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Abstract

Infectious bursal disease virus (IBDV), a non-enveloped, double-stranded (ds)RNA virus
with a T=13 icosahedral capsid, has a virion assembly strategy that initiates with a precursor
particle based on an internal scaffold shell similar to that of tailed dsDNA viruses. In IBDV-
infected cells, the assembly pathway results mainly in mature virions that package four
dsRNA segments, although minor viral populations ranging from zero to three dsRNA
segments also form. We used cryo-electron microscopy, cryo-electron tomography and
atomic force microscopy to characterize these IBDV populations. The VP3 protein was found
to act as a scaffold protein by building an irregular, ~40 A-thick internal shell without
icosahedral symmetry, which facilitates formation of a precursor particle, the procapsid.
Analysis of IBDV procapsid mechanical properties indicated a VP3 layer beneath the
icosahedral shell, which increased effective capsid thickness. Whereas scaffolding proteins
are discharged in tailed dsDNA viruses, VP3 is a multifunctional protein. In mature virions,
VP3 is bound to the dsRNA genome, which is organized as ribonucleoprotein complexes.
IBDV is an amalgam of dsRNA viral ancestors and traits from dsDNA and single-stranded

(ss)RNA viruses.
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I mportance

Structural analyses highlight the constraint of virus evolution to a limited number of capsid
protein folds and assembly strategies that result in a functional virion. We report cryo-EM
and cryo-electron tomography structures and atomic force microscopy studies of the
infectious bursal disease virus (IBDV), a double-stranded RNA virus with an icosahedral
capsid. We found evidence of a new inner shell that might act as an internal scaffold during
IBDV assembly.The use of an internal scaffold is reminiscent of tailed dsDNA viruses,
which constitute the most successful self-replicating system on Earth. The IBDV scaffold
protein is multifunctional and, after capsid maturation, is genome-bound to form
ribonucleoprotein complexes. IBDV encompasses numerous functional and structural
characteristics of RNA and DNA viruses; we suggest that IBDV is a modern descendent of

ancestral viruses, and compsslifferent features of current viral lineages.
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Introduction

Structural information related to the capsid protein (CP) has becomel ¢oucdentifying
phylogenetic relationships among viruses (1). Based on their CP fold, viruses are grouped
into a limited number of structure-based lineages (2). Four lineages have been established to
date; these are (i) the dsDNA viruses, with an upright dogHiarrel CP (prototypes are
phage PRD1 and adenovirus), (ii) the tailed dsDNA phages, tailed haloarchaeal viruses, and
herpesviruses, which all share the Hong Kong 97 (HK97)-like CP fold, (iii) the picornavirus-
like superfamily, with a single horizontglbarrel as the CP fold (3), and (iv) the dsRNA or
bluetongue virus (BTV)-like viruses. Most of these lineages include icosahedral viruses,
although poxviruses are linked to the PRD1-like lineage (4, 5).

The similarity of the CP fold and virion architecture within the same viral lineage entails
additional resemblance of structural components related to virion assembly (6) and genome
packaging (7). Minor or transient participants such as cementing proteins, portal or genome
(dsDNA)-packaging proteins, and scaffold proteins (SP) function with the CP as a structural
module encoded by a fixed group of genes (8). Viruses of the HK97-like lineage, although
they have variety of replication, share the same virion assembly principles. HK97-like virions
assemble as a precursor particle, the procapsid, which subsequently expands to a mature
capsid during genome packaging (9). CP assembly requires SP or its functional equivalent;
viral expansion is initiated by genome packaging and is associated in some cases to the action
of a protease in the capsid interior that cleaves SP. The portal complex, which is incorporated
at the onset of capsid assemli$yresponsible for viral genome encapsidation and includes an
ATP-driven nanomotgrit is also found in the PRD1-adenovirus lineage (10). In the
picornavirus-like superfamily that includes ssRNA viruses, CP assembly takes place around

the viral genome in a coupled assembly-packaging process.
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Most dsRNA viruses share a multishelled icosahedral capsid, in which the innermost T=1
icosahedral capsid provides a platform for RNA transcription and replication (11-13). The
T=1 capsid has 120 copies of a platelike protein, in which the CP fold is the hallmark of the
BTV lineage, that nucleate around genomic ssRNA copies (14, 15). The inner shell acts a
template to prime the assembly of the T=13 surrounding capsids.

We analyzed the capsid assembly of the birnavirus infectious bursal disease virus (IBDV),
a non-enveloped, icosahedral dsRNA virus (16, 17). Birnaviruses are exceptions, as they lack
the 120-subunit T=1 core (16, 18); instead, they have a single ~70-nm-diameter T=13|
icosahedral capsid that encapsidates a polyploid bipartite dsSRNA genome (segments A and B;
3.2 and 2.8 kbp, respectively), organized as ribonucleoprotein complexes (RNP) (19, 20). The
CP VP2 is synthesized as a precursor (pVP2) within a polyprotein that also includes the
protease VP4 and the multifunctional protein VP3 (21, 22). In addition to its RNA-binding
activity (20, 23, 24), VP3 interacts with itself (25), with the viral polymerase (4, 26, 27)
and/or with pVP2 (17, 28). The proteolyzed pVP2 C terminus bearssthelix (17, 29), a
conformational switch responsible for the inherent VP2 polymorphism. The VP3 C terminus
interacts with thexs-helix to modulate the structural polymorphism of VP2; VP3 has thus
been suggested as a scaffold protein during capsid morphogenesis (17).

Whereas IBDV RNP and genome polyploidy are common among negative ssSRNA viruses
(30), the VP2 fold has structural similarities to other picornavirus-like CP (16), as it is notably
similar to CP of noda- and tetraviruses (31, 32). Here we found that IBDV capsid assembly
has a structural framework like that of HK97-like lineage viruses. In genome-lacking virion
particles, the VP3 forms a flexible inner shell that could act as a s¢affaldunctions as an

RNA-binding protein in mature virions.
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Results

Cryo-€electron tomography of natural IBDV populations. In IBDV-infected cells, up to six
extracellular viral particles (E1-E6) can be purified by ultracentrifugation in CsCI gradients
(Fig 1A), based on the copy number of packaged dsRNA segments. Virions that package four
RNP (viral particles ES=6) are nonetheless the most abundant and make up 64% of total
particles. E2-E6 are T=13 capsids with a similar protein composition (Fig 1B), with
increasing RNP content from 1, 2, 3 (for E2, E3 BAdrespectivelyto 4 dsRNA segments.

E1 particles are empty and, in addition to T=13 capsids (~70 nm diameter), include T=7 (~53
nm) and T=1 (~26 nm) capsids, CP helical assemblies, and partially broken capsids (17). Due
to this structural heterogeneity, E1 global stoichiometry differs from that of E2-E6 particles
(for example, E1 T=1 capsids are built only of VP2 trimers).

To analyze the organization of IBDV particle internal content, we used cryo-electron
tomography (cryo-ET) to generate density maps of individual particles. A total of 46
tomograms were reconstructed (Fig 2A, B; see Movies S1 anth 8% supplemental
material). Detailed inspection of central sections of individual particle tomograms (with no
imposed symmetry) indicated that ~50% of the E1 T=13 capsids showed increased, irregular
thickness of the capsid wall, with an internal density similar to the background (i.e., empty)
(Fig 2Ci to ii). Minor E1 particles were empty (14%; Fig 2Civ) or hedthomogeneous
internal density (36%) that might reflect contaminatiiyP-containing capsids (Fig 2¢v
Although the capsid shell appeared to have considerable icosahedral symmetry (indicated by
the hexagonal and pentagonal profiles), the underlying layer is variable and probably
asymmetric (although it might be distorted during particle purificati®@@®E6 particles
showedncreadl internal content, but no structural pattern was identified (Fig 2@otal of

1,517 particles were extracted and, for each IBDV population, icosahedral orientations were
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determined and maps were averaged (see Methods). The resolutions achieved based on a 0.5
Fourier shell correlation (FSC) threshold were ~50 A.

The outer surface of the E1-E6 capsids showed the T=13| geometry (Fig. 2H;E6
T=13 particle diameters were identical, as determined from spherically averaged radial
density plots of three-dimensional reconstructions (3DR) (Fig 2G). After imposition of
icosahedral symmetry, E2-E6 internal content was distributed homogeneously (Fig 2G,
dashed lines) and, as predicted, density was greater than that in E1 particles (Fig 2G, red
line). The inner surface of the E2-E6 protein shells was clearly separated from the underlying
density ascribed to encapsidated RNP. The inner surface of the E1 protein shell nonetheless
had extensive interactions with inner densities centered at a radius of ~225 A. This was
reflected in the smaller Fresnel ring (~250 A radius) on the E1 capsid inner surface (Fig 2G,
arrow). Based on analysis of the radial density distribution of the E1 capsid, the density
beneath the El capsid was delimited and its average thickness estimated to be ~40-50 A.
Based on these findings, we carried out a detailed characterization of the internal density of
the E1 T=13 capsid, which lacks dsRNA.
Biochemical analysis and cryo-electron microscopy of the empty E1 capsid: the IBDV
procapsid-like assembly. As E1 empty assemblies are heterogeneous, we optimized T=13
capsid purification by pooling several E1 fractions, which were ultracergdfiunga linear
sucrose gradient. Gradient fractions were characterized by SDS-PAGE and Western blot
(Fig 3A-C), and by electron microscopy and negative staining (F)g\8Dereas the middle
fractions (fractions 6-8) were enriched in T=13 capsids (Fig. 3D, center), top fractions (10-
11) contained T=1 capsids (Fig 3D, right=13 capsids comprised three major prgeli
pVP2, VP2 and VP3, observed as ~52, ~43 and ~34 kDa bands, respectively; T=1 capsids

had mainly VP2 (Fig 3A). Protein identity was confirmed by analysis of sucrose gradient
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fractions by SDS-PAGE and Western blot using rabbit anti-VP2 (Fig 3B) and -VP3 sera (Fig
3C). The results showed that, in the absence of any other viral protein, the inner density layer
adjacent to the inner capsid shell is probably built of VP3, indicating its scaffold role in situ.
We used stoichiometric analysis based on Coomassie blue-stained fractions 6-8 to calculate
the molar ratio between the pVP2 and VP2 bands. Anti-VP2 sera recognized a minor,
intermediate, processed pVP2 band between pVP2 and VPZH@9)3B). The E1 T=13

capsid had a 1:1 pVP2:VP2 ratio, indicating incomplete pVP2 procesksined on these
features, we suggest that E1 T=13 capsids are a byproduct reminiscent of maturation and
assembly intermediates or, in other words, the IBDV procapsid-like assemblies.

We analyzed E1 T=13 particles by cryo-electron microscopy (cryo-EM). In accordance
with our previous cryo-ET analysis, visual inspection confirmed two classes of paHities,
capsids (5,565 images) characterized by an empty central region and irregular capsid wall
thickening (Fig 3E, red arrows), and E1-2 capsids (6,565 images) with uniform internal
density (Fig 3E, blue arrows). Particles were classified by 2D and 3D analysis; based on the
organization level of the VP3 inner layer, we defined Eilel subclasses, tHel-1A capsid
(2,095 images) with many connections between the VP3 shell, and the T=13 layer inner
surface (Fig 3F and 3G, left) akd-1B (2,027 images) (Fig 3F, an@&3middle). The E1-2
final map (2,377 images) had a VP3-related internal density distributed uniformlyg in it
interior (Fig 3F and 3G, right). Radial density profiles of #ielA map showed that the VP3
layer underlying the VP2 T=13 capsid is on averag@am thick (Fig &). The minor density
of the E1-1B and E1-2 maps might result from low copy number of bound VP3 and/or from
pVP2 unprocessed C-terminal ends. The three E1 capsid profiles, based on VP3 internal
organization, were reproduced computationally whith3D maps (Fig 4).

Location of (p)VP2 and VP3in E1 and E5 T=13 capsids by immunoelectr on microscopy.
8
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The location of pVP2/VP2 and VR E1 T=13 particles, as well as E5 T=13 capsids, was
also determined using immunogold labeling. Labeling anti-VP2 antiserum was clearly visible
around the T=13 icosahedral structures (Fig. 5A and D, left), which blurred the peripheral
edges of IBDV particles (compare Figs. 5A and D and Fig. 3D). This is due to the abundant
immune complexes that surround these particles. Tests of preimmune antisera (internal
controls) showed no labeling. In contrast to VP2, when the same experiment was performed
with anti-VP3 antiserum (Figs. 5A and D, right), no labeling was observed. This result
suggests that VP3 is not present dnaccessible in these particles. To test these hypotheses,
the fractions were embedded in Lowicryl HM20 resin; in thin sections of this resin, capsid
antigenicity is well preserved and internal inaccessible epitopes (inaccessible from the
outside) would be exposed. Transverse sections of capsids were observed after labeling with
polyclonal anti-VP2 or -VP3 antibody. Anti-VP2 labeled spherical/icosahedral particles (Fig.
5B and E), which were not laleel by the preimmune serum. Anti-VP3 (Fig. 5C and F
showed positive VP3 labeling in the E1 and E5 T=13 capsids. These data strongly suggest
that VP3 is not exposed on the E1 T=13 capsid surface, and that it builds the innermost shell
beneath the pVP2/VP2 layer, thus becoming accessible to antibodies only in sectioned
particles.

Mechanical properties of IBDV T=13 procapsid and T=1 subviral particle. Additional
evidence for the presence of VP3 as a genuine concentric layer beneath the T=13 capsid arose
from atomic force microscopy (AFM) experiments. We used AFM nanoindentation to
measure the rigidity of empty T=13 and T=1 capsids. T=1 capsids were analyzed twice, from
the E1 fraction (T=1 and T=13 co-purify in CsCl gradients and, based on their heights, are
easily distingushed and from VP2 (441 residues) expression in the absence of other IBDV

componentsan a recombinant baculovirus system (18). Results were very similar in both
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cases which ruled out any relevant structural/mechanical difference. We performed 193
indentations for 33 E1 T=13 particles, and 170 indentations for 29 T=1 particles. The spring
constants, k, of the E1 T=13 and T=1 capsids were calculated from their slope histograms
(Fig. 6A, B). Although capsid size is quite different, rigidity was similar, asrkz= 0.347 +

0.104 N/m and K-, = 0.327 + 0.085 N/m (for E1 T=1 capsidssi=1 = 0.309 + 0.127 N/m,

from 73 indentations for 13 T=1 capsids). The relatively broad distribution of rigidity slopes
from indentation experiments with individual intact E1 T = 13 capsids could account for their
structural variability. This result would not be anticipated if both capsids were built
exclusively of a similar VP2 protein layer since, according to continuum elasticity theory, the
spring constant is inversely proportional to capsid radius.

To resolve this apparent paradox, we implemented finite element (FE) simulations of
capsid deformation by mimicking AFM nanoindentation experiments (see Methods) (33, 34).
In the FE simulations, the E1 T=13 and T=1 capsids were modeled as homogeneous spherical
shells with an external radius,and thickness, h, derived from cryo-EM and X-ray data. The
external radius and thickness of the spherical shell representing the empty T=1 capsid were
r =13 nm and h = 8 nm (Fig. 6€ft inset). A value of Young’s modulus E = 120 MPa was
selected to yield the same spring constant in the simulations as that measured experimentally
for the T=1 capsid. The E1 T=13 capsid (Fig. 6C, right inset) was modeled initially as a
spherical shell withr = 35 nm and the same Young’s modulus (E = 120 MPa) and thickness
(h = 8 nm) as the T=1 capsid, to ascertain the spring constant of a T=13 particle built
exclusively of a VP2 protein layer. The indentation curves for the 8-nm-thick T=1 and T=13
capsids are shown in Fig. 6C (T=1 capsid, black; T=13 capsid, red). At difference from the
AFM experiments, the spring constant of a T=13 shell with the same thickness as the T=1

particle was notably smaller. These results suggested an additional internal protein layer that
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increases capsid rigidity. FE simulations for the E1 T=13 capsid were repeated using the
same external radius with varying thickness. A total thickness of 11.5 nm was needed to yield
an E1 T=13 capsid with a spring constant that matched that of the empty T=1 capsid (Fig. 6C,
green line). Assuming the same Young’s modulus for T=1 and T=13 capsids, their similar
experimental spring constants are thus due to an ~3.5 nm thick protein layer below the VP2
layer in the E1 T=13 capsid, which supports our inferences from cryo-ET and cryo-EM

analyses of the E1 T=13 capsids.
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Discussion

The virus genetic program is directed to produce multiple copies of infectious particles,
although the ratio of defective particles during the replication cycle varies greatly (35). For
IBDV, we showed direct correlation between the number of packaged RNP and particle
infectivity; 96% of total infectivity is thus assigned to the E5-E6 virus population (64% of
total particles, with 4 RNP/particle) (19). The E1-E4 populations are probably incorrectly
assembled intermediates or abortive assemblies, a result of assembly pathway failure at
longer post-infection times, when the host is severely impaired.

Our cryo-ET and cryo-EM analyses of IBDV populations demonstrated that E1 capsids
beara somewhat smaller, less ordered inner shell closely connecthd T=13 capsid inner
surface. Our studies suggest that the empty E1 cepsidassembly that resembles the IBDV
procapsid. This is evidence that tR&IA-binding VP3 proteircanact as &P by building a
micellar-like layer in the IBDV procapsid-like E1 particles. In addition to recruiting CP
during assembly and to directing fidelity and correct capsid sizeyR3elayer provides a
defined set of mechanical properties to the capsid shell, as shown by our AFM indentations of
empty T=13 and T=1 capsidsThe additional internal VP3 layer increases procapsid-like
rigidity, that is, it reduces excessive T=13 procapsid flexibility that might compromise
productive virus capsid assembly.

At initial capsid assembly stages, VP3-pVP2 contacts are necessary, which could be due to
the instability of the immature T=13 capsid. The relatively constant VP3 copy number [~450
VP3 copies from the E2-E6 populations (19)], which is independent of the number of
packaged dsRNA segments, suggests that VP3 incorporation is determined by its role as a SP.
In T=13 capsids purified from E1 fraction (Fig. 3A, fractions 6-8), pVP2 and VP2 are ata 1:1

ratio, which indicags that these capsids can be considered procapsids that require pVP2
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maturation to become fully icosahedral capsids such as those of infectious IBDV virions.
Based on IBDV-related assemblies generated using various baculovirus-based expression
systems, we showed that electrostatic interactions between pVP2 and VP3 are important in
the assembly of T=13 VLPaadd residues at the VP3 C terminus interact with the basic
residues of the pVP2 amphipatlais-helix (28).

The classification methods for the structural analysis of E1 particles resolved three particle
classes probably related to assembly and/or maturation phases. The double-layered E1-1A
particle shares many similarities with the herpesvirus procapsid, particularly with its B-capsid
(36), a dead-end side particle in which the SP layer remains at the T=16 capsid interior with
several proteases (37). In addition to the mature VP2 B domain (built of N- and C-terminal
a-helices) facing the capsid interior, the E1 procapsid-like inner surface is lined with the
71-residue pVP2 C-terminal domain that includes at leastddhelices and the disordered
regions of the C-terminal-most residues (29, 38). These loops, together with thehielgtal
content, might be a suitable interface for SP binding to initiate procapsid assembly. The labile
E1-1A capsid matures to the E1-1B capsid and CP-CP connections become more robust,
whereas CP-SP connections tend to disappear. In the E1-2 capsid, most VP3 is completely
disengaged from the capsid and distributed homogeneously in the capsid interior; in vivo,
VP3 would be bound to the viral genome.

These dynamic assembly states miggaxist in the same particle. Once virions are nearly
or recently assembled as provirions, VP3 probably stops its scaffold function when the pVP2
C-terminal region is proteolyzed during virus maturation by VP4, by the host protease purSA
(39), or by VP2 itself (40). VP3 then becomes an RNA-binding protein. When VP3 is bound
to the viral dsSRNA genome in mature virions, it also mediates capsid stability by acquiring a

conformation able to interact with the mature VP2 (without hebx which involves a new
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280  set of dynamic interactions between VP2 and VP3 (41). VP3 thus is able to interact with VP2
281 and with the dsRNA in the mature E5 particle. The battery of proteases that acts mainly on
282  the pVP2 shell might trigger major conformational changes that transform the unstable capsid
283 into a robust infectious particle (6).

284 As IBDV lacks an ATP-driven pump for genome translocation (and there is no candidate
285  protein), the genome has to be incorporated early in the nascent capsid. Considering that VP3
286  might function as an adaptor molecule between the capsid shell and the viral genonfe, dsRN
287  genomic segments or their corresponding sSRNA molecules and its associated VP3 molecules
288 can act together as a scaffold for the CP, i.e., capsid assembly and packaging of the genome
289 are concomitant, as in many ssRNA viruses (42). VP3 might bind to the viral sSSRNA of
290 IBDV A and B segments, as in other dsRNA viruses (14, 15). Although E1 particles possibly
291 represent unsuccessful viral assemblies (VP3 only as a SP without bound RNA), they allowed
292  visualization of the VP3 layer as a scaffold botndhe capsid shell. . We do not rule out

293 that genome encapsidation could be mediated by VP3-VP1 interactions (43), as a VP1
294 fraction is covalently bound to dsRNA (20). The multiple VP3 binding activities during
295 capsid assembly and genome packaging might then be either sequential or simultaneous

296 In IBDV and birnaviruses in general, the CP is encoded as a precursor within the
297  polyprotein. The genomic module for IBDV capsid assembly includes the CP, the VP4
298 protease (21, 22) and the VP3 SP (17, 28). This organization is similar to many HK97-like
299 viruses (except that the portal compisxdacking), but VP2 shares the fold of picornaelik

300 rather than HK97-like CP. The picorna-like positive ssSRNA viruses do not require a SP, as
301 their capsids are much simpler than the T=13 of IBDV (3). IBDV thus resembles a hybrid of
302 picorna- (CP fold) and HK97-like viruses (SP and procapsid). HK97- and PRD1-like viruses

303 have an empty procapsid and a packaging ATPase (7, 10, 44), and are more closely related to
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each other than to IBDV. Additional data are needed to discern whether SP-mediated
assembly is indicative of an evolutionary link @ a consequence of mechaaliand
structural constraints.

Like the SP of many HK97-like viruses, VP3 has a pivotal function in the IBDV capsid
assembly pathway. The herpesvirus- or HK97-like SP are nonetheless expelled from the
procapsid during maturation, intact or degraded (45,d@6ge its rolan procapsid assembly
has concluded and pVP2 interaction is no longer nedgtledmultifunctional VP3 protein
switches to alRNA-binding function, in which VP3 might interact with itself and/or activate
the VP1 polymerase, thus extending its central role in the virus life cycle. In theematur
virion, VP3 is bound to dsRNA, and RNP reinforces virus rigidity through a set of dynamic
interactions that differ from those that take place during capsid assembly (41).

The multifunctionality of wal proteins is becoming apparent (47). The oligomeric state
and the existence of intrinsically disordered regions of VP3 might be the key to determining

the molecular basis of its ability to generate a variety of functions.
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Materialsand Methods

Virion purification. IBDV virions were purified fromQM7 quail muscle cells [American
Type Culture Collection (ATCC)CRL-1962] infected with IBDV Soroa strain by
ultracentrifugation on a 25%w/w) sucrose cushion and a linear-368% sucrose gradierds
described (17). Alternatively, after pelleting through the sucrose cushion, particles were
centrifuged through a CsCl equilibrium gradie®itx virus-containing bands were visible (E1-

E6) andwere collected separately by side puncturing (19).

Purification of RNP and dsRNA from IBDV virions. RNP complexes were purified from

viral particles disrupted by dialysis against Tris-EDTA buffer (5 mM Tris-HCI pH 8.0, 5 mM
EDTA) (72 h, 20°C). The extract was concentrate®.5 ml 10 K Amicon ultracentrifuge
tubes (Merckland centrifuged twice on a glycerol step gradient, as rep@®dThe middle
fractions were dialyzed against Tris-EDTA buffer and analyzed by EM and immunoelectron
microscopy using anti-VP3 antisera. dsSRNA segments A and B were purified as described
(19).

SDS-PAGE and Western blot. Concentrated gradient fractions %2ul) were added to
Laemmli sample buffer to a 1x final concentratio62.6 mM TrisHCI, 2% SDS,

5% glycerol, 0.012% bromophenol blue, 2 mM dithiothreitol, pH th&ated (3 min, 100°C),

and resolved in 6-11% or 11% polyacrylamide gels, developed by Coomassie staining,
washed with distilled water, andisualized with ethidium bromide. Alternatively,
electrophoresis was followed by Western blot analyses using anti-VP2 or -VP3 antibodies.
Cryo-EM and image processing. Purified E1 particles (nl) were applied to Quantifoil R

2/2 holey grids, blotted, and plunged into liquid ethane. Samples were observed in a Tecnai
G2 electron microscope. Images were recorded under low-dose conditions with a FEI Eagle

CCD camera at a detector magnification of 69,444X (2.16 A per pixel sampling rate). General
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image processing operations were performed using Xmigp{fxmipp.cnb.csic.eg(48)]

and RELION (49) software packages integrated in the SCIPION platform (50), and with

Bsoft [http://www.niams.nih.gov/rcn/labbranch/Isbr/software/bsoft/ (5XGraphics were

produced by UCSF Chimergh{fp://www.cqgl.ucsf.edu/chimergb2)]. The Xmipp automatic

picking routine was used to select 6,909 and 5,241 individual particle images of E1-1 and
E1-2 capsids.E1-1 particles have a ring-like morphology with an empty central region,
whereas E1-2 particles are homogeneously dark. A @Qmi-8efocus range was determined

for each image with CTFfind4 (53) . Images were downsampled to a factor of 2, with a final
sampling ratio of 4.32 A/pixel. 2D classification with RELION, used to discard low-quality
particles, was run for 25 iterations, with 60 classes, angular sampling of 5°, and a
regularization parameter of T=1. 3D classification was run for 40 iterations, with four classes
for each image set of E1-1 and E1-2 capsids, starting with an angular sampling of 3.7°
decreased sequentially by 0.2° and a regularization parameter of T=2. The published IBDV
structure (31), low-pass filtered to 35 A, was used as initial reference for 3D classifications
and refinements. Two classes were selected for E1-1 capsids, which contained 2,095 (E1-1A)
and 2,027 (E1-1B) particles. The best two classes for E1-2 capsids were indistinguishable and
were combined in a single map that contained 2,377 particles. Map resolutions were
estimated from two independent half-datasets using the 0.3 criterion of the Fourier shell
correlation (FSC), and the values for E1-1A, E1-1B and E1-2 maps were 28.2, 20.6 and 23.8
A, respectively. Spherically averaged radial density profiles were calculated using Xmipp,
normalized and scaled to match the fit between the cryo-EM maps. The UCSF Chimera
fitting routine was used to dock the IBD\=I3 asymmetric unit [PDB entry IWCE (16)] in

the cryo-EM map, and icosahedral symmetry was applied. The mask generated was used to

segment the E1-1A capsid.
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Cryo-ET and image processing. Samples ofE1-E6 particles were mixed with 10-nm
colloidal gold particles (Aurion) and vitrified as above. Tomographic tilt series were recorded
in a Tecnai-12 (FEI) electron microscope operating at 120 kV with & kaBrce and
equipped with an energy filter (GIF 2002; Gatan). Images were recorded on a 2048 x 2048-
pixel CCD camera (Gatan) at x53,600 magnification (5.6 A/pixel) withumdunderfocus,

using the serialEM package (54). Tilt series were collected covering the range £70° in 2°
increments, with a total dose of ~75 electroAgiér series.

Data were preprocessed and aligned using IMOD software (55), with gold particles as
fiducial markers. The final aligned tilt series were normalized and reconstructed using
weighted back-projection algorithms implemented in Imod; 11, 10, 3, 4, 10 and 8 tomograms
of E1, E2, E3, E4, E5 and EG6 viral populations were reconstructed. Individual virus particles
were manually selected, extracted and denoised by 100 iterations of anisotropic nonlinear
diffusion (56) using Bsoft. A total of 247, 119, 95, 124, 475 and 457 particles were selected
from E1, E2, E3, E4, E5 and E6 populations, respectively. The extracted viruses were aligned
to a scale, low-pass filtered to a 35 A 3D map of IBDV (31) using maximum likeliho
procedures for tomography. A new density map was calculated and iteratively refined.
Resolution of the averaged E1-E6 maps was in th&4A range. Spherically averaged
radial density profiles of E1-E6 capsids were calculated with Xmipp, normatimeédcaled

to match the fit between the cryo-ET maps.

Immunogold labeling of E1 and E5 T=13 capsids. (p)VP2 and VP3 were localized and
identified by immunogold labeling on the outer or inner surfaces of E1 and E5 capsids,
directly from sucrose- (E1 capsids) or CsCl-purified (E5 capsids) material or from material
embedded in Lowicryl HM20. Fractions containing E1 and E5 capsids were pooled and

centrifuged (240,000 x g, 2 h, 4°C), resuspended in 2% low melting point agarose in PES, and
18



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

subjected to mild fixation with a 4% paraformaldehyde solution containing 0.1%
glutaraldehyde in PBS (30 min, 4°C). Fixed capsids were washed in buffered glycerol and
quickly immersed in liquid ethane in the Leica EM CPC unit. The capsids were freeze-
substituted with 0.5% uranyl acetate in methanol (54 h, -90°C), then embedded in Lowicryl
HM20 resin (48 h at -40°C and 48 h at 20°C) in the Leica EM AFS2 unit. Thin sectiens (60
70 nm) of particles were obtained with a Leica EM UC6 ultramicrotome and stained with
saturated uranyl acetate and lead citrate. Purified E1 and E5 capsids were applied to carbon-
coated grids, which were then blocked with 1% BSA-PBS (30 min). Polyclonal rabbit anti-
VP2 and -VP3 antisera, diluted 1/50 and 1/10 in 1% BSA-PBS, respectively, were incubated
(60 min), followed by three washes with PBS, and incubated with 1% BSA-PBS (15 min)
Goat anti-rabbit antiserum conjugated with 5-nm gold particles (1/50; BBInternational) was
added to the grid (45 min, room temperature). To remove nonspecific binding, the grids were
washed three times with PBS followed by four washes with water. The grids were then
negatively stained with 2% (w/v) aqueous uranyl acetate. Immunogold was detected on
ultrathin sections of E1 and E5 capsids at room temperature using rabbit polyclonal anti-VP2
and -VP3 antisera, essentially as described above.

Atomic force microscopy. AFM experiments were as described (41). Surface-attached

capsids were imaged in physiological conditions using jumping mode. We used 0.05 N/m

force constant Olympus silicon nitride cantilevers. Data were analyzed with WSxM software

(57). Capsid position was determined in low resolution images (128 x 128 pixels) at maximal
scanning force (<100 pN). The applied force was calibrated by single force vs. Z piezo
displacement curves (FZ) on a highly oriented pyrolytic graphite surface (HOPG) next to the

capsid. After individual details of capsids were resolved, indentation measurements were
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414  performed to quantitate particle elastic response. A series of three to five successive FZ

415  curves was obtained, and measurements performed on ~30 particles per population.

416  FE simulations of IBDV capsids. FE simulations of AFM indentation were done using

417  COMSOL Multiphysics 4.3 (Comsol, Stockholm, Sweden). In all cases, the capsid wall was
418  considered as a spherical shell made of a homogenous material, with Young’s modulus

419 E =120 MPa and Poisson ratio v = 0.3 (a standard value for protein-like materials). This

420 model capsid was placed on a hard, flat substrate and indented by a hard spherical object with
421  radius R,=15 nm to mimic the AFM tip. The system was simulated using a 2D axisymmetric
422  model meshed with over 3000-6000 triangular elements. Contacts were implemented between
423 the shell and the tip as well as the supporting surface during indentation, with a contact-
424  penalty stiffness method based on the manufacturer’s manual. A parametric, non-linear solver

425 was used to simulate the stepwise lowering of the tip onto the capsid. The spring constant was
426  derived from a linear fit of forces indentation for small indentations. For the T=1 capsid, the
427  spring constant was measured as the slope of the force indentation curve at 2 nm, and for the
428 empty T=13 E1 capsid, at 4 nm. These values were chosen to mimic the typical indentations
429  used in the experiments.

430 Data deposition. The E1-1A, E1-1B and E1-2 cryo-EM maps are deposited ik lweron

431  Microscopy Data Bank (EMDB, |http://www.ebi.ac.uk/pdbe/emdb) with accession n° emd-

432 3507, emd-3509 and emd-3510, respectively. E1-E6 Eflyaveraged maps are deposited in
433  the EMDB with accession n° emd-3511-emd-3516.

434
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Figurelegends

FIG 1. Purification and biochemical analysis of IBDV natural populations. (A) A CsCl linear
gradient for IBDV purification, illuminated from the bottom after centrifugation to
equilibrium, containing at least six IBDV fractions (E1-E6, from top to bottom). E1-E6 bands
contain 3, 5, 12, 16, 48 and 16% of the total virion particles. E6 have a slightly higher
buoyant density, probably due to the presence of unspecific viral RNA fragments or, even,
cellular RNA as described in other viruses; E4-E5 populations that contain more than 1
complete genome account for ~80% of total particles. (B) Coomassie blue- (left) and
ethidium bromide-stained (right) SDS-PAGE gel of E1-E6 populations (on the same 11%
gel). Molecular size markers (x T0Da) are shown at left; bands corresponding to proteins
VP1, pVP2, VP2, VP3 and VP4 and dsRNA are indicated.

FIG 2. Cryo-electron tomography of T=13 capsids from E1-E6 IBDV populations. (A, B)
Sections through a cryotomogram of a field of E1 (A) and E5 (B) IBDV populations. (A) At
least two classes of E1 particles can be distinguished, E1 particles with an irregulaethicken
shell and empty central region, and E1 particles with uniform density in the capsid interior.
T=1 and T=7 capsids are indicated. (B) E5 particles are uniformly full capsids. A contaminant
T=1 capsid is indicatedBar = 50 nm. (C) Gallery of sections from E1 capsid tomograms.
Sectiong-iii are empty E1 particles with a thickethicapsid shell (50% of total); sectionig/

an empty E1 particle with collapsed internal material, and section v shows an E1 particle with
homogeneous internal density (~36%). (D) Gallery of sections of E2, E3, E4, E5 and E6
IBDV capsids (left to right). Hexagon diagrams show the amount of RNP (dots) packed
within the particle (inset, bottom left). Bar = 50 nm. (E) Surface-shaded representations of the
outer surface, viewed along an icosahedral 2-fold axis contouredsaabbve the mean

density, of the averaged HE6 T=13 capsids (top row). Transverse central sections of the
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3DR (bottom row, left) and 73 A-thick slabs ¢twom row, right) contoured at 0babove the

mean density to highlight internal content. Dark shading indicates higher density. Arrows
indicate contacts between the E1 T=13 capsid shell and the underlying shell. Bar, 1p0 A. (F
Radial density profiles from averaged 3D maps of E1-E6 particles. E2-E6 profiles are
practically superimposable along all radii. E1 and E2-E6 profiles are only superimposable at
the protein shell (radius ~260 to 350 A). Note that the E1 profile has a less intense Fresnel
ring (at a radius of ~250 A, arrow) due to numerous contacts between the capsid and the
underlying layers (centered at a radius of ~225 A), and the E1 internal volume is empty.

FIG 3. Biochemical characterization and 3D cryo-EM reconstructions of IBDV E1 capsids.
(A-C) The E1 pooled preparation was ultracentrifuged through a sucrose gradient, 12
fractions were collected, concentrated, analyzed by SDS-PAGE, and developed by Coomassie
staining (A) or by Western blot using anti-VP2 (B) and -VP3 (C) antibodies. Direction o
sedimentation was right to left, with fraction 12 at the gradient top. Molecular size markers
(x 10° Da) at left; pvP2, VP2 and VP3 bands are indicated. (D) Electron microscopy of
negatively stained E1 particles. Left, purified E1 particles after ultracentrifugation in a CsCl
gradient. Center, T=13 capsid-enriched E1 fraction obtained after consecutive
ultracentrifugation in a sucrose gradient, corresponding to central fractions (fractions 6-7).
Right, T=1 capsid-enriched E1 fraction obtained after consecutive ultracentrifugation in a
sucrose gradient, corresponding to upper fractions (fractions 10-11). (E) Cryo-electron
micrograph of twice-purified E1 T=13 capsids from fractions 6-7 in (A) and (D). Red arrows
indicate E1-1 particles whose morphology is characterized by a thickened capsid wall with an
empty central region; blue arrows indicate E1-2 particles that are homogeneously dark. Bar,
100 nm.(F) Radial density profiles from averaged 3D maps of E1-1A (red), E1-1B (green)

and E1-2 (blue) particles. A radial profile calculated from a previous IBDV map is included
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as control (black). Note that the VP3 layamtered at a ~225 A radius), as well as the Fresnel

ring at the inner capsid surface (at a ~250 A radius), decrease from E1-1A to E1-1B to E1-2.
E1-1A and E1-1B capsids are completely empty in thérakregion (to a-150 A radius). (G)
Radially color-coded inner (top row) and outer (bottom row) surfaces of E1-1A (left), E1-1B
(center) and E1-2 capsids (right), viewed along an icosahedral twofold axis (T=13 shell in
yellow; VP3 density, orange). Maps are calculated with (left halves) and without (right halves)
icosahedral symmetry, and are contoured at 1.25  above the mean density. Bar, 100 A.

FIG 4. Structural comparison of T=13 capsids from an E1 natural populgtfom)
Transverse central sections from the 3D reconstructions of E1-1A (A), E1-1B (B), E1-2 (C)
and IBDV (D) particles, viewed along an icosahedral twofold axis and filtered at 30 A
resolution (with icosahedral symmetry, left half), or at 40 A resolution (without imposing
icosahedral symmetry, right half). (E-H) Two-dimensional reprojected views of the 3D
reconstructions viewed along a twofold icosahedral axis of E1-1A (E), E1-1B (F), E1-2 (G)
and IBDV (H) particles, after computationally removing their internal content (with and
without icosahedral symmetry; left and right halves, respectively). Reprojections are basically
identical. (I-L) Two-dimensional reprojected views of the 3D reconstructions viewed along a
twofold icosahedral axis of E1-1A (I), E1-1B (J), E1-2 (K) and IBDV (L) particles, without
removing internal content (with and without icosahedral symmetry; left and right halves,
respectively).

FIG 5. Immunogold labeling of pVP2/VP2 and VP3 on the outer and inner surfaces of E1
and E5 T=13 capsids. (A) E5 T=13 capsids were attached to coated grids and incubated with
polyclonal rabbit anti-VP2 (left half) or -VP3 antisera (right half). Bound antibody was
detected with goat anti-rabbit immunoglobulin conjugated to 5-nm colloidal gold particles.

(B-C) Immunogold localization of pVP2/VP2 (B) and VP3 (C) of resin-embedded E5 T=13
28
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capsids. (D) E1 T=13 capsids were attached to coated grids and incubated with polyclonal
rabbit anti-VP2 (left half) or -VP3 antisera (right half). Bound antibody was detected as in A.
(E-F) Immunogold localization of pVP2/VP2 (E) and VP3 (F) of resin-embedded E1 T=13
capsids. Location of pVP2/VP2 (B and E) and VP3 (C and F) with polyclonal anti-VP2

and -VP3 antisera and a 5-nm colloidal gold conjugate on LR-WHITE sections. Cytochemical
controls with the preimmune sera for VP2 and VP3 showed no label. Bars, 100 nm.

FIG 6. Mechanical rigidity of E1 T=13 and T=1 capsids and finite element simulations that
mimic AFM indentations. (A, B) Histograms of slopes of the indentation curves for E1 T=13
(A) and T=1 capsids (B), showing rigidity values (spring constant, k) for individual particles
after nanoindentation. The k value for each population was calculated by Gaussian fits K
1=13= 0.347 £ 0.104 N/m (A) and ;= 0.327 = 0.085 N/m (B). For E1 T=1 capsidsga.i&1

= 0.309 + 0.127 N/m. AFM images of individual T=13 (bar, 200 A) and T=1 particles (bar,
100 A) are shown (inset, top right). (C) Force-indentation curves obtained by FE simulation
to mimic AFM experiments for IBDV T=13 and T=1 capsids. Values shown for the T=1
capsid (black), T=13 capsid using R=35 nm and an 8 nm-thick layer (red), and T=13 capsid
with thickness increased to 11.5 nm (green) to match the spring constant measured in the

experiments.
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