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The genome of some icosahedral RNA viruses plays an essential role in capsid assembly and structure. In
T�3 particles of the nodavirus Pariacoto virus (PaV), a remarkable 35% of the single-stranded RNA genome
is icosahedrally ordered. This ordered RNA can be visualized at high resolution by X-ray crystallography as a
dodecahedral cage consisting of 30 24-nucleotide A-form RNA duplex segments that each underlie a twofold
icosahedral axis of the virus particle and interact extensively with the basic N-terminal region of 60 subunits
of the capsid protein. To examine whether the PaV genome is a specific determinant of the RNA structure, we
produced virus-like particles (VLPs) by expressing the wild-type capsid protein open reading frame from a
recombinant baculovirus. VLPs produced by this system encapsidated similar total amounts of RNA as
authentic virus particles, but only about 6% of this RNA was PaV specific, the rest being of cellular or
baculovirus origin. Examination of the VLPs by electron cryomicroscopy and image reconstruction at 15.4-Å
resolution showed that the encapsidated RNA formed a dodecahedral cage similar to that of wild-type particles.
These results demonstrate that the specific nucleotide sequence of the PaV genome is not required to form the
dodecahedral cage of ordered RNA.

Analysis of the three-dimensional structure of icosahedral
viruses has provided insights into the function and biology of
virus particles. The techniques used rely on the symmetry of
the particles, and therefore less is known about the structure of
the encapsidated genome. The nucleic acid is seen only where
it is arranged with symmetry that correlates with that of the
icosahedrally ordered protein shell. Nevertheless, a portion of
the genome has been visualized in several icosahedral viruses
with positive-sense RNA genomes (reviewed in reference 22).
Although these viruses contain single-stranded genomes, the
RNA visualized by X-ray crystallography in both T�1 and T�3
virus particles predominantly resembles A-form duplex RNA,
suggesting that the conformation of the RNA encapsidated in
these particles is influenced by factors other than the genome
sequence. In the 3-Å X-ray crystallographic structure of Pari-
acoto virus (PaV), a T�3 nodavirus, an unprecedented 1,500
nucleotides (nt) of the 4,322-nt genome were visible (27), pro-
viding an opportunity to examine the factors involved in or-
dering of the RNA.

The structure and assembly of viruses from the Alphanoda-
virus genus of the Nodaviridae family have been studied exten-
sively (reviewed in references 10 and 25). Nodaviruses are
positive-sense RNA viruses that have 30-nm nonenveloped
particles with T�3 icosahedral symmetry. Each particle is as-
sembled from 180 copies of a capsid protein precursor (alpha),
which is autocatalytically cleaved following assembly into the

two mature capsid proteins beta and gamma (7). A copy of
each of the two genome segments, RNA1 (3 kb) and RNA2
(1.3 kb), are coencapsidated in each virus particle (16, 21).
Authentic nodavirus particles do not encapsidate nonviral
RNAs or the subgenomic RNA3 (0.4 kb), which is synthesized
during replication, indicating that there is specific selectivity
for genomic RNA during particle assembly. Early data sug-
gested that a stem-loop in RNA2 was the signal for encapsi-
dation into the particles of the nodavirus Flock House virus
(FHV) (31). However, expression of the capsid protein of
FHV from RNA2 in the absence of RNA1 results in the as-
sembly of virus-like particles (VLPs) that are morphologically
indistinguishable from wild-type (wt) FHV particles (24); these
particles encapsidate only 19% of the wt levels of RNA2, the
rest of the RNA being heterologous in origin (15). In addition,
replicating FHV RNAs are encapsidated more specifically
than nonreplicating RNAs, and it has been suggested that this
may be related to temporal regulation of capsid protein syn-
thesis, RNA conformation, or factors related to the local en-
vironment within the cell (15). These data indicate that selec-
tive coencapsidation of nodavirus RNAs is a complex process.

Structural studies of two alphanodaviruses, FHV and black
beetle virus, indicated that the genomic RNA forms an integral
part of the capsid structure (5, 29), with a 10-nt duplex of RNA
visible in the crystal structures forming part of a molecular
switch that produces flat contacts between the asymmetric pro-
tein units along each twofold axis. The 3-Å crystal structure of
wt PaV particles shared many features with earlier structures
of nodavirus particles (27). In addition, 35% of the genomic
RNA (a total of 1,500 nt) was visible and was shown to interact
extensively with the N-terminal region of the 60 subunits of the
capsid protein that surrounded the 12 fivefold symmetry axes.
The RNA duplexes at the twofold axis of PaV particles were 24
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nt long with an additional unpaired nucleotide at each end of
the duplex, and together they formed a dodecahedral cage.
Electron cryomicroscopy (cryoEM) and image reconstruction
also clearly showed the dodecahedral RNA cage (27). The
RNA duplex fitted well with a model based on A-form double-
stranded RNA (dsRNA). However, the genome of PaV con-
sists of two single-stranded segments, a 3,011-nt RNA1 that
encodes the replicase and a 1,311-nt RNA2 that encodes the
capsid proteins (13, 14, 30), and the primary sequence of the
genome is incompatible with the degree of Watson-Crick base
pairing implied by the observed dsRNA. Therefore, it seemed
likely that interaction(s) with the capsid proteins was involved
in the formation of the RNA structure.

To investigate the sequence-specific contribution of the ge-
nomic RNA to its three-dimensional arrangement in particles,
we analyzed PaV VLPs that had a wt protein content but
encapsidated predominantly nonviral RNAs. To minimize the
amount of viral sequences present in our system we expressed
only the 401-amino-acid capsid protein open reading frame
(ORF) (without the RNA2 5� and 3� untranslated regions)
from a recombinant baculovirus. We purified VLPs and deter-
mined that they encapsidated total amounts of RNA similar
to those of wt PaV particles, but only about 6% of this RNA
was derived from viral sequences. Image reconstruction from
cryoEM showed that the degree of icosahedral order imposed
on the encapsidated heterologous RNA was similar to that of
viral genomic RNA in wt virus particles at comparable resolu-
tion.

MATERIALS AND METHODS

Cells and virus. Spodoptera exigua (Se-1) cells (8) were maintained in static
culture at 28°C in Excell-401 medium (JRH Biologicals) supplemented with 10%
heat-inactivated fetal bovine serum and antibiotics. The baby hamster kidney-
derived cell line BSR/T7-5 (2) was grown at 37°C as described previously (11).
Clonal wt PaV was purified from inoculated Galleria mellonella larvae (11).

Baculovirus construction and growth. To produce VLPs the PaV capsid pro-
tein was expressed by using the Bac-to-Bac expression system (Invitrogen). To
generate the recombinant baculovirus bCAP, the PaV capsid protein ORF was
amplified by PCR with Pfu-turbo (Stratagene) from the plasmid PaV2(0,0) (14)
using two oligonucleotides. The first (5� AAACTGCAGTTACATGTACATTC
CTGTTAGTTGATG 3�) annealed to nucleotides 1202 to 1228 of RNA2 (un-
derlined), which encode the C terminus of the capsid protein and the stop codon
next to a PstI site. The second oligonucleotide (5� GAATTCAGCAAGATGG
TATCAAGAACTAAGAATCG 3�) included an EcoRI site followed by the
nucleotides AGC and annealed to the nucleotides complementary to nucleotides
20 to 45 of RNA2 (underlined), which encode the start codon and the N terminus
of the capsid protein. The EcoRI/PstI-digested PCR-amplified fragment was
ligated into pFASTBAC-DUAL so that the capsid ORF was under the control of
the polyhedrin promoter with the sequence context surrounding the translation
initiation codon identical to the efficiently translated GP64 (3). The sequence of
PaV capsid ORF was verified to be identical to that of wt PaV (14).

Following transposition of the expression cassette into the bacmid carried by
E. coli DH10Bac (Invitrogen), bacmid DNA was prepared and an 80% confluent
monolayer of Se-1 cells was transfected with bacmid DNA, using Cellfectin
(Invitrogen). After 5 h of incubation at 28°C the transfection mix was removed
and replaced by ExCell-401 containing serum. Three days posttransfection the
baculovirus containing cell supernatant was recovered and clarified by low-speed
centrifugation. The resulting recombinant baculovirus bCAP was passaged once
in Se-1 cells and was titrated by plaque assay on Se-1 cells.

Purification of VLPs. Se-1 cells were seeded in 75-cm2 flasks and, upon
reaching 80% confluency (approximately 3 � 107 cells/flask), were infected with
bCAP at a multiplicity of infection of 20 PFU/cell. Following 4 days of incubation
at 28°C, cells were lysed by addition of NP-40 to a final concentration of 0.5%.
After 30 min at room temperature the cell lysates were frozen and thawed,
clarified by centrifugation at 9,000 � g for 15 min, and treated with RNase A (10
ng/ml) for 2 h at room temperature. VLPs were then pelleted through a 30%

sucrose cushion and purified on sucrose gradients as previously described (12).
The yield of purified VLPs was about 200 �g per flask. Proteins were analyzed
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and on
Western blots as previously described (11).

Preparation of radiolabeled PaV and VLPs. To radiolabel PaV, confluent
BSR-T7/5 cells in 35-mm-diameter dishes were transfected with 50 ng of PaV
virion RNA as previously described (11). After 3 days of incubation at 28°C the
medium was replaced with medium containing 10 �g of actinomycin-D/ml for 20
min. The products of RNA replication were then metabolically labeled by in-
corporation of [3H]uridine (20 �Ci/ml) for 5 h in medium containing 10 �g of
actinomycin-D/ml. After a 24-h chase in complete medium, the cells were lysed
by addition of NP-40 and were stored at �20°C.

To radiolabel VLPs, Se-1 cells were infected with bCAP and 3 days later the
cell medium was removed and the products of protein synthesis were labeled by
incorporation of [35S]Met-Cys (5 �Ci/ml) for 6 h at 28°C in Sf900II medium
lacking Met and Cys. After an 18-h chase by addition of complete ExCell-401
medium the cells were lysed by addition of NP-40 and stored at �20°C.

Cell lysates containing labeled PaV and VLPs were treated with RNase A,
pelleted through 30% sucrose cushions, resuspended in 50 mM sodium phos-
phate buffer (pH 7.2), and stored at �20°C.

Analysis of labeled particles on gradients. 35S-labeled VLPs and 3H-labeled
PaV were cosedimented on sucrose gradients as described previously (12) and
were cobanded on CsCl gradients following the method described by Scotti (26).
Briefly, radiolabeled particles were fixed in 3.7% formaldehyde at 4°C overnight,
and then 200 �l of particles in 50 mM sodium phosphate buffer (pH 7.2) was
mixed with 5.9 ml of 27% (wt/wt) CsCl in 50 mM sodium phosphate buffer (pH
7.2), layered on 5.9 ml of 42% (wt/wt) CsCl in 50 mM sodium phosphate buffer
(pH 7.2), and centrifuged at 130,000 � g for 24 h at 20°C.

Following centrifugation, gradients were harvested on a piston gradient frac-
tionator (Biocomp). The top 8 mm of the gradient was removed, and then 30
fractions each of 2 mm (about 280 �l) were collected with an air rinse for 2 s
between each fraction. Aliquots of 100 �l from each fraction were diluted with
300 �l of water, mixed with 3.5 ml of Budget-solve scintillation cocktail (RPI),
and counted by double-label liquid scintillation spectrometry in two windows: 5
to 200 for 3H and 240 to 655 for 35S.

RNA extraction and analysis. RNA was extracted using an RNAgents kit
(Promega), and samples were resolved on denaturing 1% agarose-formaldehyde
gels and visualized by staining with Sybr Gold nucleic acid gel stain (Molecular
Probes). For Northern blot analysis RNAs were transferred to Nytran nylon
membranes and were hybridized with 32P-labeled RNA probes using conditions
described previously (23). Probes designed to hybridize to PaV genomic RNA
were generated by in vitro transcription using a MAXIscript kit (Ambion) with
SP6 polymerase from PCR templates that included the SP6 promoter adjacent to
RNA1 (nt 2598 to 3011) or RNA2 (nt 908 to 1311) sequences. The RNA2 probe
included 47 nt of heterologous sequence at the 3� end. Hybridized membranes
were exposed to a phosphor screen and were visualized by a digital radioactivity
imaging system (Molecular Dynamics Storm).

RNase protection assay. RNase protection assays were performed using the
RPA III system (Ambion) following the manufacturer’s instructions. Briefly,
32P-labeled probes were made for RNA2 as described above and were gel
purified on 5% acrylamide-urea gels. Encapsidated RNAs were extracted from
VLPs and PaV particles, and the concentration of RNA samples was calculated
from absorbance at an optical density of 260 nm (OD260). The RNAs were
diluted and the RNA concentration was confirmed by triplicate measurements of
the absorbance at OD260 prior to hybridization of the RNA with a molar excess
of probe overnight at 42°C. The samples were digested with RNase A/T1 (1/150
dilution of supplied enzyme mix) for 30 min at 37°C. Following precipitation, the
protected probe was resolved by electrophoresis on denaturing acrylamide gels.
Fixed and dried gels were exposed to a phosphor screen, and the protected RNA
products were quantitated using ImageQuant software (Amersham Biosciences
Products).

cryoEM and image reconstruction. The VLPs were freeze-hydrated on holey
electron microscopy grids and were examined by cryoEM as described previously
(27). Briefly, a 5-�l droplet of VLP sample was applied onto a previously
glow-discharged copper grid coated with a holey carbon film. After removal of
the excess solution by blotting, the grid was plunged into ethane slush and
transferred into liquid nitrogen. The grid was inserted into a Phillips CM120
electron microscope that used a Gatan 626 cryostage. Focal pairs of electron
micrographs were recorded under the low-dose condition at a magnification of
45,000�. Electron micrographs were digitized with a Zeiss scanner. The original
step size for scanning was 7 �m, and the images were averaged to yield a pixel
size of 4.67 Å. A total of 3,346 particles were boxed from the closer-to-focus
micrographs with the program EMAN (19) and were used in image reconstruc-
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tion with the program SPIDER (6). As the particles were oriented preferentially
with the icosahedral threefold axes perpendicular to the grids (Fig. 1A), we tilted
the grids by 20° to compensate for the uneven angular distribution. Among the
particles used in reconstruction, 2,052 were tilted images. The contrast transfer
function was not corrected, as the positions of the first zero of the contrast
transfer functions computed from both tilted and nontilted particles were beyond
the resolution of the reconstruction. The resolution was 15.4 Å as estimated with
the Fourier shell correlation method using a criterion of 0.5. To facilitate com-
parison with the cryoEM structure of wt PaV (27), the 15.4-Å VLP structure was
computationally filtered to yield a 22-Å-resolution structure. The images shown
in Fig. 5A to C were contoured at 1 � above background. The difference maps
shown in panels D, E, and F were contoured at 1.7, 1.0, and 0.8 � above
background, respectively.

RESULTS

VLPs produced from a recombinant baculovirus. To exam-
ine the RNA encapsidated in PaV VLPs, we expressed the PaV
capsid protein precursor from a recombinant baculovirus
(bCAP) in which the entire ORF of the PaV capsid protein was
cloned under control of the polyhedrin promoter. The recom-
binant baculovirus bCAP was used to infect Se-1 cells, and
abundant capsid protein was expressed in the absence of PaV
RNA1 and RNA replication. Electron microscopy of VLPs
purified from bCAP-infected cells showed abundant uniform
particles with morphology similar to that of wt PaV virions
(Fig. 1A). Their protein components were examined by SDS-
polyacrylamide gel electrophoresis and visualized by staining
with Coomassie blue (Fig. 1B). The protein profiles of wt PaV
and VLPs were similar, with the major protein in the VLPs
comigrating with the mature cleaved form of the major capsid
protein in wt PaV, protein beta. Both wt PaV and VLPs con-
tained a small amount of the uncleaved capsid protein precur-
sor (alpha), although this protein was slightly more abundant
in the VLPs. The VLPs also contained a small amount of a
36-kDa protein that comigrated with a minor capsid protein
which is derived from translational initiation at the second
AUG of the capsid protein ORF (12). These results validated
the synthesis, assembly, and maturational cleavage of the PaV
capsid protein precursor expressed from bCAP in Se-1 cells.

Physical properties of VLPs. To compare their physical
properties, wt virions and VLPs were differentially radiola-
beled and analyzed by sedimentation on sucrose velocity gra-
dients and by buoyant density on isopycnic CsCl gradients.
VLPs were labeled by incorporation of [35S]Met-Cys into their
proteins, whereas wt PaV particles were labeled by incorpora-

tion of [3H]uridine into their RNA. Samples of semipurified wt
PaV and VLPs were mixed and cosedimented through a 15 to
45% sucrose velocity gradient. Gradient fractions were assayed
by double-label scintillation spectrometry. To minimize the 35S
spillover into the 3H window, about 10-fold more 3H counts
were loaded on each gradient. wt PaV particles sedimented as
a single sharp peak near the middle of the gradient centered on
fraction 15 (Fig. 2A). The major peak of VLPs was in a similar
position but reproducibly sedimented one fraction slower than
wt PaV. The major VLP peak was slightly broader than that of
wt virions, raising the possibility that the VLPs were more
heterogeneous in size and/or mass. VLP preparations also re-
producibly contained a second very minor peak that sedi-
mented about six fractions faster than the main peak (fraction
21). Western blot analysis on fractions from VLP gradients
(data not shown) showed that the minor peak contained capsid
proteins, and a similar minor protein peak was detected by
Western blot of PaV gradient fractions (data not shown). The
ratio of uncleaved to cleaved protein did not appear to vary
across the fractions. We attribute the 35S near the top of the
gradient to label not incorporated in VLPs.

To compare the buoyant density of VLPs with that of wt
PaV, differentially radiolabeled samples were mixed and sub-

FIG. 1. Analysis of VLPs produced from bCAP in Se-1 cells. (A)
Electron cryomicrographs of gradient purified PaV and VLPs re-
corded at underfocus of 2.9 and 2.6 �m, respectively. The scale bar
represents 500 Å. (B) Protein composition of wt PaV and VLPs. The
proteins in purified particles were resolved by electrophoresis on an
SDS–10% polyacrylamide gel and visualized by Coomassie blue stain-
ing. The wt PaV capsid proteins are indicated on the left (the cleaved
form of capsid protein initiated at Met25 is indicated as 25 beta), and
molecular mass markers are shown to the right in kilodaltons.

FIG. 2. Ultracentrifugation analysis of radiolabeled PaV and VLPs.
Particles were labeled with either [35S]Met-Cys (VLPs) or [3H]uridine
(PaV) and purified by pelleting through 30% sucrose cushions. The
particles were mixed and sedimented through a 15 to 45% sucrose
gradient (A) or centrifuged to equilibrium on a CsCl gradient (B).
Thirty fractions were collected, and the radioactive counts in each
fraction were determined. The top of each gradient is on the left.
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jected to isopycnic CsCl density gradient ultracentrifugation.
Initial experiments indicated that, like some other nodaviruses
(18, 21), PaV particles were unstable when analyzed on CsCl
gradients (data not shown). Therefore, we fixed the particles
with formaldehyde before CsCl gradient analysis. Formalde-
hyde fixation had no effect on the sedimentation of particles in
sucrose gradients (data not shown). Fixed, differentially la-
beled wt PaV and VLPs were mixed with 27% CsCl, layered
onto an equal volume of 42% CsCl, and centrifuged to equi-
librium at 130,000 � g. The gradients were fractionated, and
the fractions were assayed by double-label scintillation spec-
trometry (Fig. 2B). A single sharp 3H peak was detected cen-
tering on fraction 17 with a density of 1.31 g/ml. The majority
of the 35S VLP signal was found in a single peak that equili-
brated within one fraction of wt PaV (fraction 16; density, 1.30
g/ml). We interpreted the similarity in buoyant density of the
two types of particles as indicating that they contained a similar
amount of RNA. The VLP peak was slightly broader than that
of wt PaV, suggesting that the VLPs may be more heteroge-
neous in density (20). When the wt PaV and VLP samples were
premixed with the 42% CsCl and subjected to centrifugal flo-
tation, the relative peak positions were similar to those shown
in Fig. 2B (data not shown). The baseline of the 35S signal was
reproducibly elevated in the half of the gradient that the par-
ticles were loaded; we attribute this signal to unincorporated
label. As an independent measure, the RNA:protein ratios
were calculated from ODs of the particles measured at 260 and
280 nm using the equations described by Layne (17). In agree-
ment with the isopycnic gradient analysis, these calculations
suggested that the RNA:protein ratio was slightly lower in
VLPs than in PaV virions. We interpreted these results as
indicating that the VLPs contained amounts of RNA similar to
those of wt PaV virions.

RNA encapsidated in VLPs. To characterize the RNAs en-
capsidated by VLPs we extracted RNAs from sucrose gradient-
purified unlabeled wt PaV and VLPs and examined them by
electrophoresis on denaturing agarose gels alongside total cel-
lular RNA from mock- or bCAP-infected Se-1 cells (Fig. 3A).
The mock- and bCAP-infected cell samples appeared very
similar (Fig. 3A, lanes 4 and 5), showing a major doublet of
rRNA of about 2 kb with a background smear of RNAs rang-
ing between about 0.1 to 5.0 kb. As expected, wt PaV (Fig. 3A,
lane 2) contained two RNAs of about 3 and 1.3 kb that corre-
spond to genomic RNA1 and -2. In contrast, the VLPs con-
tained a smear of RNAs ranging in size from less than 0.2 kb
to about 4 kb with no predominant species (Fig. 3A, lane 3).

The size distribution of RNAs that contained PaV RNA2-
related sequences was examined by Northern blot hybridiza-
tion of duplicate RNA samples loaded on the same gel as that
used for Fig. 3A. The RNA probe was complementary to the
last 322 nt of the capsid protein ORF of PaV RNA2. A probe
complementary to the 3� 413 nt of RNA1 was included to
visualize RNA1 in the wt PaV RNA sample as a size marker
(Fig. 3B, lane 6). The PaV RNA2 probe detected two RNAs of
about 1.8 and 4.4 kb in bCAP-infected Se-1 cells (Fig. 3B, lane
9). The 1.8-kb RNA is predicted to be the polyadenylated
bCAP transcript that includes the PaV capsid protein ORF.
The origin of the 4.4-kb RNA is not clear, but it may represent
a readthrough transcript that terminated downstream. No
PaV-related sequences were detected in the mock-infected

Se-1 cellular RNA sample (lane 8). The 1.8-kb RNA was the
major species among several RNA2-related molecules encap-
sidated in VLPs, but the 4.4-kb RNA was not detected (Fig.
3B, lane 7). A probe complementary to the 5� region of RNA2
yielded an identical pattern of bands (data not shown), indi-
cating that the RNAs detected in Fig. 3B, lane 7, contained
both ends of the capsid protein ORF. Because the banding
pattern of VLP encapsidated RNAs observed by hybridization
(Fig. 3B, lane 7) was not evident in the stained gel (Fig. 3A,
lane 3), we concluded that not all the RNA encapsidated in the
VLPs contained PaV RNA2 sequences.

Quantitation of PaV RNA encapsidated in VLPs. To mea-
sure the relative amount of RNA2-related sequences encapsi-
dated in VLPs compared to that in wt PaV, RNAs extracted
from the two types of particles were analyzed with a quantita-
tive RNase protection assay. An RNA probe complementary
to the 3� 322 nt of the capsid protein ORF was hybridized in
excess with the extracted RNA, unprotected probe was di-
gested with a mixture of RNases, the protected RNA frag-
ments were resolved on acrylamide gels, and the products were
visualized by phosphorimaging. In the absence of RNase the
probe remained intact (Fig. 4A, lane 8), whereas in the absence
of template and the presence of RNase the probe was de-
graded (Fig. 4A, lane 7). A dilution series of PaV virion RNA
(20 ng in lane 1, 30 ng in lane 2, 40 ng in lane 3, and 50 ng in
lane 4) provided a standard curve for comparison of duplicate
100-ng samples of VLP RNA (lanes 5 and 6). For each sample
a single major protected fragment was evident that was slightly
smaller than the full-length probe due to removal of the un-
protected noncomplementary 47 nt of the probe. An example
of quantitation of the protected RNA in the wt PaV RNA

FIG. 3. Analysis of encapsidated RNAs. Duplicate samples of RNA
extracted from purified PaV (lanes 2 and 6), VLPs (lanes 3 and 7), or
Se-1 cells that were mock infected (lanes 4 and 8) or infected with
bCAP (lanes 5 and 9) were resolved by electrophoresis on a denaturing
1% agarose-formaldehyde gel. The amount of RNA loaded was 1 �g
in lanes 2 and 3; 2 �g in lanes 4 and 5; 50 ng in lanes 6 and 7; and
500 ng in lanes 8 and 9. The gel was divided in two, and RNA was
visualized by staining with Sybr-gold (A) or was transferred to Nytran
nylon membranes and hybridized with probes for PaV RNA1 and -2
(B). The sizes of RNA markers (lane 1) and the positions of PaV
RNA1 and -2 are shown to the left of panels A and B, respectively.
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samples (Fig. 4A, lanes 1 to 4) is graphed as a standard curve
in Fig. 4B. The standard curve was repeated for each indepen-
dent repetition of the experiment. Data pooled from several
experiments (including two pools of RNA extracted indepen-
dently from particles) showed that VLPs contained 22% (�1.4%)
of the RNA2 content of wt PaV particles. Therefore, a maxi-
mum of one in four VLPs contained PaV-derived RNA.

The similar buoyant densities of the VLPs and wt PaV par-
ticles (Fig. 2) suggested that they encapsidated a similar total
amount of RNA. In wt PaV virions, the coencapsidated RNA1
(3,011 nt) and RNA2 (1,311 nt) segments constitute 70 and
30% of the total 4,322-nt RNA content, respectively. Because
there was no RNA1 present in the VLP system, any RNA not
related to the PaV capsid protein ORF (1,206 nt, 28% of
genome) must have been of cellular or baculovirus origin.
These considerations lead to the conclusion that only about
6% of the RNA encapsidated in VLPs consisted of PaV RNA
sequence (i.e., 22 of 28%), with the remaining RNA being of
heterologous origin.

Structure of RNA in VLPs. To examine the three-dimen-
sional arrangement of the RNA in the VLPs, sucrose gradient-
purified particles were analyzed by image reconstruction from
cryoEM. Three-dimensional reconstruction of the VLPs was

computed, and the resolution was estimated to be 15.4 Å (Fig.
5C). The surface view of these particles resembled the 23-Å
cryoEM reconstruction of wt PaV virions (27), with the major
features, such as the protrusions at the quasi-threefold axis,
being easily discernible in both reconstructions. The higher
resolution VLP image showed greater surface detail than the
PaV reconstruction (Fig. 5A), and the differences may be a
consequence of the different sizes of the data sets and the
resolution of the reconstruction. The VLP reconstruction was
computationally filtered at 22-Å resolution (Fig. 5B), and the
surface view more closely resembled that of the 23-Å PaV map
(Fig. 5A). For example, the surface pits on the twofold axis in
the 15.4-Å VLP structure were almost invisible at 22-Å reso-
lution.

Because the structure of wt PaV was determined by X-ray
crystallography at 3-Å resolution (27), the electron density
attributable to the capsid proteins could be subtracted from
the PaV reconstruction to reveal the icosahedrally ordered
components of the encapsidated RNA. When this approach
was applied to authentic PaV, the results showed an internal
dodecahedral cage that fitted well with the atomic model of the
duplex RNA underlying the icosahedral twofold axes derived
from the crystal structure (27). Using a similar approach, the
arrangement of the mostly heterologous RNAs encapsidated
by the VLPs was examined by using the wt capsid protein
density to calculate a difference map for the VLP reconstruc-
tion. The VLP difference map revealed a cage of density (Fig.
5E and F) that was similar in shape to the dodecahedral cage
of RNA duplexes seen in authentic virions (Fig. 5D). As noted
for the surface views, the internal VLP image was more refined
than that of wt PaV, but we attribute this to the difference in
resolution as before. The ratio of average RNA to average
protein density was computed by masking the RNA and pro-
tein regions of the VLP and wt PaV reconstructions (data not
shown). These calculations suggested that the relative RNA:
protein density ratio was equal or greater for the VLP recon-
struction compared to that of the wt PaV reconstruction.

The evident removal of the capsid in the difference map is
indicative of the high quality of the VLP reconstruction. At the
higher resolution of the VLP difference image, the helical
conformation of the RNA duplexes was more clearly visible.
Superimposition of the 15.4-Å resolution VLP difference map
with the RNA model from the PaV crystal structure (27)
showed that the helical structure of the RNA seen in VLPs is
consistent with the structure of RNA seen in wt PaV particles
(Fig. 6). From these results, we conclude that a portion of the
RNA encapsidated in VLPs formed a dodecahedral cage com-
posed of duplexes situated under the twofold axes, and this
cage was equivalent at this resolution to that seen in authentic
PaV virions.

DISCUSSION

Thirty-five percent of the viral RNA encapsidated in wt PaV
particles is icosahedrally ordered (27). This ordered RNA was
visualized by X-ray crystallography as a discontinuous cage
formed from 30 24-nt A-form RNA duplex segments, with
each duplex underlying a twofold icosahedral axis of the viral
particle. At 3-Å resolution the electron density attributable to
the ordered RNA becomes indistinct near and at the threefold

FIG. 4. Quantitation of RNA2 sequences encapsidated in VLPs.
RNA was extracted from purified PaV and VLPs and was analyzed by
RNase protection. (A) RNAs were quantitated by spectrometry and
annealed with an excess of a 32P-labeled RNA2 probe. In the absence
of template (lane 7) the probe was completely digested by RNase A/T1,
and in the absence of RNase the probe remained intact (lane 8). The
protected RNA in 20-, 30-, 40-, and 50-ng samples of wt virion RNA
(lanes 1 to 4) was compared to that protected in 100-ng samples of
VLP RNA (lanes 5 and 6). A phosphorimage of the dried gel is shown.
(B) Quantitation of the protected RNAs from the gel shown in panel
A is shown graphically in panel B. Each circle represents a data point
from which the standard curve line was calculated. The black diamond
represents the value obtained for protected RNA in 100 ng of VLP
RNA (the average of the samples in lanes 5 and 6). The dotted line
shows the intercept with the standard curve and an estimate for the
equivalent amount of RNA2 sequences protected in wt virus RNA.
Data pooled from this and several other experiments indicated that
VLPs contained 22% (�1.4%) of the RNA2 content of wt PaV par-
ticles.
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axes where the duplexes meet, suggesting that this is the loca-
tion of most or all of the connections between the icosahedrally
ordered RNA and the remaining 65% of the genome. The
ordered RNA interacts extensively with the basic N-terminal
region of the quasi-equivalent A subunit of the capsid protein
and neutralizes its charge. Together the RNA and the N ter-
minus of the A subunit form a molecular switch which is
integral to the formation of the T�3 icosahedral virions of PaV
and other nodaviruses (5, 9, 27). The importance of RNA to
particle formation is also demonstrated by the lack of forma-
tion of empty nodavirus capsids (5).

In this study we examined the specific contribution of the
genomic RNA to formation of the icosahedrally ordered RNA
conformation. To this end, VLPs were assembled from PaV
capsid proteins expressed from a recombinant baculovirus. The
PaV RNA sequence in the system was limited to the minimum
required for capsid protein expression, i.e., the capsid protein
ORF. The RNA-to-protein ratio of VLPs was compared to
that of wt PaV virions using two independent approaches. The
comparative buoyant density and RNA:protein ratios calcu-
lated from OD260 and OD280 indicated that the VLPs had a
slightly lower ratio of RNA to protein than wt PaV virions.
Because both types of particles were assembled from wt capsid
proteins, we interpreted this to indicate that there was slight-
ly less RNA encapsidated in VLPs than PaV virions. How-
ever, because neither of these methods directly measures the
amount of RNA encapsidated, we concluded that the VLPs
contain amounts of RNA similar to that of wt PaV. Quantita-
tion of the encapsidated RNAs showed that the VLPs encap-
sidated only about 6% of the wt amount of PaV-specific RNAs.
Thus, if VLPs and wt PaV virions contained similar total
amounts of RNA, then only about 6% of the encapsidated

RNA was PaV specific, the remaining RNA being of either
cellular or baculovirus origin.

The three-dimensional arrangement of the VLP-encapsi-
dated RNA was examined by cryoEM image reconstruction.
To more clearly visualize the RNA, a difference map was pro-
duced by subtracting the icosahedrally ordered protein com-
ponents seen by X-ray crystallography of native PaV particles
(27). Implicit in this approach was the assumption that the
structure of the capsid proteins in VLPs was indistinguishable

FIG. 5. Three-dimensional reconstructed images of wt PaV and VLPs. CryoEM maps of PaV and VLP are shown for the total densities (A to
C) and difference maps (D to F) generated by subtraction of the capsid protein density as determined by the crystal structure of PaV. The PaV
reconstructions are shown at 23-Å resolution (A and D) (27), and the VLP map was determined at 15.4-Å resolution (C and F) and is also shown
computationally filtered at 22 Å (B and E). The RNA cage identified in wt PaV is also visible in the VLPs.

FIG. 6. Superimposition of VLP and wt PaV RNA. The 15.4-Å VLP
difference map (semitransparent) is shown superimposed on the model
of the RNA cage (blue ribbons) from the PaV crystal structure (27).
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from that in native particles. This assumption seemed reason-
able, given that the vector-expressed protein was wt in se-
quence and the VLP protein profile was very similar to that of
wt PaV (Fig. 1A). Strikingly, the difference map showed a
dodecahedral cage of helical RNA density similar to that seen
in wt PaV and was shown to fit well with the X-ray crystallo-
graphic model of A-form duplex RNA (Fig. 6). The level of
RNA density in the VLP images was at least as great as that in
wt virions. Because 35% of the encapsidated RNA was visible
in wt virions and only about 6% of the RNA encapsidated in
the VLPs was RNA2-related, we conclude that the observed
three-dimensional arrangement reflects that of the predomi-
nant encapsidated RNA, which was heterologous in origin.
These observations indicate that non-PaV RNA encapsidated
in VLPs adopted a similar three-dimensional structure to that
formed by the genomic RNAs in wt PaV particles.

There are several ways that RNA could contribute to its
three-dimensional conformation in virions through either
RNA-RNA or RNA-protein interactions. Both the generic
ribose phosphate backbone and sequence-specific bases can be
involved in these interactions. The data presented here imply
that generic RNA interactions suffice to stabilize the dodeca-
hedral cage of RNA duplexes within particles of PaV. Evi-
dently the inner surface of the PaV capsid can confer the
dodecahedral arrangement of duplex segments on RNA of
generic sequence, presumably by relying primarily on interac-
tions that involve the RNA backbone. Because the X-ray struc-
ture of PaV represents an averaging of all 30 RNA duplexes, it
does not resolve individual specific bases and we therefore
cannot rule out the possibility that the ordered RNA has a
conserved sequence motif. However, it seems most likely that
the dodecahedral cage is formed with little or no contribution
from nucleotide sequence-specific interactions. Other struc-
tural elements that are not icosahedrally ordered and therefore
not seen in this type of analysis may play important roles in
particle assembly and stability.

The PaV RNA visualized by X-ray crystallography conforms
to the geometry of A-form dsRNA (27). However, the nucle-
otide sequences of PaV RNA1 and -2 preclude the possibility
of perfect Watson-Crick base pairing for more than a small
fraction of the observed duplex (14). For example, the longest
perfect inverted repeat anywhere in the PaV genome contains
only 14 consecutive nucleotides. This strongly suggests that the
RNA duplexes are stabilized less by Watson-Crick base pairing
than by other interactions that are largely independent of the
nucleotide sequence, such as base stacking and interactions
between the ribose phosphate backbone and the capsid pro-
teins. The formation of a similar helical structure from heter-
ologous RNA in the PaV VLPs analyzed here supports this
interpretation.

For the related nodavirus FHV, a shorter 10-nt duplex RNA
was visualized in the X-ray crystal structure (5) and by cryoEM
image reconstruction (4). The capsid protein sequences of
FHV and PaV share only 41% identical amino acids (14).
Before the present study, it was not clear whether the greater
icosahedral order of the RNA in PaV capsids was determined
by the capsid protein, programmed by the genomic RNA, or
due to a combination of these factors. The clearly visible or-
dered RNA in PaV VLPs indicates that the direct contribution
of the genomic sequence to the icosahedral RNA structure is

minimal and suggests that the capsid protein is the main de-
terminant in forming the 24-nt RNA duplexes. It appears that
the capsid protein can organize the three-dimensional struc-
ture of heterologous RNAs with few, if any, nucleotide se-
quence constraints. This conclusion is consistent with the find-
ing that synthetic FHV VLPs which were examined by X-ray
scattering at low resolution (28) appeared to have RNA struc-
ture similar to that of wt FHV particles analyzed by cryoEM.
Like the PaV VLPs, those from FHV contained predominantly
heterologous RNAs (15, 24).

Although the icosahedral order of the RNA appears to be
independent of the nucleotide sequence, the RNA encapsi-
dated in nodavirus particles nevertheless plays an essential role
in particle integrity. FHV VLPs that contained mainly nonviral
RNA (15, 24) were more sensitive to protease digestion than
wt particles, indicating that the authentic RNA plays a stabi-
lizing role that is not fulfilled by heterologous RNAs (1). It is
not yet known whether this difference is specifically related to
the sequences, secondary structures, sizes, or other properties
of the genomic RNAs.

During natural infection nodaviruses show high fidelity for
specific encapsidation of their genomic RNAs. The determi-
nants of specificity for PaV RNA encapsidation have not yet
been investigated, and the experiments described here were
not designed to address this question. Indeed, the RNA-pro-
tein interactions in fully assembled particles may not accurately
reflect those responsible for RNA selection during the dynamic
process of assembly. However, our results show that whatever
the determinants of specificity are, PaV RNA itself is not
necessary for formation of the structurally important RNA
cage. Instead, it appears more likely that RNA duplex forma-
tion is a consequence of induced fit with the capsid proteins,
whose juxtaposition creates specific binding sites for A-form
duplex RNA. However, our results do not exclude the possi-
bility that part of the selective mechanism for RNA encapsi-
dation in PaV virions may be a requirement for the RNA to
have the potential to form duplex elements and that not all
RNAs have this potential. However, if such a requirement
exists, it can evidently be satisfied by a wide variety of heter-
ologous RNAs.

In conclusion, heterologous RNA encapsidated in PaV
VLPs has icosahedrally ordered three-dimensional arrange-
ment similar to that of genomic RNA encapsidated in wt viri-
ons. This demonstrates that factors other than the specific
nucleotide sequence and other attributes of the genomic RNA
are the main determinants of the formation of the structure.
The significance of this RNA structure predicts that it may not
be possible to form T�3 PaV capsids in the absence of the
dodecahedral RNA cage. That is, mutations in the capsid pro-
tein that disrupt the formation of the RNA duplexes may also
disrupt assembly so that particle formation is not achieved.
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ADDENDUM IN PROOF

Recently Tihova et al. (M. Tihova, K. A. Dryden, T. L. Le,
S. C. Harvey, J. E. Johnson, M. Yeager, and A. Schneemann,
Virol. 78:2897–2905, 2004) showed that the RNA structure
seen in VLPs of the nodavirus Flock house virus was also
independent of the nucleotide sequence.
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