral asymmetric units related by the two-fold axis. Right: view rotated
90° relative to the left panel. The RNA duplex is shown as blue coils. The N-termini (residues
7–54) of the A subunits are colored yellow. Only the N-terminal portions of the eight-
residue C-terminal segments (cyan) are seen. d, Stereo view of the Cα superposition of sub-
unit A of PaV (yellow) with FHV (red).
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assuming that they are flexible. Thus, we conclude that the
polypeptide chain forming subunit A5 extends at its C-terminus
to interact with subunits A, B and C where they join at the quasi
three-fold axis. The eight C-terminal residues lie deep in a chan-
nel formed by quasi three-fold related subunits A, B and C, with
the C-terminal Met located nearly on the quasi three-fold axis
(Fig. 2c). The C-terminal polypeptides interact via a remarkable
nexus of hydrogen bonds, water bridges and van der Waals con-
tacts with α2 helices (Fig. 1) and the visible N- and C-terminal
portions of the three subunits around the quasi three-fold axis.

The extended N-terminus of subunit A
The extended N-terminal polypeptide of subunit A was clearly
defined in the electron density map and was modeled starting
from residue 7 (Fig. 4a). Proceeding from residue 54 to residue 7,
the polypeptide leaves the region of the A subunit β-sandwich
and passes along the bottom of the interface between subunits B
and C (Fig. 2c). It continues into the groove at the inner surface
of the protein shell that is formed by the two-fold symmetry-
related asymmetric units adjacent to the RNA duplex. It extends
along this groove, above the RNA and towards the icosahedral
three-fold axis, interacting extensively with the proteins and the
RNA duplex. Near the three-fold axis, the side chains of residues

Ala 21 and Leu 22 contact their three-fold related counterparts to
form a hydrophobic cluster with residues Met 174 and Met 175
of subunits B and C. The N-terminal polypeptide then turns
back, and the visible N-terminal end inserts into the major
groove of the RNA duplex (Fig. 4b). Residues 7–54 form exten-
sive interactions with neighboring B and C subunits, resulting in
the loss of solvent accessible surface areas of 1,405.5 Å2, 643.5 Å2

and 822.0 Å2 for subunits B, C and a two-fold symmetry related
C subunit, respectively. Electrostatic interactions dominate the
contact between this segment and the RNA duplex. The N-ter-
minus (residues 7–42) of the coat protein contains 12 basic
residues, most of which are clustered around residues 11 and 40.
Thus, a total of 24 basic residues from the N-terminal segments
of A subunits from two icosahedral asymmetric units line up at
the bottom of the groove to produce a positively charged envi-
ronment that partly neutralizes the abundant negative charge of
the RNA phosphate groups. Lys 61 of subunit C and Arg 370 of

subunits B and C are also engaged in electrostatic interac-
tions with the ordered RNA.

In many T = 3 plant viruses (for example, Southern bean
mosaic virus10 and Tomato bushy stunt virus11), the visible
N-terminus of subunit C lies at the interface between asym-
metric units related by icosahedral two-fold symmetry,
extends to the icosahedral three-fold axis and contacts its
three-fold related counterparts. The N-terminal segment in
these viruses adds an extra β-strand to the canonical β-sand-
wich of subunit C to create a continuous β-sheet across the
icosahedral two-fold symmetry related C subunits. Residues
22–33 of the N-terminus of the PaV A subunit occupy a sim-
ilar position, although they lie below the β-sandwich and add
no secondary structure to the interface.

The crystal structures of BBV8 and FHV7 revealed an island
of density near the N-terminus that fit the amino acid
sequence of residues 20–31 of the coat protein, but residues
1–19 and 32–54 were not visible. By analogy with the plant
viruses, it was proposed that this polypeptide came from the

Fig. 3 The C-terminal segments. A view from the interior around the
five-fold axis shows the arrangement of the C-terminal segments (gold
stretches) and helices of γ polypeptides (gold) of the A subunits (molecu-
lar surface colored by curvature: concave, white; convex, green). Blue
lines indicate the putative linkage between the amino end of the C-ter-
minal segment (residue 394) and the carboxyl end of the γpolypeptide of
a five-fold related A subunit (residue 378).

Fig. 4 The extended N-terminus of subunit A. a, Stereo view showing
the 60-fold averaged electron density map contoured at 0.7 σ super-
imposed with the refined model of the extended N-terminus of sub-
unit A. b, Stereo view showing the interactions between the
N-termini of the A subunits (yellow) and the RNA duplex (blue). Basic
residues from subunits A, B and C are colored orange, red and green,
respectively. Side chains of Arg 8, Arg 9, Lys 11, Arg 13, Lys 14, Arg 37,
Lys 38 and Lys 41 are in direct contact with the phosphate groups of
the RNA duplex. Among them, Arg 8, Arg 9 and Lys 11 are in the
major groove of the duplex. Other basic residues (Arg 18, Arg 31,
Arg 40 and Arg 42) are close to the RNA duplex and also contribute
to the overall positive charge. In addition, the guanidinium nitrogen
atom of Arg 9 makes hydrogen bonds with N6 and N7 at the
Hoogsteen edge of adenine 17 from a distance of 2.9 Å, and the
guanidinium nitrogen atom of Arg 8 is 2.5 Å away from a phosphate
oxygen atom of adenine 17.
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C subunit. In light of the PaV structure, however, it is highly
probable that this polypeptide in BBV and FHV was in fact
derived from the N-terminal region of the A subunit. In associa-
tion with the RNA duplex, the N-terminal arm of subunit A
functions as a molecular switch to maintain the flat interpro-
tomer contacts that are critical for dimensioning the T = 3 parti-
cle. Mutation and deletion of residues 1–31 of the FHV coat
protein caused the formation of virus-like particles that were
heterogeneous in size and shape when expressed from a recom-
binant baculovirus12.

The dodecahedral RNA cage
A 25-nucleotide long, A-type RNA duplex was modeled with high
fidelity into the PaV electron density (Figs 4b,5). Density compa-
rable to that of well-ordered protein was visible for the phosphate,
sugar and bases of ribonucleotides 13–17, which lie closest to the
icosahedral two-fold axes. Ribonucleotides 1–3 and 23–25 (at the
ends) showed weaker but continuous density, consistent with the
high temperature factors for the atoms of these ribonucleotides in
the refined model. All sugars are assumed to be in the C3′ endo
form and were modeled in that configuration. Nucleotides 14–17
were modeled as adenine while all others were modeled as uri-
dine. Since the structure is averaged by icosahedral symmetry, the
25 ribonucleotides are an average of the true sequences that
appear in each of the 30 unique segments. The good quality of the
density reflects the high occupancy of icosahedrally equivalent
volumes for all 30 duplexes. Nucleotides 13 and 14 of one strand
form Watson-Crick base pairs with nucleotides 14 and 13 of the
other strand. The base conformation of the other nucleotides
appears relatively flexible as they do not form strict Watson-Crick
base pairs. An overhang ribonucleotide at the 5′ ends of each
strand lies close to the icosahedral three-fold axis. Near the three-
fold axes, each of the two RNA strands extends towards the other
strand of the equivalent duplex related by icosahedral three-fold
symmetry in a tail-to-head manner. The three duplexes appear to
form a three-way junction around the three-fold axis. As a result,
all the ordered RNA duplex elements in the virus appear to form a
dodecahedral cage (Fig. 6c). This cage provides an ‘averaged’
image of the organization of the ordered portion of the viral
RNA. However, it is impossible for the RNA to adopt the three-

way junction conformation at all 20 icosahedral three-fold axes
because this would create 12 closed rings consisting of 125
ribonucleotides, which is inconsistent with the linear structure of
the genomic RNA segments. The weaker density at both ends of
the RNA duplex near the three-fold axes implies that adjacent
duplexes are not always directly connected by their strands at the
three-fold axes. Instead, the RNA chains sometimes connect to
the bulk RNA, which must lie within the dodecahedral cage but
does not follow the icosahedral symmetry. The 30 copies of the
RNA duplex account for ∼ 35% of the total viral genomic RNA
(1,500 of 4,322 nucleotides).

The cryo-EM reconstruction
A three-dimensional cryo-EM reconstruction was obtained from
the same virus sample used for crystallography (Fig. 6a). The
resolution was better than 23 Å, as estimated by the Fourier shell
correlation method. Characteristic surface features in this recon-
struction show close similarity to the low resolution model cal-
culated from the atomic coordinates of the crystal structure, for
example, the protrusions at the quasi three-fold axes, the groove
between the protrusions, and the shallow depression at the five-
fold axes. The density of the reconstruction is layered at different
radii: an outermost layer corresponding to the protein shell, a
thin middle layer and a central core for RNA. Weak density con-
nects these layers (data not shown). When contoured at a high
level, the middle layer of density resolved into a dodecahedral
framework as seen in the X-ray structure. A difference map was
calculated by subtracting a low resolution model of the crystal
structure without RNA from the reconstruction (Fig. 6b). The

Fig. 5 Stereo view of the electron density of the RNA duplex. The elec-
tron density map (as in Fig. 4a) is contoured at 0.2 σ. The RNA duplex is
shown as a stick model. The black triangles indicate the approximate
positions of the icosahedral three-fold axes.

Fig. 6 Three-dimensional reconstruction of PaV. a, The three-dimension-
al reconstruction of PaV contoured at 1.0 standard deviation above back-
ground viewed along the two-fold axis. b, The difference map (gold)
contoured at 4.2 standard deviations above background with the cut-
away of the three-dimensional reconstruction. Bar = 100 Å. c, The differ-
ence map (semi-transparent) superimposed on the RNA cage (blue
ribbons) in the crystal structure. Bar = 50 Å.
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same RNA framework emerged, and this is virtually super-
imposable with the RNA model from the crystal structure
(Fig. 6c).

Conclusions
The crystal structure at 3.0 Å resolution and the low resolu-
tion cryo-EM reconstruction of PaV both reveal a dodecahe-
dral cage of 30 RNA duplexes inside the icosahedral virus
capsid. The ordered portion of PaV RNA is in close associa-
tion with the inner surface of the protein shell, which shows
remarkable complementarity to the RNA in both shape and
electrostatic environment. The RNA close to the protein shell
evidently adopts its highly ordered conformation through
interactions with the capsid and thereby acquires the icosa-
hedral symmetry that renders it visible at high resolution. In
contrast, the remaining 65% of the viral RNA lies in the inte-
rior of the particle and does not adopt icosahedral symmetry
even though it undoubtedly contains secondary structural
elements. The weaker RNA density towards the ends of the
duplexes suggests that the ordered RNA connects to the dis-
ordered regions primarily near the three-fold axes.

Studies of the structures and assembly of nodaviruses
have shown that the viral RNA genome, by occupying the
interface between capsid proteins related by two-fold sym-
metry, acts as part of a molecular switch that determines the
geometry of the quaternary interactions required for T = 3
particle symmetry7,12. The remarkable organization of RNA
duplexes seen in the structure of PaV now shows that the
capsid exerts reciprocal influences over the three-dimen-
sional arrangement of the viral RNAs.

Studies of FHV assembly have shown that the efficiency
and specificity of RNA packaging are strongly influenced by
the C-terminal sequence of protein γ, and in particular by
the three Phe residues that lie at or near the C-terminus
itself13. However, the crystal structures of FHV and BBV
provide no insight into this aspect of assembly because the
C-termini of all three quasi equivalent subunits are not visi-
ble in them7,8. The determinants of RNA packaging in PaV
assembly remain to be explored, but it seems unlikely that
the visible C-terminus of the A subunit could exert a direct
influence on RNA packaging, at least from its final position
in the mature virus particle. In contrast, the C-termini of
the B and C subunits must lie somewhere in the icosahedral-
ly disordered interior of the PaV particle, together with
∼ 65% of the viral RNA and 48–50 amino acid residues from the
N-termini of the B and C subunits. Many of the interactions that
impose specificity on RNA encapsidation may occur in this loca-
tion, where they would not be visible because they lack icosahe-
dral symmetry.

The structure of PaV augments our current working model of
nodavirus assembly3. Computational studies with BBV and FHV
suggest that subunit trimers probably form first during assem-
bly14. Since the A, B and C subunits are equivalent prior to further
assembly events, the trimers will initially have three-fold symme-
try. The N-termini of all three subunits are probably extended
due to interactions in the interfaces, as observed for the A subunit
of PaV. According to the model, the next step in assembly is the
formation of pentamers of trimers that interact to form the bent
contacts at the quasi two-fold axes. Pentamer formation breaks
the three-fold symmetry and in so doing differentiates the A, B
and C subunits. Pentamers of trimers are then thought to interact
with RNA duplexes to form the flat contacts across the icosahe-
dral two-fold axes. It seems reasonable to propose that the selec-

tivity that accounts for the high specificity of RNA encapsidation
is imposed at this step, perhaps by the binding of a particular
RNA duplex with unusual properties (for example, a stem-loop
with a particular sequence as observed in FHV15). Assembly could
then be propagated by the less specific binding of other duplexes
at successive two-fold axes to complete the dodecahedral cage.
Although to date there is no definitive evidence for this assembly
pathway, it is consistent with the energetics of subunit association
and reminiscent of picornavirus assembly, for which experimen-
tal data clearly show that pentamers form first and then associate
to create a pseudo T = 3 capsid16.

The nodavirus structures demonstrate that the β-sandwich
(residues 83–321) and the insertions between its strands func-
tion as a solid module, with little variation between quasi-equiv-
alent subunits. The outer surface of this module controls
interactions with the cellular receptor, while the functions of
RNA encapsidation, quasi equivalent switching, autocatalytic
proteolysis, and translocation of the genome across the cell
membrane are all encoded at the termini of the capsid protein in

Table 1 Crystal structure determination and refinement

Data processing statistics
Resolution (Å) 3.00–223.6 3.00–3.05
Observations 3,226,875 136,241
Unique reflections 1,505,825 76,058
I / σ(I) 9.5 3.3
Completeness (%) 81.2 82.2
Rmerge

1 0.105 0.266

Structure refinement statistics
Resolution (Å) 20.0–3.0 3.14–3.0
Reflections (F > 3σ) 1,237,980 101,838
Completeness (%) 65.6 43.2
Rcryst

2 0.218 0.304
R.m.s. deviations from ideal values

Protein Nucleotides
Bond lengths (Å) 0.008 0.003
Bond angles (°) 1.457 0.708
Dihedral angles (°) 28.470 15.791
Improper angles (°) 0.733 1.286

Temperature factor statistics (Å2)
<B> Bmax Bmin

Subunit A (7–378,394–401)
Main chain 26.9 116.2 11.8
Side chain 28.8 118.8 6.5

Subunit B (49–382)
Main chain 23.2 89.6 11.1
Side chain 23.8 91.2 7.9

Subunit C (51–382)
Main chain 21.5 81.1 10.1
Side chain 22.6 82.7 5.2

Nucleotides (1–25)
Backbone 178.7 229.8 86.8
Bases 175.2 229.1 89.0

Water (1–219) 27.7 74.8 3.7
Sulphate ion 189.5
Calcium ion 39.0

1Rmerge = ΣhΣi|Ii(h) - <I(h)>| / ΣhΣiIi(h), where Ii(h) is the ith measurement of reflec-
tion h and <I(h)> is the average of all measurement of reflection h.
2Rcryst = Σh|Fo(h) - kFc(h)| / Σh|Fo(h)|, where Fo and Fc are the observed and calcu-
lated structure amplitudes, respectively.
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residues 1–82 and 322–401. The additional protein and RNA
regions that are visualized in the structure of PaV have signifi-
cantly expanded our understanding of the role of these compo-
nents in the assembly and stability of virus particles.

Methods
Crystallization and data collection. PaV was purified as
described2 and crystallized by the hanging drop vapor diffusion
method at room temperature. The reservoir was 1 ml of 75 mM
Li2SO4, 5 mM CaCl2 and 4% (w/v) PEG 8000 in 50 mM Tris-HCl buffer,
pH 7.5. The droplet was a mixture of 1 µl reservoir solution and 1 µl
virus sample at a virus concentration of ∼ 20 mg ml–1 in 50 mM Tris-
HCl buffer, pH 7.5. Crystals appeared within 4–5 days. The diffrac-
tion data were collected under cryo-conditions using 35% (v/v)
ethylene glycol as the cryo-protectant. A data set at 3.5 Å resolution
was collected on the BioCARS station 14 ID-B at the Advanced
Photon Source (APS) and was used to compute an electron density
map to determine an initial model. The refined structure reported
here was based on 3.0 Å resolution data collected with a CCD detec-
tor at Beamline 9-2 of the Stanford Synchrotron Radiation
Laboratory (SSRL) operating at a wavelength of 0.98 Å. A total of
239 images were collected with an oscillation angle of 0.5° and a
crystal-to-detector distance of 275 mm. The data were processed
with the program DENZO/SCALEPACK17. The crystal belonged to the
P21 space group with cell parameters a = 329.3 Å, b = 
346.9 Å, c = 424.9 Å and β = 90.8°. Data processing statistics are
shown in Table 1.

Crystal structure determination and refinement. Molecular
replacement and real space averaging were used to determine the
crystal structure. The cell dimensions indicated that there was one
virus particle in the asymmetric unit of the crystal. The approximate
orientation of the particle in the unit cell was determined by a
locked rotation function calculated with the program GLRF18, and
the particle center was located ∼ 1/4 along both crystallographic a
and c axes with an arbitrary position along the b axis of the polar
space group. The accurate parameters of the particle position and
orientation were determined by an iterative R-factor search using a
polyalanine model based on the crystal structure of FHV7. The lowest
R-factor was obtained when the PaV particle size was reduced by
∼ 2.5% compared to the size of FHV determined at 20 °C. The polyala-
nine model was then placed in the unit cell according to the orienta-
tional and positional parameters to calculate an initial set of phases
and an electron density map based on these phases and structure
factor amplitudes from the PaV data. This 3.0 Å resolution map was
subjected to cycles of phase refinement by 60-fold real space averag-
ing with the programs RAVE19 and CCP4 (ref. 20). An initial mask was
created from the model with the program MAMA21, and was edited
during averaging to avoid truncation of density by the mask. The
averaged map at the final cycle yielded an R-factor of 0.191 and a
correlation coefficient of 0.901, and was readily interpretable.

The atomic model was built into the high quality, averaged elec-
tron density with the program O22. This model was subjected to mul-
tiple rounds of positional refinement, simulated annealing, overall
B-factor refinement and restrained individual B-factor refinement
with the program X-PLOR23. Geometric parameters were from
slightly modified versions of PARHCSDX.PRO24 for protein and 
DNA-RNA.PARAM25 for RNA. A solvent mask was used as defined in

X-PLOR. The refinement statistics are listed in Table 1. No outliers
were found in the Ramachandran plot (87.1% in the most favored
regions, 12.4% in the additionally allowed regions, 0.5% in the gen-
erously allowed region). The Cα superposition of the PaV structure
with that of FHV was performed for residues 51–127, 129–144,
155–195, 213–222, 226–256, 284–358 and 363–376. The selection of
compared residues was based on the sequence alignment and the
three-dimensional structure. The correlation coefficient between
the refined model and the electron density was calculated using 
RS-fit in the program O22.

Electron cryo-microscopy. A droplet of 5 µl virus sample at 
∼ 1.5 mg ml–1 was applied for ∼ 2 min onto a previously glow-
discharged copper grid coated with a holey carbon film. The grid was
blotted with preheated Whatman #2 filter paper to near dryness,
flash frozen in liquid ethane, and then transferred into liquid nitro-
gen. Micrographs were recorded under low dose condition 
(∼ 10 e Å–2) on a Philips CM120 electron microscope operating at
100 kv with the grid maintained at ∼ 100 K using a Gatan 626 cold
stage. The objective lens was set to ~0.8 µm underfocus and the mag-
nification was 45,000. Micrographs were digitized on a Zeiss SCAI
scanner with a step size of 7 µm and averaged so that the pixel size
of the final images was 4.67 Å. The best 69 images of boxed particles
were used in the three-dimensional reconstruction with the program
SPIDER26. A 20 Å resolution electron density map of a single virus par-
ticle was calculated from the atomic coordinates of the PaV crystal
structure excluding RNA. Temperature factors of all atoms were set
as 2,000 Å2 to reduce the Fourier termination effect. This map was
used as a reference to produce a set of projections with an angular
interval of 2°. The images were aligned with these projections to
determine the origins and orientations, and a three-dimensional
reconstruction was calculated. Cycles of angular refinement were
performed with an angular interval of 1.5° until convergence. Full
icosahedral symmetry was imposed during the reconstruction.

To evaluate the quality of the reconstruction, the 69 images were
divided into two groups, and two independent reconstructions
were calculated. Fourier shell correlation and phase residual were
computed between these two reconstructions. The resolution of the
final reconstruction was estimated as ∼ 23 Å where the Fourier shell
correlation started to fall below 0.5 and the phase residual was
∼ 70°. The average correlation coefficient between the raw images
and the projections of the reconstruction was 0.35.

Coordinates. The atomic coordinates and the reflection file have
been deposited with the RCSB Protein Data Bank (accession code
1F8V).
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