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ABSTRACT Despite their diversity, most double-stranded-RNA (dsRNA) viruses share a
specialized T�1 capsid built from dimers of a single protein that provides a platform for
genome transcription and replication. This ubiquitous capsid remains structurally undis-
turbed throughout the viral cycle, isolating the genome to avoid triggering host defense
mechanisms. Human picobirnavirus (hPBV) is a dsRNA virus frequently associated with
gastroenteritis, although its pathogenicity is yet undefined. Here, we report the cryo-
electron microscopy (cryo-EM) structure of hPBV at 2.6-Å resolution. The capsid protein
(CP) is arranged in a single-shelled, �380-Å-diameter T�1 capsid with a rough outer
surface similar to that of dsRNA mycoviruses. The hPBV capsid is built of 60 quasisym-
metric CP dimers (A and B) stabilized by domain swapping, and only the CP-A
N-terminal basic region interacts with the packaged nucleic acids. hPBV CP has an
�-helical domain with a fold similar to that of fungal partitivirus CP, with many domain
insertions in its C-terminal half. In contrast to dsRNA mycoviruses, hPBV has an extracel-
lular life cycle phase like complex reoviruses, which indicates that its own CP probably
participates in cell entry. Using an in vitro reversible assembly/disassembly system of
hPBV, we isolated tetramers as possible assembly intermediates. We used atomic force
microscopy to characterize the biophysical properties of hPBV capsids with different car-
gos (host nucleic acids or proteins) and found that the CP N-terminal segment not only
is involved in nucleic acid interaction/packaging but also modulates the mechanical be-
havior of the capsid in conjunction with the cargo.

IMPORTANCE Despite intensive study, human virus sampling is still sparse, espe-
cially for viruses that cause mild or asymptomatic disease. Human picobirnavirus
(hPBV) is a double-stranded-RNA virus, broadly dispersed in the human population,
but its pathogenicity is uncertain. Here, we report the hPBV structure derived from
cryo-electron microscopy (cryo-EM) and reconstruction methods using three capsid
protein variants (of different lengths and N-terminal amino acid compositions) that
assemble as virus-like particles with distinct properties. The hPBV near-atomic struc-
ture reveals a quasisymmetric dimer as the structural subunit and tetramers as possi-
ble assembly intermediates that coassemble with nucleic acids. Our structural stud-
ies and atomic force microscopy analyses indicate that hPBV capsids are potentially
excellent nanocages for gene therapy and targeted drug delivery in humans.
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Double-stranded-RNA (dsRNA) viruses infect a diversity of hosts, including bacteria,
unicellular and simple eukaryotes (fungi, protozoa), and complex systems (plants

and animals). Although capsid complexity ranges from a single shell to multishelled
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concentric capsids, most dsRNA viruses have a specialized icosahedral shell with a
triangulation number equal to 1 (T�1), formed by 120 subunits with a capsid protein
(CP) dimer as the asymmetric unit (1). This common T�1 core organizes the packaged
dsRNA genome segment(s) and encloses the RNA-dependent RNA polymerase(s)
(RdRp) for genome replication and transcription (2–5). The T�1 capsid of dsRNA viruses
remains structurally undisturbed throughout the viral cycle, isolating their genomes
and preventing triggering of host defense mechanisms (6, 7), but allows extrusion of
freshly synthesized transcripts into the host cytoplasm for translation or incorporation
into virion progeny.

The 120-subunit T�1 capsids have been found in members of the families Reoviridae
(8–11) (which infect higher eukaryotes) and Picobirnaviridae (12), in bacteriophages of
the family Cystoviridae (13, 14), and in mycoviruses of the families Totiviridae (which also
includes protozoan and metazoan viruses) (15–17), Partitiviridae (18, 19), Megabirna-
viridae (20), Quadriviridae (21), and Chrysoviridae (22, 23). Birnaviruses are an exception,
as they lack the T�1 capsid and have a single T�13 shell (24, 25).

The stoichiometry and conserved architecture of dsRNA virus capsids, built from 60
asymmetric units (CP dimers), provide an optimal platform for the numerous activities
related to RNA synthesis. The CP fold is the hallmark of the dsRNA virus lineage,
although sequence similarities among CPs are negligible. Structural comparisons based
on CP folds indicate that evolution has led to a small number of viral lineages derived
from a common ancestor, probably due to capsid assembly constraints (26, 27). Four
lineages have been described to date: (i) the picornavirus-like lineage, with a single
�-barrel parallel to the capsid surface as the CP fold; (ii) the head-tailed phages and
herpesviruses, which share the Hong Kong 97 (HK97)-like CP fold; (iii) viruses with a
double �-barrel CP perpendicular to the capsid surface (prototypes are phage PRD1
and adenovirus); and (iv) the dsRNA or bluetongue virus (BTV)-like viruses. In most
dsRNA viruses, the capsid subunits nucleate around the genomic single-stranded-RNA
(ssRNA) segment(s) as in the picornavirus-like lineage (28–30), with the exception of
cystoviruses, which encapsidate ssRNA into a preformed procapsid (13).

Picobirnaviruses (PBV) (31) are detected mainly in stool samples from humans and
other vertebrates (32) and in invertebrates (33). The conserved prokaryotic ribosome
binding site sequence that precedes each start codon has suggested that PBV are in
fact bacteriophages that infect the host intestinal microbiome (34, 35). Given the lack
of a suitable cell culture system, current knowledge of PBV biology is very limited.
Human PBV (hPBV) pathogenicity is not established; hPBV might be associated with
gastroenteritis, but it has also been found in healthy respiratory tracts (36).

Our studies were initiated from a synthetic DNA that spans the whole genome of
hPBV strain Hy005102 (37), which consists of two dsRNA segments (�4.3 kbp in total).
dsRNA 1 (�2.5 kbp) encodes the CP and a protein of unknown function, and dsRNA 2
(�1.8 kbp) encodes the RdRp (38). The X-ray structure of the rabbit PBV (rPBV) capsid
showed that it is based on an �37-nm-diameter icosahedral T�1 shell formed by 60
symmetric dimers (12); similar quaternary organization was observed in the partitivirus
Penicillium stoloniferum virus F (PsV-F) (18). Here, we used complementary cryo-EM and
biophysical analysis to study capsid structure, assembly, and mechanics of hPBV. The CP
N-terminal end faces the capsid interior and is involved in interaction with and
packaging of nucleic acids, and it also modulates the mechanical behavior of the hPBV
capsid in conjunction with the packaged cargo.

RESULTS
hPBV capsid design and characterization. rPBV capsid structure at 3.4-Å resolu-

tion showed that the CP N-terminal ends face the capsid interior (12). Assuming a
similar arrangement, we designed three hPBV CP versions that differ in their N-terminal
ends and could thus have different inner surfaces and properties: (i) hPBV CP contains
the full-length CP sequence (552 residues, 62 kDa); (ii) hPBV Δ45-CP lacks the first 45
N-terminal residues (an Arg/Lys-rich segment; 508 residues, 57 kDa); and (iii) hPBV
Ht-CP is the full-length CP with an N-terminal 36-residue tag that includes a 6-His

Ortega-Esteban et al. Journal of Virology

December 2020 Volume 94 Issue 24 e01542-20 jvi.asm.org 2

https://jvi.asm.org


segment (588 residues, 66.2 kDa) (Fig. 1A). These three CP variants were expressed in
Escherichia coli at high levels, and the resulting assemblies were purified by ultracen-
trifugation on a sucrose cushion followed by a linear sucrose gradient. All three CP
constructs produced hPBV virus-like particles (VLP) morphologically similar to authentic
virions; they were analyzed by negative-staining electron microscopy (EM) (data not
shown) and SDS-PAGE (Fig. 1B). In a baculovirus-based expression system, the rPBV CP
is processed autoproteolytically after particle assembly and its 65-residue N-terminal
end is removed (12), like the Δ45-CP. hPBV CP and Ht-CP were not proteolyzed in the
bacterium-based expression system, as reported previously (38). Selected fractions
enriched in �38-nm-diameter VLP were analyzed by cryo-EM in a 300-kV Titan Krios
cryo-electron microscope (Fig. 1C to E). Whereas purified Ht-CP and CP VLP were
homogeneously full (Fig. 1C and D), Δ45-CP particles were structurally stable (Fig. 1E)
with variable internal content (�10% are apparently empty) (Fig. 1E, arrows).

Near-atomic-resolution cryo-EM structure of the hPBV capsid. We calculated
icosahedrally averaged maps at 2.63-Å resolution for CP and at 2.8 Å for Δ45-CP and
Ht-CP capsids (Fig. 2A), as estimated by the criterion of a 0.143 Fourier shell correlation
(FSC) coefficient (Fig. 2B). Using the rPBV CP structure (12) as an initial template, we
built three polypeptide chains with Coot (Fig. 2C). Except for differences at the N- and
C-terminal regions (see below), the three maps are virtually identical.

The �380-Å-diameter T�1 capsid showed 60 twisted, elongated protrusions (Fig.
2A, orange), each bearing two copies of CP molecules, one each of A and of B (Fig. 2A;
A, blue; B, yellow). The CP dimer, with an almost perfect local 2-fold axis of symmetry,
is the asymmetric unit of the capsid. The near-atomic model for CP A and B had 507 and
510 residues, respectively, of the total 552 residues (Fig. 2D; A, rainbow; B, gray). CP A
and B lack 42 residues in the N-terminal region, and CP A lacks three C-terminal
residues. The CP structure is divided into two domains, a shell (S) and a protruding (P)
domain (Fig. 2D, left). In a dimer, the S domains form an �54- by 115-Å parallelogram
and are mostly helical, with a long � helix tangential to the capsid surface (the �3 helix;
39 Å long, 26 residues) (Fig. 2D, right); this long � helix is a common feature of dsRNA

FIG 1 Biochemical and cryo-EM analysis of hPBV CP variants. (A) Scheme of hPBV Ht-CP, CP, and Δ45-CP
used, indicating N-terminal sequences and sizes. Acidic residues, red; basic residues, blue. (B) Coomassie
blue-stained SDS-PAGE gel of Ht-CP, CP, and Δ45-CP used for cryo-EM data acquisition. Molecular size
markers (MWM; Da [103]) are on the left. (C to E) Cryo-electron micrographs of Ht-CP (C), CP (D), and
Δ45-CP (E) capsids. Arrows (E) indicate empty capsids. Bar, 50 nm.
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virus lineage CP. The P domain is built of five �20-residue insertions in the S domain,
made up mainly of � strands (I1 to I4 and I6), and an �40-residue �/� insertion, with
the �12 helix (Fig. 2D, right) perpendicular to the capsid surface around the local
quasi-2-fold axis of symmetry (I5) (Fig. 2D, left, I1 to I6; Fig. 3A, colored boxes).

Rabbit and human PBV CP shared substantial similarity. Structural alignment between
these two CP using the Dali server (39) (http://ekhidna2.biocenter.helsinki.fi/dali/) showed
high structural similarity, with a root mean square deviation (RMSD) of 3.1 Å for 468
aligned residues (z-score � 37.3) (Fig. 3B). Major differences were found in the exposed
P domain, which might be involved in interaction with a receptor specific for each
species.

The R44-I95 N-terminal segment, involved in a molecular swap between A and B
subunits, is responsible for stabilizing the dimer at the S and P domains (Fig. 4). The
buried intradimeric interface between A and B subunits is 5,107 Å2 (calculated with the
PISA server; https://pdbe.org/pisa/); removal of this N-terminal segment results in a
buried interface of 1,514 Å2 (Fig. 4A and B). This strong interaction suggested that the
CP dimer is the basic precursor assembly.

Structural comparison of hPBV and PsV-F CP. PsV-F and PBV have similar capsid
architecture built from quasisymmetric dimers (18, 40), but a detailed structural com-
parison is lacking. Structural alignment between hPBV and PsV-F CP using the Dali
server showed an RMSD of 4.3 Å for 185 residues of 379 (z-score, 5.1), which indicates

FIG 2 Three-dimensional cryo-EM reconstruction of hPBV capsids at 2.6-Å resolution. (A) Radially color-coded atomic model of hPBV capsid viewed along a
2-fold axis. Protruding dimers (orange) are visible in the T�1 lattice. The atomic structure of a CP dimer of subunits A (blue) and B (yellow) is shown. Symbols
indicate icosahedral symmetry axes. (B) Fourier shell correlation (FSC) resolution curve for hPBV. Resolutions based on the 0.5, 0.3, and 0.143 criteria are
indicated. For the 0.143 threshold, values for the CP capsid were at 2.63 Å and those for Δ45-CP and Ht-CP capsids were at 2.8 Å. (C) Regions of the cryo-EM
density map (gray mesh), with atomic models of helix �3 (residues 140 to 166), a � sheet (residues 473 to 478 and 503 to 516), and a loop (residues 73 to 96).
Atomic models are shown as ribbons and sticks, with amino acid residues labeled. (D) Ribbon diagram of the CP dimer (side view, left; top view, right). The
A subunit is rainbow-colored from blue (N terminus [N-term]) to red (C terminus [C-term]); the B subunit is in gray. CP domains are indicated (S, shell; P,
protruding). The thick dashed line highlights the parallelogram shape. Black symbols indicate icosahedral symmetry axes; the red oval and thin dashed line
indicate the local 2-fold symmetry axis.
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a common fold. This fold includes seven �-helices and three �-chains that form a �

sheet, all in the S domain (Fig. 5A and 4B). PBV and partitiviruses appear to be closely
related and probably share a unique common ancestor. The most similar segments
between hPBV and PsV-F CP were near the 5-fold axis and were located toward the CP
N-terminal half.

In addition to the N-terminal insertion (containing insertion I1), we detected five
additional peptide insertion sites on the hPBV outer capsid surface, I2 to I6 (Fig. 5B,
upper triangles). The location of insertions toward the CP C-terminal region could
constitute a mechanism for acquisition of new functions without compromising CP
ability to assemble into a 120-subunit T�1 capsid. The single insertion site on the
partitivirus outer capsid surface forms the large arch-like protrusion (including 105
residues) (Fig. 5B, lower triangle).

Asymmetric dimers and pores in the hPBV capsid. A and B subunits in the hPBV
Δ45-CP dimer have nearly identical conformations and form symmetric dimers, as

FIG 3 Structural homology of hPBV and rPBV CP. (A) Sequence and secondary structure elements of CP-A, rainbow-colored from blue (N terminus [N-term])
to red (C terminus [C-term]). The N-terminal 42-residue segment is not visible; the aligned sequence and secondary structure elements are shown for rPBV
(black). A vertical black arrow indicates the scissile bond in rPBV CP; blue and orange boxes indicate insertions in human and rabbit CP, respectively (I1 to I6).
(B) Superimposed rabbit (orange) and human (blue) CP monomers.
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described for the proteolyzed A and B subunits of rPBV. The hPBV nonproteolyzed A
and B subunits in the CP dimer have similar conformations (RMSD � 1.8 Å for 506 C�

atoms), but with major differences at the N and C termini that result in asymmetric
dimers. Whereas the A subunit N-terminal end (residues Thr43 to Trp49) extends into
the capsid interior (Fig. 6A, green), the equivalent B subunit region (Thr43-Val47)
interacts with the inner capsid surface (Fig. 6B, green). The disordered CP N terminus
has 13 basic residues (of 42), suggesting protein-RNA interactions mediated by A
subunits (see below) (Fig. 6C, blue asterisks; Fig. 6D, green circles). The CP-B N terminus,
rather than interacting with nucleic acids, might be neutralized by different regions of
the highly negative inner dimer surface (Fig. 6D); the situation is similar for hPBV Ht-CP
A and B subunits (Fig. 6A and B, pink; Movie S1).

FIG 4 Domain-swapped organization of CP dimers in the hPBV capsid. (A) Cryo-EM density map of the CP dimer (outer surface, top; inner surface,
bottom). The A and B subunits are blue and yellow, respectively. Dashed ovals indicate the N-terminal regions swapped between the dimers. (B) Atomic
models of the A and B subunits and corresponding density (mesh) (view and color code as in panel A). Swapped regions of A and B subunits are
highlighted in light blue and yellow, respectively. The closeup (side view) on the right shows the A-swapped Arg44-Ile95 region (light blue) with its
cryo-EM density (gray mesh).

FIG 5 Structural homology of the hPBV and partitivirus capsid proteins. (A) Superimposed hPBV (blue) and PsV-F (red) CP (white regions indicate
nonsuperimposed regions for both CP). (B) Sequence alignment of hPBV CP (blue) and PsV-F CP (red) resulting from the Dali structural alignment. The � helices
(rectangles) and � strands (arrows) are rainbow-colored from blue (N terminus [N-term]) to red (C terminus [C-term]) for each CP. Triangles represent nonaligned
segments or insertions (I1 to I6; sizes [in kilobases] are given in the triangles).
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Although the first 42 N-terminal residues of CP are invisible in our atomic model of
CP, the electrostatic potential on the capsid inner surface indicated highly negatively
charged grooves at the local quasi-2-fold axes (Fig. 6D); these grooves maintain
separation of the nucleic acid densities (see below). Most capsid pores are �5 to 10 Å
in diameter (Fig. 6D, arrows); as in other dsRNA viruses, exit of RNA transcripts would
thus require conformational changes in CP. Channels at the 5-fold axis are 9 Å in
diameter between the His135 side chains in the Met131-Tyr138 loop; a simple confor-
mational change in this loop could result in a 23-Å opening (Fig. 6E). The two �12
helices at the local 2-fold axes enclose a putative channel, doubly occluded by Ile509,
Tyr484, and Tyr507 near the outer surface and by a hydrophobic cluster at the bottom
region (Phe517, Leu491, and Leu488) (Fig. 6F).

Disassembly/assembly of hPBV virus-like particles. We analyzed the internal
content of hPBV CP, Δ45-CP, and Ht-CP VLP by agarose gel electrophoresis and
ethidium bromide staining under native conditions. CP and Ht-CP capsids contained
nucleic acids, which Δ45-CP lacked (Fig. 7A, right; VLPs lanes 1 [CP], 2 [Ht-CP], and 3
[Δ45-CP]). This was followed by experiments with RNase A or DNase, using as controls
the total nucleic acids of HEK293T cells, which contain rRNA and plasmid DNA (Fig. 7A,
Control). As the bacterial extract was treated extensively with RNase A, these RNA
molecules are associated with intact CP and Ht-CP VLP. Nucleic acids extracted and
purified from freshly prepared CP and Ht-CP VLP resolved as two diffuse bands with a
large smear (Fig. 7A, NAVLP), which were extensively digested by RNase (Fig. 7A,
�RNase) but were DNase resistant (Fig. 7A, �DNase). Next-generation sequencing

FIG 6 CP N-terminal ends and pore structure in the hPBV capsid. (A and B) Close-up of the visible N-terminal (A) and
C-terminal (B) segments of CP (green), Ht-CP (pink), and Δ45-CP (orange). The last visible residue is indicated. (C) Magnified
view of a 50-Å-thick slab around an icosahedral 2-fold axis. Atomic model regions of subunits A (blue) and B (yellow) are
superimposed on the density map (contoured at 0.5 � above the mean density). Asterisks indicate N-terminal ends of two
A subunits. (D) The hPBV capsid inner surface is represented with electrostatic potentials, showing the distribution of
negative (red) and positive (blue) charges. The internal cargo was removed computationally. Arrows indicate capsid pores
at the 5-fold (green), 3-fold (blue), and 2-fold (black) axes. The N-terminal ends of A subunits are indicated (green circles).
(E) Pores at the 5-fold axes (top view). His135 defines a 9-Å pore opening (inner dashed circle); a rearrangement in the
Met131-Tyr138 loop enlarges this pore to 23 Å (outer dashed circle). (F) Numerous polar (top) and hydrophobic (bottom)
interactions between local 2-fold-related A and B subunits.
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(NGS) analysis showed that �95% (CP) to �99% (Ht-CP) of the encapsidated RNA was
made up of bacterial rRNA (23S and 16S; the two prominent bands in the agarose gel).
A broad representation of bacterial transcripts accounted for the remaining sequences.
Mass spectrometry analysis of Δ45-CP capsids showed that they contain diverse host
proteins that are probably randomly encapsulated in the crowded cytoplasm (Table S1).
Similar analysis showed that in addition to nucleic acids, CP VLP also contained host
proteins (Table S2). These results indicate that (i) the basic N-terminal region in CP is
responsible for host rRNA encapsidation and (ii) rRNA binding is probably necessary to
neutralize repulsive charge interactions between CP (or Ht-CP) but is dispensable for
Δ45-CP.

We carried out initial disassembly/reassembly assays with hPBV CP, Δ45-CP, and
Ht-CP VLP. After dialysis against buffer A (50 mM Na2CO3 [pH 10], 1 M NaCl; 12 h, 20°C),
hPBV CP capsids (Fig. 7B) were mostly disassembled, as negative staining electron
microscopy detected only small capsomers (Fig. 7C, panel i). We assessed the ability of
these components to reassemble by further dialyzing the disassembled material
(25 mM Tris HCl [pH 7.5], 50 mM NaCl); the resulting assemblies were isometric particles
with size and morphology similar to those of T�1 VLP (Fig. 7D). These particles could
not be reassembled if the salt concentration used for disassembly was �1 M. Although
the disassembled material is heterogeneous, analysis of this particulate material

FIG 7 Encapsidated nucleic acids in hPBV are RNase sensitive. Disassembly and reassembly of the T�1 hPBV capsid is reversible. (A)
Structurally unaltered hPBV Ht-CP (lanes 1), CP (lanes 2), and Δ45-CP (lanes 3) VLP were analyzed by agarose gel electrophoresis and
detected by ethidium bromide staining (VLPs). The same amount of total protein was analyzed for each sample. A 1- kb DNA ladder
(10,000 to 250 bp; Promega) was used as a molecular weight marker. Purified nucleic acids from disrupted VLP (NAVLP) were treated
with RNase (�RNase) or DNase (�DNase). Total nucleic acids of HEK293T cells (Control), which contain rRNA (bottom smear) and
plasmid DNA (top band), were used as controls. (B to D) Disassembly/reassembly of the hPBV CP capsid. Electron microscopy and
negative staining of purified hPBV CP (B), disassembled capsids (C), and reassembled capsids (D). Two major subassemblies (yellow
and red circles) were detected in the disassembled material (C, panel i). Classification and alignment of these subassemblies resulted
in average images of �63 by 112 (C, panel ii, top) and �105 by 140 Å (C, panel iii, top), with dimensions and morphology similar
to those of a CP dimer (C, panel ii, bottom) or tetramer (C, panel iii, bottom). (E) hPBV CP capsids (top), disassembled material
(center), and reassembled particles (bottom) were purified by ultracentrifugation on sucrose gradients, collected in 12 fractions, and
analyzed by SDS-PAGE and Western blotting using anti-CP antibodies. The sedimentation direction was from right to left, with
fraction 12 at the gradient top.
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indicated at least two basic subassemblies (Fig. 7C, panel i, yellow and red circles).
After selecting, classifying, and aligning 516 particles, we obtained two averaged
views with an elongated profile (351 particles) (Fig. 7C, panel ii, top) or diamond
profile (165 particles) (Fig. 7C, panel iii, top); based on their dimensions, these
might, respectively, be CP dimers (Fig. 7C, panel ii, bottom) or tetramers (Fig. 7C,
panel iii, bottom). These data suggest that the building units are dimers that can
assemble into tetramers (parallel dimers) to form a complete isometric capsid, a
triacontahedron (Movie S2).

We processed native, disassembled, and reassembled VLP by ultracentrifugation
in linear 20-to-50% sucrose gradients in appropriate buffers and analyzed the
resulting fractions by SDS-PAGE and Western blotting using CP-specific antibodies
(Fig. 7E). The CP signal for the original native VLP was found in the middle fractions,
which contained isometric T�1 capsids. Disassembled VLP migrated to the top of
the gradient, and after reassembly in a second dialysis, the CP signal was again
detected mostly in the middle fractions. This biochemical analysis confirmed that
CP assembly is reversible.

Mechanical properties of hPBV virus-like particles. Although hPBV VLP encap-
sulate host proteins nonspecifically, CP (and Ht-CP) VLP pack host nucleic acids more
efficiently than Δ45-CP VLP due to their basic CP N termini. We used atomic force
microscopy (AFM) to analyze the cargo influence on their mechanical properties.
Particles attached to freshly cleaved HOPG (highly oriented pyrolytic graphite) sub-
strate were scanned with the tip of the AFM, and those stably attached to the surface
were selected. The three particle types showed similar topography and height, indi-
cating minimal VLP deformation after surface adsorption (Fig. 8A). In single indentation
experiments on structurally preserved particles, VLP deformations showed linear be-
havior typical of a shell-like capsid (41) (Fig. 8B). Ht-CP and CP VLP, with spring
constants (mean � standard deviation [SD]) of 0.23 � 0.08 N/m and 0.27 � 0.06 N/m,
respectively, were softer than Δ45-CP VLP (spring constant, 0.33 � 0.09 N/m) (Fig. 8C;
Δ45-CP, orange; CP, green; Ht-CP, pink). Given the lack of an appropriate tissue culture
system, comparison with authentic hPBV virions is not possible. Based on our results,
we suggest that the increased rigidity of Δ45-CP VLP is due to the lack of packaged
nucleic acids. We hypothesized that the characteristics of CP (and Ht-CP) VLP more
closely resemble those of hPBV virions, whose higher flexibility might be necessary for
a capsid that replicates and transcribes its genome and remains structurally undis-
turbed throughout infection.

The ratio between critical deformation (�critical [maximum particle deformation before
rupture]) and particle height describes critical strain (�c), which establishes differences in
particle brittleness (42). Ht-CP VLP, with the highest critical strain (�c-Ht-CP � 0.11 � 0.02),
were the least brittle particles (Fig. 8D; Δ45-CP, orange; CP, green; Ht-CP, pink). For CP and
Δ45-CP, VLP �c was 0.09 � 0.03 and 0.08 � 0.02, respectively. Delay in capsid breakage is
associated with the presence of heterologous nucleic acids. The results thus indicate that
the CP N-terminal segment is involved not only in nucleic acid interaction/packaging but
also in modulating the mechanical behavior of the hPBV capsid in conjunction with the
packaged cargo.

DISCUSSION

The structure of the hPBV capsid, as well as that of the partitivirus PsV-F (18),
suggests that the compact quasisymmetric dimers are the protomers or assembly units.
The strongest interaction between hPBV CP dimers occurs at icosahedral 2-fold axes, in
which a surface area of 2,644 Å2 is buried; we consider it likely that assembly proceeds
from intermediates as dimers of CP dimers, as suggested for PsV-F (18, 40), and that 30
such diamond-shaped tetramers assemble into a 120-subunit capsid. The presence of
CP tetramers in the disassembled hPBV particles is evidence that they could be
assembly intermediates. Alternatively, tetramers might be dead-end or kinetically
trapped intermediates. We are pursuing the isolation of dimers and/or tetramers by gel
filtration chromatography to demonstrate that they assemble into VLP. During capsid
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assembly of dsRNA phages �6 and �8 (two cystoviruses), the preassembled tetrameric
building blocks appear to be obligatory intermediates (43, 44). The assembly pathway
of hPBV and rPBV (12) might resemble that of flavivirus (an enveloped [positive-strand]
ssRNA virus), which is assembled in a T�3 capsid from 30 diamond tiles made of three
parallel dimers of the E glycoprotein (45).

In a baculovirus-based expression system, the rPBV CP N terminus undergoes an
intradimer, transproteolytic cleavage, and the released N-terminal segment is post-
translationally modified. In addition, a cleavage site mutant CP assembles mostly as
unstable and/or broken VLP (12). Using the same strain and E. coli as an expression
system, our studies and others (38) show that hPBV CP is not processed and assembles
as efficiently as hPBV Δ45-CP (and Ht-CP). These data indicate that either an intrinsic CP
factor or a host environment-specific component is a major determinant for virus
assembly and CP processing. Similar observations were made for other viruses;
baculovirus-based expression of the infectious bursal disease virus (IBDV) polyprotein
leads to tubular assemblies without CP processing (46, 47); in vaccinia virus-based
expression (48), the resulting assemblies are icosahedral particles with a correctly
processed CP, like virions.

Despite these drawbacks, the recombinant baculovirus systems provide consider-
able information. Our 2.6-Å cryo-EM map shows that the N-terminal ends of A and B
subunits within the dimer have distinct conformations that lead to asymmetric dimers.
Only the N-terminal region of polypeptide chain A (segment Thr43-Trp49), which
precedes the invisible basic region, extends and interacts with the heterologous

FIG 8 Biophysical properties of hPBV capsids determined by AFM indentations. (A) (Top) AFM topographies of hPBV Δ45-CP (left), CP (center), and Ht-CP (right)
particles. (Bottom) Height of hPBV Δ45-CP (orange), CP (green), and Ht-CP (pink) particles after adsorption. Percentages indicate the ratio between average
height as measured by AFM and nominal height based on cryo-EM maps. (B) (Left) A force-versus-indentation curve (FIC) of a CP hPBV capsid. Particle stiffness
(k) and critical deformation (�critical) can be calculated from the nanoindentation. (Inset) Critical strain (�critical), which provides information about particle
deformation before breakage, is defined as the ratio between the critical indentation and particle height. (Right) AFM topographies of the hPBV capsid before
(top) and after (bottom) breakage. (C and D) Comparison of the average stiffness (C) and fragility (D) of hPBV Δ45-CP (orange), CP (green), and Ht-CP (pink)
particles.
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packaged RNA molecules, probably mimicking its role in vivo. Many CP of positive
ssRNA viruses (49–51) as well as partitivirus (18) have similar basic N-terminal arms.
During hPBV assembly, this interaction would be critical for incorporating the RdRp,
which has strong affinity for the conserved 5=-terminal sequence of the viral RNA (38).
Our results imply that (i) the basic CP N-terminal region is responsible for host rRNA
encapsidation and (ii) rRNA binding is probably necessary to neutralize repulsive
charge interactions between CP (or Ht-CP), as in hepatitis B virus (52), plant cowpea
chlorotic mottle virus (CCMV) (53), and brome mosaic virus (54). Coassembly of CP
and genomic nucleic acids (emulated by host rRNA) is extensive in ssRNA viruses,
such as picornaviruses (51), and ssDNA viruses, such as circoviruses (55). This might
also apply to dsRNA viruses, which initially nucleate around genomic ssRNA seg-
ments (28, 29) that are replicated into dsRNA segments in the capsid interior
(reviewed in reference 56).

Whereas the T�1 capsids of reo- and cystoviruses have an average thickness of
15 to 30 Å, this varies in hPBV between 40 and 55 Å, and dsRNA mycovirus capsids
are even thicker, �50 to 75 Å. These features are probably related to additional
functions that T�1 capsids have acquired during hPBV and dsRNA mycovirus
evolution (57).

In viruses of the family Reoviridae and dsRNA phages, the T�1 capsid or innermost
core acts as scaffold to prime assembly of the surrounding T�13 capsid (58) (one or two
shells), which has a protective role and participates in cell entry (59) (cypoviruses are an
exception, with a single capsid layer occluded within a large, proteinaceous polyhedron
[60]). Most fungal dsRNA viruses have a single-shell T�1 capsid and lack a strategy for
entering host cells. Due to their intimate relationship with their hosts, mycoviruses have
nevertheless increased their CP complexity by acquiring new domains, such as the
insertions with enzyme activity in L-A virus (61, 62) and in quadrivirus CP (21). Some
totivirus-like dsRNA viruses with a single-layer T�1 capsid (like that of L-A virus) can be
transmitted extracellularly, such as the protozoan-infecting Giardia lamblia virus (GLV)
(16) and the shrimp infectious myonecrosis virus (IMNV) (63, 64). IMNV has long fiber
complexes at the 5-fold axes that could mediate cell entry. The capsid protein of the
metazoan totivirus-like Omono River virus (OmRV) has three surface loops that might
have a role in cell entry (65). We hypothesized a dual role for the outer surface
insertions in the hPBV single-shell capsid: whereas insertions I1, I5, and I6 stabilize the
dimers and thus contribute to capsid stability, insertions I2 to I4 might be involved in
receptor binding.

Although there are numerous similarities in capsid structure and assembly between
partiti- and picobirnavirus, PBV have an extracellular phase, like Reoviridae family
viruses and cystoviruses. Reovirus T�1 cores package 9 to 12 RdRp complexes per
virion and an equivalent number of dsRNA segments at the same ratio (66, 67). For
efficient extracellular transmission, it is likely that PBV is a monoparticulate virus, i.e.,
both genomic segments are packaged in the same particle. In hPBV, given the size of
the two dsRNA genomic segments (4,270 bp), their molar mass is 2.9 MDa (assuming
682 Da/bp). Considering the volume available (12,770 nm3 based on an average
internal capsid radius of 140 Å), the density of two packed dsRNA molecules would be
34 bp/100 nm3; this resembles the density of multilayered rota- and reoviruses (34 and
38 bp/100 nm3, respectively), which can reach values of �40 bp/100 nm3 in cystovirus
and bluetongue virus (for a review, see reference 57). This tight packing contrasts with
the loosely packed dsRNA in fungal viruses (including partitivirus), with a genome
density of �20 bp/100 nm3, as they pack a single dsRNA molecule per capsid, although
most have multisegmented genomes (68).

The AFM studies show that CP and Ht-CP are softer and less brittle than Δ45-CP VLP.
The Δ45-CP capsid, which practically lacks nucleic acids, has a negatively charged inner
surface, common to many dsRNA virus capsids. The CP (and Ht-CP) capsid is decorated
with the basic N-terminal segments that are structurally disordered (or invisible), and
only tiny connections with the internal nucleic acids can be seen in A subunits.
Although all these VLP are far from being authentic virions, those containing host
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nucleic acids might represent a configuration closer to that of native virions. More
important, the basic segments remain within the capsids, covalently bound to the inner
capsid surface, as in the case of hPBV CP, or unbound, as in rPBV Δ65-CP. In both
situations, this N-terminal segment is likely to interact electrostatically with the nucleic
acids. Whereas intense electrostatic repulsion would increase stiffness, charge neutral-
ization would lead to slightly softer VLP, with delayed capsid breakage. Δ45-CP VLP
rigidity could be due to the heterologous cargo proteins and/or the D46-A48
N-terminal segment, which is parallel to the inner shell surface and would act as a
molecular staple. Although this appears to be only a tiny structural difference, me-
chanical stiffening of a virus capsid can be modified with single mutations (69, 70).

Our AFM results suggest that nucleic acid-containing hPBV capsids become flexible
and/or acquire dynamic status. This contrasts with previous AFM studies in which, for
example, the high internal pressure of phage �29-packaged dsDNA increases particle
rigidity (71). The 60-dimer T�1 capsid is a transcriptional or replicative active particle
in the host cytoplasm; for these processes, the capsid must be a dynamic platform that
increases pore size and facilitates template motion in its interior. In the multilayered
BTV, removal of outer capsid proteins changes the curvature of the inner core, inducing
outward movement of inner capsid proteins around the 5-fold axis (2). Further studies
are needed to verify the hypothesis that the viral genome (such as ssRNA or dsRNA)
provides dynamism to the 60-dimer T�1 capsid. It will be crucial to compare biophys-
ical properties of empty and dsRNA-containing hPBV virions in a quiescent state with
those of virions synthesizing actively RNA molecules. We are currently evaluating the
purification of authentic PBV virions using a reverse-genetics system. Reo- and myco-
viruses are also excellent candidates to extend these analyses.

MATERIALS AND METHODS
Construction of recombinant plasmids for bacterial expression. The complete sequences of

hPBV segment 1 and 2 strain Hy005102 (GenBank accession number NC_007026 [37]) were ordered
from GenScript, produced synthetically, and cloned into plasmid pUC57. HT-CP, CP, and Δ45-CP coding
sequences were amplified by PCR from the plasmid with segment 1 using the forward primers
5=-GCGCGGATCCATGAAACAGAATGATACTAAGAAAAC, 5=-GCGCCATATGAAACAGAATGATACTAAGAAAAC, and
5=-GCGCCATATGGACGTTGCTTGGTATGCTCG, respectively, and 3=-GCGCAAGCTTTTATTTGTTGAAGCCCATCTGAG
GAAC as the reverse primer for all. The resulting DNA fragments were digested with NdeI and HindIII (CP and
Δ45-CP) or with BamHI and HindI II (Ht-CP) and ligated into plasmid pRSETA (Invitrogen), which had previously
been digested with appropriate enzymes. NdeI restriction sites allowed removal of the histidine tag from the
pRSETA multiple-cloning site in CP and Δ45-CP constructs. Competent E. coli DH5� cells were transformed
with the ligated products. Ampicillin-resistant clones for each CP variant were selected and sequenced.
Positive recombinant plasmids were transformed into the E. coli BL21(DE3)pLysS expression strain (Invitrogen).
Several ampicillin- and chloramphenicol-resistant clones for each CP variant were examined in a small-scale
expression test, and the best clone for each was selected for preparative scale expression.

Expression and purification of hPBV capsids. Bacteria from isolated colonies of previously selected
clones were grown (16 h, 37°C) in LB medium with ampicillin (100 �g/ml) and chloramphenicol
(35 �g/ml). This preinoculum was diluted 1:10 in prewarmed LB containing the same antibiotics and
cultured (37°C) to an A600 of 0.17 to 0.2. The culture was equilibrated to 16°C (20 to 30 min), and
recombinant protein expression was induced with 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside; 16
h, 16°C). Cells were then chilled on ice, harvested by centrifugation (5,000 � g, 10 min, 4°C), and stored
at 	20°C until purification.

For hPBV VLP purification, cells were thawed and lysed (1 h, 37°C) in TN buffer (25 mM Tris-HCl [pH
7.5], 50 mM NaCl) containing 50 mM MgCl2, 2% Triton X-100, 0.01 mg/ml RNase A, 0.005 mg/ml DNase I,
0.05 mM dithiothreitol (DTT), 0.25 mg/ml lysozyme, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The
lysate was cleared of cell debris by centrifugation (5,000 � g, 10 min, 4°C), and the supernatant was
loaded on a 20% sucrose cushion and centrifuged (170,000 � g, 130 min, 4°C). The resulting pellet was
resuspended in TN buffer, cleared of insoluble material by centrifugation (20,000 � g, 1 min, 20°C),
loaded on a linear 20-to-50% sucrose gradient, and centrifuged (200,000 � g, 45 min, 4°C). The gradient
was fractioned into 12 aliquots, which were concentrated by centrifugation (240,000 � g, 2 h, 4°C);
pellets were resuspended in TN buffer and stored at 4°C.

Protein identification by mass spectrometry analysis. Purified CP and Δ45-CP VLP were loaded
on an SDS-PAGE gel (4% stacking, 12% resolving). Separation was terminated as soon as the front
entered 1 cm into the resolving gel, so that the whole proteome was concentrated at the stacking/
resolving gel interface. Unseparated protein bands were visualized by Coomassie staining, excised,
and digested with trypsin (4 h, 37°C) as described previously (72). Resulting peptides were analyzed
by one-dimensional (1D) nanoscale liquid chromatography electrospray ionization-tandem mass
spectrometry (nano-LC ESI-MS/MS) using a nano-liquid chromatography system (Eksigent Technol-
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ogies nanoLC Ultra 1D plus; SCIEX, Foster City, CA) coupled to a high-speed TripleTOF 5600 mass
spectrometer (SCIEX) (73).

Purification of total RNA from hPBV CP and Ht-CP VLP. To isolate the encapsidated RNA, purified
CP and Ht-CP VLP in TN buffer were adjusted to 1% SDS, and the proteins were denatured by heating
(3 min, 98°C) followed by incubation on ice. Proteinase K was added to a 2-mg/ml final concentra-
tion, and samples were incubated with gentle agitation (2 h, 37°C). After protease digestion, RNA
was isolated using TRIzol reagent following the manufacturer’s instructions (Invitrogen, Carlsbad,
CA), further purified using the QIAquick PCR purification kit (Qiagen, Venlo, The Netherlands)
according to the manufacturer’s protocols, eluted in diethyl pyrocarbonate (DEPC)-treated water,
aliquoted, and stored at 	80°C.

RNA-Seq. Total RNA (50 ng) from purified CP or Ht-CP VLP was used to construct stranded libraries
using the ScriptSeq v2 RNA-Seq library preparation kit following the manufacturer’s instructions (Illu-
mina, San Diego, CA). Sample and library quality were determined using a 2100 Bioanalyzer (Agilent). We
obtained 75-bp paired-end reads using an Illumina NextSeq 500 benchtop sequencer. Quality was
controlled using Fast QC version 0.11.5 (Babraham Institute, Babraham, Cambridgeshire, UK).

Relative transcript abundance was calculated from transcriptome sequencing (RNA-Seq) data using
Rockhopper v2.0.3 (74, 75) and E. coli BL21-Gold(DE3)pLysS AG genome annotation (NCBI RefSeq no.
NC_012947.1). For validation, the same analysis was performed using EDGE-pro (76), with good agree-
ment between the results of the two pipelines.

Atomic force microscopy. For AFM measurements, fresh Δ45-CP, CP, or Ht-CP VLP samples were
used. A drop of sample (�30 �l at 0.25 mg/ml in TN buffer) was incubated on a freshly cleaved HOPG
piece (ZYA quality; NT-MDT). The AFM (Nanotec Electrónica SL, Madrid, Spain) was operated in Jumping
Mode Plus in liquid (77) using rectangular cantilevers (RC800PSA; Olympus, Tokyo, Japan) with nominal
spring constants of 0.05 N m	1. Cantilever spring constants were routinely calibrated by the Sader
method (78). To determine VLP mechanical properties, individual indentation experiments (force versus
z-piezo displacement [FZ]) (41) were carried out on single particles. hPBV particles were located by
scanning 1-�m areas, and a single particle was focused on by zooming up to a 150-nm area scan. The
lateral piezo scan was stopped when the tip was on top of the particle, and force indentation was applied
to it. A subsequent image revealed any structural change. The maximum force applied during each
indentation was sufficient to induce virus disruption. The FZ speed was approximately 50 nm/s. Images
were processed using WSxM software (79).

Cryo-EM and data collection. Purified hPBV samples (5 �l) were applied onto R2/2 300 mesh copper
grids (Quantifoil Micro Tools, Jena, Germany) and vitrified using a Leica EM CPC cryofixation unit. Data
were collected on an FEI Titan Krios electron microscope operated at 300 kV, and images were recorded
on a FEI Falcon III detector operating in linear mode. A total of 2,811 (Ht-CP), 2,360 (CP), and 1,990
(Δ45-CP) movies were recorded at a calibrated magnification of �75,000, yielding a pixel size of 1.065 Å
on the specimen. Each movie comprises 45 frames at an exposure rate of 1.56 e	 Å	2 per frame, with
15 s total exposure time and an accumulated dose of 70.2 e	 Å	2. Data were acquired with EPU
automated data acquisition software for single-particle analysis (Thermo Fisher) with four shots per hole
at 	0.8 �m to 	3.5 �m defocus.

Image processing. Movies were motion corrected and dose weighted with Motioncor2 (80). Aligned,
non-dose-weighted micrographs were then used to estimate the contrast transfer function (CTF) with
CTFfind4 (81). All subsequent image processing steps were performed using RELION 2.1 (82) within
Scipion (83). 2D averages from preliminary data sets were used as references to automatically pick the
micrographs, and a total of 129,227 (Ht-CP), 135,314 (CP), and 103,959 (Δ45-CP) particles were extracted.
The three data sets used for 2D classification were applied for a 3D classification imposing icosahedral
symmetry, with an initial model from preliminary data sets low-pass filtered to 40-Å resolution. The best
30,342 (Ht-CP), 102,722 (CP), and 51,194 (Δ45-CP) particles were included in 3D autorefinement, again
imposing icosahedral symmetry, yielding maps with an overall resolution at 2.80 Å (Ht-CP), 2.63 Å (CP),
and 2.80 Å (Δ45-CP) based on the gold standard (FSC � 0.143) criterion. Local resolution was estimated
using Monores (84).

Model building and refinement. The crystal structure of rabbit PBV (PDB 2VF1) (12) was used as a
template to build a homology model with the hPBV sequence using the Swiss-Model server (https://
swissmodel.expasy.org). The output model was first manually docked as a rigid body into the density,
followed by real space fitting with the Fit in Map routine in UCSF Chimera (85). The model was then
manually rebuilt in Coot (86) to optimize fit to density; Phenix (87) was used for real space refinement.
Refinement statistics are listed in Table 1.

Model validation and analysis. The FSC curve between the final model and the map after
postprocessing in RELION (Model versus Map) is shown in Fig. 2B. For cross-validation against overfitting,
the atoms in the final atomic model were displaced by 0.5 Å in random directions using Phenix. The
shifted coordinates were then refined against one of the half-maps (work set) in Phenix, using the same
procedure as for refinement of the final model. The other half-map (test set) was not used in refinement
for cross-validation. FSC curves of the refined shifted model against the work set (FSCwork) and against
the test set (FSCtest)were calculated. The FSCwork and FSCtest curves are not significantly different,
consistent with absence of overfitting in the final models (data not shown; available upon request). The
atomic model quality was assessed and validated with Coot, with MolProbity (88) as implemented in
Phenix, and with the Worldwide PDB (wwPDB) OneDep System (https://deposit-pdbe.wwpdb.org/
deposition). Graphics were produced by UCSF Chimera (89).

Data availability. The atomic coordinates have been deposited in the Protein Data Bank with codes
6Z8D, 6Z8E, and 6Z8F for hPBV CP, htCP, and Δ45-CP, respectively. The cryo-EM density maps are
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deposited in the EM Data Bank with codes EMD-11115, EMD-11116, and EMD-11117 for hPBV CP, Ht-CP,
and Δ45-CP, respectively.

SUPPLEMENTAL MATERIAL
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TABLE 1 Cryo-EM data collection and refinement statistics for hPBV Ht-CP, CP, and Δ45-CP capsids

Parameter Ht-CP (EMD-11116, PDB 6Z8E) CP (EMD-11115, PDB 6Z8D) �45-CP (EMD-11117, PDB 6Z8F)

Data collection and processing
Microscope FEI Titan Krios FEI Titan Krios FEI Titan Krios
Detector Falcon III (linear mode) Falcon III (linear mode) Falcon III (linear mode)
Magnification �75,000 �75,000 �75,000
Voltage (kV) 300 300 300
Electron exposure (e	/Å2) 70.2 70.2 70.2
Exposure per frame (e	/Å2) 1.56 1.56 1.56
Defocus range (�m) 	0.50 to 	4.0 	0.50 to 	4.0 	0.50 to 	4.0
Pixel size (Å) 1.065 1.065 1.065
Micrographs collected (no.) 2,811 2,360 1,990
Initial particles (no.) 129,227 135,314 103,959
Final particles (no.) 30,342 102,722 51,194
Symmetry imposed I2 I2 I2
Map resolution (Å) 2.80 2.63 2.80

FSC threshold 0.143 0.143 0.143
Map resolution range (Å) 2.69–3.50 2.51–3.05 2.56–3.80

Refinement
Model resolution (Å) 2.84 2.65 2.83

FSC threshold 0.5 0.5 0.5
Mask correlation coefficient 0.87 0.84 0.87
Map sharpening B factor (Å2) 	146 	152 	159
Model composition (asymmetric subunit)

Nonhydrogen atoms 8,046 8,038 7,986
Protein residues 1,018 1,017 1,011

ADP (B factors), min/max/mean 6.53/46.51/16.01 2.89/62.45/10.32 4.66/42.52/12.70
RMSD

Bond lengths (Å) 0.006 0.005 0.007
Bond angles (°) 0.794 0.823 0.861

Validation
MolProbity score 1.52 1.51 1.58
Clashscore 3.60 4.23 4.45
Rotamer outliers (%) 0.23 0.35 0.12

Ramachandran plot
Favored (%) 94.67 95.56 94.84
Allowed (%) 5.33 4.34 4.97
Outliers (%) 0.00 0.10 0.20
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