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Abstract

To overcome their limited genetic capacity, numerous viruses encode multifunctional proteins. The birnavirus VP3 protein plays key
roles during infection, including scaffolding of the viral capsid during morphogenesis, recruitment, and regulation of the viral RNA
polymerase, shielding of the double-stranded RNA genome and targeting of host endosomes for genome replication, and immune
evasion. The dimeric form of VP3 is critical for these functions. In previous work, we determined the X-ray structure of the central
domains (D2-D3) of VP3 from the infectious bursal disease virus (IBDV). However, the structure and function of the IBDV VP3
N-terminal domain (D1) could not be determined at that time. Using integrated structural biology approaches and functional cell
assays, here we characterize the IBDV VP3 D1 domain, unveiling its unexplored roles in virion stability and infection. The X-ray
structure of D1 shows that this domain folds in four o-helices arranged in parallel dimers, which are essential for maintaining the
dimeric arrangement of the full-length protein. Combining small-angle X-ray scattering analyses with molecular dynamics
simulations allowed us to build a structural model for the D1-D3 domains. This model consists of an elongated structure with high
flexibility in the D2-D3 connection, keeping D1 as the only driver of VP3 dimerization. Using reverse genetics tools, we show that the
obliteration of D1 domain prevents the VP3 scaffold function during capsid assembly and severely impacts IBDV infection. Altogether,
our study elucidates the structure of the VP3 D1 domain and reveals its role in VP3 protein dimerization and IBDV infection.
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Significant Statement

The infectious bursal disease virus (IBDV) is a major threat for poultry worldwide. IBDV outbreaks are arduous to control and bring
devastating economic losses for farmers. Despite its relevance, the molecular mechanisms behind IBDV infection and pathogenesis
remain poorly understood. VP3 is a structural viral protein in charge of multiple crucial functions, most of which depend on its cap-
acity to oligomerize. In this work, we characterized the structure and function of the aminoterminal domain (D1) of IBDV VP3, reveal-
ing its key role in VP3 dimerization. Our data also demonstrate that the absence of D1 results in the lack of virus replication and
progeny recovery, shedding light on the role for this domain in IBDV infection and pathogenesis.

Introduction IBDV is very resistant to decontamination and despite the imple-

mentation of rigorous vaccination programs, outbreaks remain
as one of the leading causes of severe economic losses within the

Birmaviruses are a family of small nonenveloped double-stranded
RNA (dsRNA) viruses that infect a diverse range of hosts, including

birds, fishes, insects, and rotifers (1). The infectious bursal disease
virus (IBDV) stands out as the prototype of the Avibirmavirus genus,
anditis the cause of the Gumboro disease, a highly contagious and
immunosuppressive infection of domestic chicks worldwide (2).

poultry industry (3-5).

The dsRNA genome of IBDV comprises two segments, A and B,
with segment A containing two overlapping open reading frames
(ORFs). The largest ORF encodes a polyprotein that is cleaved
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during translation, generating the capsid protein precursor
(pVP2), the serine-protease VP4, and the moonlighting protein
VP3. The small ORF encodes the VPS5 protein involved in virus
egress (6). Segment B has a single ORF encoding the viral
RNA-dependent RNA polymerase (RARP) VP1 (7). VP3 is a 32-kDa
polypeptide that plays pivotal roles during the viral replication
cycle: acting as scaffolding protein during capsid morphogenesis
(8-10), recruiting the viral RARP to the virus particle and regulating
its activity (11-14), shielding of the dsRNA genome (15, 16), con-
trolling the host innate antiviral responses triggered by dsRNA
(17-20), and targeting host proteins and endosomes for genome
replication (21-23). The delicate coordination of VP3 activities
throughout the viral replication cycle may involve one or more
of the following elements: (i) the presence of intrinsically disor-
dered regions; (i) conformational changes, or (iii) variations in
its oligomeric state, as it has been previously reported that VP3
oligomerization via its flexible C-terminal tail was essential for
viral capsid formation (9).

We had previously solved the crystal structure of the central
domains of IBDV VP3 (D2-D3) (24), providing insights into VP3
functions. However, the structure and functional relevance of
the VP3 N-terminal moiety (containing D1 domain), which ap-
pears to be implicated in homotypic and host protein interactions
(25-27), remains largely unknown.

In this study, we have performed a multidisciplinary analysis,
encompassing biophysical, biochemical, and cellular strategies
to characterize the structure and function of the D1 domain
of IBDV VP3. Our results show that D1 folds in four a-helices
arranged as a parallel dimer that is crucial for maintaining the di-
meric state of the VP3 protein in solution. Importantly, D1 dimer-
ization is essential for capsid assembly, targeting of endosomes
and virus viability. Altogether, our findings shed new light on
the structural and functional characteristics of VP3 and identified
the D1 domain as an attractive target candidate for antiviral
design.

Results
Structure of the VP3 N-terminal domain

We started by seeking high-resolution structural information
of the core VP3 protein. To this end, we produced a recombinant
construct that contained the D1-D2-D3 domains of IBDV VP3 (res-
idues 1-221) in Escherichia coli (Fig. 1A and B). The VP3 C-terminal
tail (residues 222-257) was removed because it compromised the
solubility and stability of the full-length protein (24), possibly be-
cause it lacks secondary structure elements, as predicted by
AlphaFold3 (AF3) (28) (Figs. 2A, B and S1A). The His-tagged con-
struct was purified and subjected to high-throughput crystalliza-
tion screenings. A mixture of trigonal and monoclinic crystals
appeared after 2 months in the same crystallization drop. In add-
ition, new orthorhombic P2,2,2, crystals were obtained in differ-
ent conditions (see Materials and methods). X-ray data were
collected for the three crystal forms that diffracted to 1.46, 1.34,
and 3.5 A resolution, respectively, for the P24, P3,21, and P2,2,2,
crystals (Table S1). During initial data analysis, we realized that
the construct was cleaved during the crystallization process and
monoclinic P2; and trigonal P3,21 crystals corresponded to the
D1 domain, whereas the P2,2,2, crystals were from D2 to D3.
The structure of the D2-D3 crystals was solved by molecular
replacement (MR), using the structure of the equivalent VP3 do-
mains previously solved (PDB ID: 2R18 (24)) as a search model
(Table S1). As expected, the D2-D3 polypeptide adopts the same

extended fold, consisting of two a-helical modules connected by
a long hinge, in line with the previously determined structure
(24) (Fig. S2). This conformation is conserved in the eight mole-
cules, contained in the asymmetric unit, that were organized in
four head-to-tail dimers (Fig. S2A and B). Comparisons between
the nine independent molecules from the asymmetric units of
the two crystals compared, showed rmsd of 0.68 +0.06 A for the
superimposition of all Ca atoms (residues 92-220; Fig. S2C and D).

The D1 structure in P3,21 crystal was solved by ab initio meth-
ods using ARCIMBOLDO software (29). Initial maps allowed unam-
biguous tracing of the first 66 residues of VP3 (Fig. S3A). The D1
polypeptide was folded into four a-helices (a1, spanning residues
from P8 to V23; a2, residues from P25 to N40; a3, residues from
V43 to D53; and a4, residues from H57 to N65) that were arranged
forming an S-like structure and organized in parallel dimers
(Fig. 2C and D). The D1 dimer was mainly stabilized through
hydrophobic contacts, connecting helices al-a1, a2-02, and a4-o4
of the two neighboring molecules, burying the hydrophobic faces
of each o-helix in the dimerization interface (Figs. 2E and S3).
Furthermore, helices a2 and a4 of one molecule contacted helix
a3 of its partner (Fig. 2C). This compact D1-D1 interface has a bur-
ied surface of ~1,940 A?, representing ~34% of the domain surface
involved in this interaction.

Calculations of the electrostatic potential of D1 dimers show a
predominantly negative surface at physiological pH (Fig. 2D). This
is in contrast to the extensive positively charged regions observed
in the VP3 central domains D2 and D3 (24), which were shown to
be essential for dsRNA binding (18).

The structure of the P2, crystals was solved by MR using the
P3,21 structure as a search model (Table S1). The asymmetric
unit of these crystals contained two D1 dimers oriented in oppos-
ite directions (Fig. S3B). The individual D1 chains were almost
identical (rmsd=0.3 A for the superimposition Co atoms of
residues 7-68). D1 dimers were also similar, with rmsd of 0.8 A
(Co superimposition of residues 7-68, chain A). In addition, AF3
predicted the same structure (rmsd = 0.48 A, Ca alignment of res-
idues 10-66), with high confidence for IBDV D1 in the context of
the full-length VP3 protein (Fig. S1A and D).

VP3 N-terminal domain drives dimerization

To investigate the role of the D1 domain in the context of the VP3
quaternary structure, we analyzed three different constructs,
each containing the three, two, or one domain (1-221, 89-221, 1-
81, respectively; Fig. 1A and B). Size exclusion chromatography
(SEC) coupled to multiangle light scattering (MALS) analyses
showed that the purified VP3; 55 eluted in a predominant peak
of 52.7+0.3kDa (98.8% of total sample). This mass matched
with the expected size of a protein dimer (calculated monomer
weight =27.6 kDa; Fig. 1C). Conversely, the fragment containing
the central domains of VP3 (D2-D3), in the construct VP3gg 551,
was predominantly observed as a protein monomer (97.2% of total
sample) with a mass of 16.09 + 0.03 kDa. Nonetheless, as observed
for the previous construct, a small proportion (2.8%) of a higher
molecular weight (MW) oligomer (42 + 1 kDa) was also detected
(Fig. 1C). In contrast, the first 81 residues of VP3, encompassing
the D1 domain, eluted as a clear peak of 25.89 + 0.05 kDa compat-
ible with a dimer (calculated monomer weight=12.9 kDa). These
results indicate that VP3 dimerization is promoted by its
N-terminal D1 domain.

Stability analyses of the constructs, performed by differential
scanning fluorimetry (DSF) showed that the three VP3 polypepti-
des were stable proteins, displaying small differences in melting
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Fig. 1. Characterization of IBDV VP3 constructs. A) Schematic representation of VP3 (residues 1 to 257), the domain definition (D1-D3), and the
recombinant protein constructs expressed in E. coli. B) Coomassie-stained SDS-PAGE gels loaded with the recombinant purified proteins used in this
study. C) SEC-MALS profiles of VP3 constructs, in buffer 50 mM Tris pH 8, 500 mM NaCl, 5 mM DTT. The lines intercepting each peak correspond to the
measured molecular masses shown in the right axis (VP31 551: 52 + 0.3 kDa; VP34 g1: 20 + 0.2 kDa; VP3g9 551: 16.1 4+ 0.03 kDa). The theoretical MWs for each
construct monomer are 24.8, 13.9, and 11.0 kDa, respectively. D) Plot of the first derivative of fluorescence signal obtained in DSF experiments to measure
the VP3 constructs stability at increasing temperatures (VP3,_g;, green; VP3gg 551, red; VP3; 54, violet). Dashed line is indicating 50 °C. E) SDS-PAGE of the
different VP3 constructs crosslinked with BS3. F) Bar plot of the quantification by densitometric analysis of SDS-PAGE gel showing that BS3 covalently
stabilizes dimers and higher MW species of constructs VP3; 551 (93.3 +3.2%), VP34 g1 (96.9 + 1.7%), and VP3gg 951 (43.5 + 15.4%).

temperature (Tp,; Fig. 1D). VP3g9 551 showed the lowest T, =49.0 °C,
while VP3,_g; and VP3; 55, showed a Ty, 0f 50.1 and 51.2 °C, respect-
ively (Fig. 1D).

Crosslinking experiments, using bis-(sulfosuccinimidyl)suber-
ate (BS3) and sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis, showed that BS3 covalently
stabilized 93.2 + 3.3% of the protein sample of VP3; ,,; construct
in dimers and higher MW species (Fig. 1E and F). Similar results
were obtained for the VP3,_g; construct, with 96.9 + 1.7% of the
band corresponding to the dimeric form of the domain (Fig. 1E
and F). However, the VP3g9 5y; construct showed a notable de-
crease in dimerization/oligomerization capacity (43.5+15.5%).

Similar results were obtained using glutaraldehyde as a cross-
linker (Fig. S4), reinforcing the importance of the D1 domain in
VP3 dimerization. Indeed, AF3 predicted with high confidence
that the full-length protein formed a dimer through D1 contacts
(Fig. S1A and D).

Small-angle X-ray scattering data show the high
flexibility of VP3 dimers in solution

To better understand the structural dynamics of VP3 dimers in so-
lution, we characterized the three VP3 constructs by small-angle
X-ray scattering (SAXS). The SAXS profiles are shown in Fig. 3A
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Fig. 2. Structure of the IBDV VP3 aminoterminal domain. A) Ribbon representation of the monomeric structure of full-length VP3 (residues 1-257)
predicted by AF3. The red dot highlights the aminoterminal end. B) As in A, but for the prediction of dimeric VP3. The aminoterminal domain (D1) is
highlighted with the dashed lines box. C) Ribbon diagram of the structure of the VP3 D1 domain. Chains A and B of the D1 dimer are represented, with the
secondary structural elements (al to o4) explicitly labeled and the aminoterminal ends depicted as red dots. D) Electrostatic potential of the protein
surface showing from red to blue the negative to positive potential respectively. E) D1 monomer-monomer interactions, the molecular lipophilicity
potential of protein surface is represented, from dark cyan to dark goldenrod colors, showing the hydrophilic to hydrophobic residues, respectively.
Amino acids involved in monomer-monomer contacts are labeled and lateral chains showed with stick representation.

with the Guinier plots [logI(s) vs. s°] shown in the insets. The radii
of gyration, Rg, of the VP3; g1, VP3g9 551, and VP3,_5,; constructs
were 2.43+0.01, 2.54+0.02, and 3.86+0.02 nm, respectively.
The corresponding MWs, determined using Bayesian estimation
(30) from four concentration-independent methods (Porod
invariant (31), SAXSMoW (32), volume of correlation (33), and
size and shape (34)), were 21.2, 14.8, and 46.7 kDa, respectively
(Table S2). In line with the data obtained by SEC-MALS analysis,
the MWs corresponded to homodimeric forms for VP3; g; and
VP34 571, While VP3gq 5,1 appeared as a monomer (calculated
monomer weight=17.8 kDa). The pair-wise distance distribu-
tion, P(r), analyses for VP3; 55, and VP3gg 5y were typical of
elongated flexible proteins, with maximum intramolecular
distances of 17.0 and 10.0 nm, respectively. In accordance with
these observations, their Kratky plots indicated that the VP3; 551
and VP3g9 9, fragments contain disordered regions. To further

understand the structure of these constructs in solution, we ana-
lyzed the SAXS data in terms of ensembles.

For VP3, g1, we generated 10,000 structures of the flexible loops
using RanCh (35) while keeping the arrangement of the dimer in-
tact, as seen in the crystal structure. The resulting pool was fil-
tered using the ensemble optimization method (EOM) to get a
subensemble that collectively fits the SAXS data (30). An excellent
alignment with the SAXS data (4*=1.02) was obtained (Fig. 3A),
further supporting the dimeric form of VP3, g; in solution. The
R, distribution of EOM-selected pool exhibited compaction com-
pared with the initial pool, suggesting some interactions between
the flexible loops (Fig. 3B and C).

The VP3gq_5,1 ensemble was generated using all-atom molecu-
lar dynamics (MD) simulations. Four 800 ns trajectories were si-
mulated using a 99SB-disp force field. Then, 20,000 equally
spaced frames were extracted from the trajectories and added
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Fig. 3. SAXS analyses of the IBDV VP3 constructs. A) Scattering intensity as a function of the momentum transfer Q measured for VP3, g; (green),
VP3gs 221 (red), and VP3, 55, (purple). The intensities are displaced along the y-axis for better inspection. Black lines correspond to the structural fitting of
the data using different approaches (see main text). In the case of VP3, 5,1, comparison with the simulation (dashed line) is shown together with the fitting
after the Bayesian inference reweighting (solid line). The point-by-point residuals of each fit are shown at the bottom of the panel with the same color code.
The inset displays the Guinier region for each one of the experimental profiles. B) Radius of gyration (Rg) distribution of the EOM-derived subensembles
(green) of VP3,_g; compared with that of the initial pool of conformations computed with RanCh (black). C) Subensemble of 20 conformations of VP3;_g;
derived from the EOM fit. The two chains of the dimer are colored in two different colors. D) R, distribution of the conformations from the trajectory
computed for VP3gs 5,1 using all-atom MD simulations, which describe the data without the need for further optimization. The broad distribution of Ry
values indicates the important degree of flexibility of the protein. E) Contact map (percentage of conformations with Ca~Ca distances below 8 A) computed
from the MD trajectory of VP3gq 551. The His-tagis not displayed. The two squares indicate the position of the folded domainsin this construct, highlighting
the presence of transient interdomain interactions. F) Ensemble of 20 structures randomly selected from the trajectory representing the conformational
sampling of VP3gs_5,1. G) Rg distribution of the reweighted ensemble using the Bayesian Inference approach (purple) of VP3;_,,; compared with that of the
initial CG trajectory computed with Martini3 (pink). H) Contact map (percentage of conformations with Ca-Ca distances below 8 A) computed from the
trajectory of VP34 551. The His-tag is not displayed. Solid lines indicate the two chains of the dimer. Off-diagonal signals indicate interchain interactions
within the ensemble with the dashed-line squares indicating the dimerization interface. I) Ensemble of 20 structures randomly selected from the
reweighted trajectory representing the conformational sampling of VP3; 55;. The two chains of the dimer are colored in different colors.
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the flexible N-terminal tail using RanCh (35). The average theoret-
ical SAXS curves resulting from this ensemble had a complete
alignment with the one obtained experimentally (y*=0.97), and
no further EOM optimization was required (Fig. 3A). The contact
map calculated from the combined trajectories further supports
that the two subdomains retain their tertiary structures (Fig. 3E
and F). Interestingly, despite retaining an important degree of
flexibility, the contact map indicates that this construct presents
transient interdomain contacts. To quantify them, we clustered
the trajectory in terms of the interresidue contacts and found
three prominent clusters (Fig. S5). The largest cluster consists of
structures with no contact between the two domains of VP3gg 551.
The two smaller clusters involve contacts between residues
115-118 (ATPEWV) and 175-180 (GAPGQA), and between residues
89-90 (GP) and 173-179 (IYGAPGQ) of the wild-type (WT) protein,
equivalent to 50-55, 110-115, 22-25, and 108-114 sequences of
the recombinant protein construct, respectively. Importantly,
those residues correspond to hydrophobic regions of the protein.

In order to generate an ensemble of VP3, ,,,, whichis a large di-
meric particle, coarse-grained MD simulations were performed
using Martini3 force field (36). As standard Martini parameters
are known to give overtly compact structures for multidomain
proteins, and following previous studies (37), three trajectories
were generated by rescaling the solute-water interactions by 2,
4, and 6%, and their individual agreements evaluated with the ex-
perimental SAXS profile. The simulation with rescaling factor of
4% displayed a correct agreement with the experimental SAXS
data (*=2.1) and very similar R, (3.90 vs. 3.86 nm; Fig. 3A, dashed
line). Reweighting this trajectory using Bayesian inference ap-
proach (38) led to a substantial improvement to the SAXS data
(¢ =1.1; Fig. 3A, solid line) with an R, thatis slightly more compact
than the initial pool (Figs. 3G and S6). The contact map of the re-
weighted ensemble showed interactions between the D1 and
D2-D3 domains of each monomer as well as between the D2-D3
domains of the two monomers of the dimer (Fig. 3H). These tran-
sient interdomain interactions rationalize the abovementioned
enhanced compactness of the optimized ensemble.

Taken together, the biophysical and biochemical characteriza-
tions indicate that D1 drives the dimerization of IBDV VP3.

D1 domain is crucial for IBDV viability

To investigate the role of the aminoterminal moiety of VP3 in the
context of a viral infection, comprehensive reverse genetic (RG)
systems, each expressing the viral genomic segments under the
polymerase II promoter (WT or VP3gg ,s;), were developed
(Fig. 4A). Upon co-transfection of both WT plasmids, viral proteins
were successfully synthesized, as confirmed by western blot ana-
lysis (Fig. 4B). Subsequently, a substantial amount of viruses, cap-
able of inducing cytopathic effects, was produced in avian cell
cultures (cell line QM7), 96 h posttransfection (Fig. 4C and D).
The plaque assay confirmed the recovery of infectious viral par-
ticles in the cell supernatant after transfection, reaching an aver-
age viral titer of 1.73 + 0.5 x 108 PFU/mL (Fig. 4E and F). However,
when the region of VP3 containing D1 was truncated, no cyto-
pathic effect was observed posttransfection despite the expres-
sion of the viral proteins (Fig. 4B and D). More importantly, the
plaque assay confirmed the lack of infectious particles in the
supernatants of cells that were transfected with the truncated
RG system (Fig. 4E and F). The latter phenotype was effectively
reversed by co-transfection with a plasmid containing the full-
length VP3 sequence, leading to the recovery of the cytopathic
effects, as observed in cells transfected with both WT genomic

segments (Fig. 4B and D). Indeed, viable viruses were detected in
those supernatants, albeit the viral titers were significantly lower
than those obtained with the WT plasmids for the RG system
(Fig. 4E and F). Transfection efficiency of WT VP3 plasmid directly
impacts in the virus recovery.

Altogether, these results demonstrate the essential role that
VP3 D1 plays in the intricate machinery of IBDV.

D1 is essential for capsid assembly

To understand how VP3 N-terminal domain deletion affected
IBDV production, two main functions of this protein were eval-
uated: binding to dsRNA (18, 39) and scaffolding in capsid morpho-
genesis (10, 40, 41). To investigate the role of the VP3 D1 in dsRNA
binding, an electrophoretic mobility shift assay (EMSA) was per-
formed with a short dsRNA oligonucleotide (28 bp). The assay in-
dicated that the N-terminal moiety of VP3 containing D1 was not
able to bind the oligonucleotide even in a 120-fold protein excess
(Fig. S7). In contrast, constructs containing D2-D3 (VP3g4_551) and
D1-D2-D3 (VP3,_551) were able to shift dsSRNA mobility, showing
direct binding to the short dsRNA (Fig. S7). Strikingly, at identical
molar concentration, the dsRNA shift in samples containing D2-
D3 was less than the observed for the D1-D2-D3 construct coun-
terpart, suggesting that D1 can contribute to dsRNA binding to
some extent (Fig. S7).

Previous characterization of birnavirus capsid morphogenesis
showed that procapsid assembly is assisted by a dual scaffolding
role of VP3 (40). Assessing the capacity of the polyprotein
(pVP2-VP4-VP3) to form icosahedral capsids with T =13 geometry
is a direct indicator of the scaffolding function of VP3. Thus, in the
context of the host cells, transfection of QM7 avian cells with the
WT RG system resulted in the occurrence of typical cytoplasmatic
paracrystals, characterized by tightly packed T=13 IBDV capsids
(Fig. S5B). In contrast, in cells transfected with RG system VP3gg 557,
the absence of D1 resulted in the complete lack of any similar
structures within the cytoplasm of the cells (Fig. 5C). To confirm
these findings, the WT or VP3gq_5s7 versions of IBDV polyprotein
were expressed (see Materials and methods and SI Appendix,
Section 1), and the resulting virus-like particles (VLPs) were puri-
fled and analyzed by negative staining EM (Fig. SA and B).
Expression of the WT polyprotein yielded the typical icosahedral
capsids of ~70 nm, as previously described (42), similar to authen-
tic virions (Figs. 4C and 5B). In contrast, after expression of the
VP3gg 257 polyprotein, the icosahedral VLPs were replaced by
amorphous assemblies of VP2 (Fig. 5A and C), and no VP3 was de-
tected in gradient fractions (Fig. SA). Most of the mutant VP3 pro-
tein remains in the soluble fraction of the first purification step
and therefore detached from VP2 structures purified in the su-
crose gradient.

As a scaffolding protein, VP3 must interact with pVP2 and later
with VP2 to accomplish its function. Therefore, the subcellular
distribution of both proteins was expected to be similar. Indeed,
the immunofluorescence labeling of both proteins in QM7 cells
transfected with the WT RG plasmid for segment A, showed that
the capsid protein VP2 overlapped with VP3 (Fig. 5D). Both proteins
were distributed throughout the cytoplasm, generally in fine gran-
ules, but some accumulations of both fluorescent signals were
observed in large aggregates (Fig. 5D), as previously described
(9). In contrast, these aggregates were not observed when the RG
plasmid VP3gq 55; was expressed (Fig. 5D), and both proteins
were diffusely distributed with scarce overlapping.

Taken together, these results indicate that D1 is essential for
the scaffolding function of VP3.
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Fig. 4. The D1 of IBDV VP31is essential for the virus life cycle. A) Schematic representation of the RG system encoding each of the IBDV genomic segments
in plasmids (PCAGEN-SegA, pCAGEN-SegB) and the experimental set-up. Both plasmids were transfected in QM7 cells and virus production was analyzed
by monolayer visualization and staining. Genomic Segment A with a deletion of the N-terminal domain (pCAGEN SegA VP3gq4 557) was co-transfected with
PCDNA3-VP3 encoding the full-length WT protein “Created in BioRender. Gimenez, M. (2024) BioRender.com/i89z961". B) Western blot analysis of the
transfected cells with the RG plasmids. C) Purified IBDV virus produced with the RG system. D) Bright field micrographs of QM7 monolayers 96 h
posttransfection. E) Titration of extracellular viruses of cells transfected with the RG systems using the plaque assay, as described in Materials and
methods. Images are representative of three independent trials. F) Bar graph shows the mean viral titers of three independent trials expressed in PFU/mL.

Error bars show SD. *P < 0.05.

D1 domain is necessary for endosomal targeting

It was previously demonstrated that both viral and recombinant
IBDV VP3 presented in clusters on the outer leaflet of early endo-
somes (EEs) through their association to phosphatidylinositol
3-phosphate [PtdIns(3)P] (22, 23, 43). This was suggested to be re-
lated to the oligomeric capacity of VP3 (23). Thus, the dimerization
of VP3 was hypothesized to be a necessary intermediate step for
protein oligomerization and for VP3 targeting of EEs (22, 23, 43,
44). To test this hypothesis, immunofluorescence against VP3
was performed in QM7 cells ectopically co-expressing variants
of VP3 and EGFP-Rab5 GTPase, the latter representing a hallmark

of EEs. In agreement with previous findings, the full-length
VP3, 557 showed a punctate cytoplasmic distribution (Fig. SEi)
(22,23, 43, 44). A similar distribution was observed with construct
VP31 551, which lacks the C-terminal tail (Fig. SEii). The puncta pat-
terns were not altered by co-expression of EGFP-Rab5 GTPase, in-
deed both proteins showed a marked overlapping with Rabs,
indicating their co-occurrence on EEs membranes (Fig. 5Ev and
vi). On the other hand, the expression of mutants VP3gy 557 and
VP3g9.201, lacking the D1 domain, exhibited a fine-grained cytoplas-
mic and diffuse distribution not associated with the EEs marker
Rab5 (Fig. 5Eiii, iv, vii, and viii). These results support that VP3
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Fig. 5. The IBDV VP3 D1 domain is crucial for capsid morphogenesis and for VP3 targeting of EEs. A) Western blot analysis of VP3 in input samples and
purification (left panel), fractions of purification gradient (fractions 1 to 12 from top to bottom in gradient) for WT (central panel), and VP3gq 557 (right
panel) polyprotein. B) Left panel, TEM of a QM7 cell transfected with the RG system WT. The inset depicts a typical cytoplasmatic paracrystalline array of
IBDV viruses. Scale bar represents 2.5 pm. Right panel, electron microscopy images of purified WT VLPs expressed with recombinant vaccinia virus
(fraction 8 of the gradient showed in A). Scale bar represents 200 nm. C) Left panel, TEM of QM7 cells transfected with the RG system VP389-257. Right
panel, electron microscopy images of sample corresponding to fraction 5 of the gradient shown in A. D) Immunofluorescence labeling showing the
subcellular distribution of IBDV VP3 and VP2 in QM7 cells transfected with RG WT or VP3gs 557 plasmids (segments A). Scale bars represent 5 um E)
Immunofluorescence labeling showing the subcellular distribution of the above indicated VP3 constructs in QM7 cells co-expressing EGFP-Rab5 WT.

Scale bars represent 10 pm.

dimerization and posterior oligomerization produced VP3 accu-
mulation on EEs membranes independent of its C-terminal tail.

Discussion

In this study, we performed a comprehensive structural, bio-
chemical, and cellular characterization of the N-terminal domain
of IBDV VP3, demonstrating thatitis an independent dimerization
domain, crucial for virus viability.

The homotypic interaction of this protein region was sug-
gested in a previous study, based on the analysis of sequential

VP3 deletion mutants in yeast two hybrid assays (25). Here,
we provide the structural basis underlying those results. The
compact dimeric arrangement of the four o-helices forming
this domain (Figs. 2C and S3B) is maintained through multiple in-
teractions involving hydrophobic side chains, as observed in the
crystal structures (Fig. 2E). The dimeric assembly is retained in
the largest protein construct (VP3, 5,4, containing D1-D2-D3),
but is lost in the absence of D1 (Fig. 1C-F). Structural data
obtained in solution by SAXS, and also supported by SEC-MALS
experiments, confirm the role of D1 as the dimerization domain
of IBDV VP3.
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Fig. 6. IBDV VP3 contacts and capsid assembly model. A) Full-length VP3 dimeric model generated by AlphaFold (28) combined with crystal structures
(PDB ID: 2R18). Protein flexibility is depicted in semitransparent. Regions involved in interdomain contacts are indicated with a dashed arrow and flexible
regions with the symbol (right panel). B) Model for VP3 multimerization mediated by D1 and by the contacts between D2 and D3 of neighbor dimeric

molecules, mimicking the antiparallel arrangement observed in D2-D3 crystals (24 and P2,2,2, structure of this work), forming highly flexible elongated
oligomers. The dashed box in the right panel is a magnification of the selected region of the model. The bottom panel shows a schematic representation of
the model. C) Contribution of VP3 dimerization to the IBDV capsid assembly. Model of the dimeric VP3 interacting with VP2 trimers. While one or two VP3
C-terminal tails of one VP3 dimer are interacting with one or two VP2 trimers, the N-terminal domains of VP3 are maintaining its dimeric state. At the
same time, some C-terminal tails or the middle domains (D2-D3) of a neighbor VP2-VP3 complex can establish contacts with the first complex, pulling

from VP2 and guiding the capsid formation as a scaffold protein.

SAXS data along with MD simulations allowed building a more
detailed structural model for the VP3 polypeptide in solution,
highlighting the dynamic nature of this protein. The linker con-
necting D1 with D2 and D3 is intrinsically disordered, and the
connection between domains D2 and D3 also displays extensive
flexibility. Notably, intramolecular contacts between D2 and D3
have been identified, inducing an important population of com-
pact conformations. This compact structure is in equilibrium

with a more extended one, closely resembling the crystal struc-
ture of the D2-D3 domains previously elucidated (24) and
equivalent to that solved here for the P2,2,2; crystals (Fig. S2).
Similarly, the VP3, ,,; construct is explained as an ensemble of
multiple conformations, featuring the dimeric arrangement of
the N-terminal domain, followed by multiple open and closed
conformations of the remaining domains in solution (Fig. 3G-I).
The most extended conformation of this protein exposes all the
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electropositive patches involved in RNA binding per dimeric VP3
molecule (18, 24). This conformation is likely adopted by the full-
length protein during binding to genomic dsRNA, in the forma-
tion of the RNP complexes, where no dsRNA compaction was ob-
served (15). It has been described that one VP3 molecule could
cover 26 bp (~73 A) (15), a distribution that would be compatible
with an extended conformation of dimeric VP3s on the dsRNA
surface. In this configuration, electropositive patches in D2 and
D3 of each protein monomer could face the nucleic acid phos-
phate backbone. In this context, the role of the D1 domain of
VP3 would be to facilitate access to the two dsRNA-binding sites
in the same molecule, rather than the direct participation of the
domain in the binding as indicated in the EMSA experiments
(Fig. S7).

Removal of the N-terminal end from the full-length protein se-
verely impairs other VP3 functions, highlighting the importance of
its multimeric state for protein function. In particular, truncation
of the D1 moiety prevents viral replication, as evidenced by the ab-
sence of intracellular viruses, the lack of infective particles in cell
culture supernatants, as well as a lack of VLP recovery (Figs. 4D-F
and 5B, C).

VP3 is known to act as a scaffolding protein, forming an inner
shell beneath the viral VP2 capsid (9, 45). Multiple interactions
occur between VP3 and pVP2 or VP2 during the IBDV morphogen-
esis, facilitating the modulation of the structural polymorphism
and subsequent capsid stabilization (9, 10, 46). The oligomeric
state of VP3 is a key determinant of this function (41, 45).
Consequently, disruption of the dimerization capacity of VP3—
seen as an indispensable state for oligomerization—inhibits
capsid assembly, demonstrating that interactions between the
C-terminal of VP3 and pVP2 are not sufficient for capsid forma-
tion. In fact, the interaction of the C-terminal tail of VP3 with
VP2 (10) is compatible with the VP3 dimerization through its
D1 domain, as seen in the crystal structures shown in this
work. In this scenario, domains D2 and D3 are able to interact
with each other, both forming self-interactions, as indicated by
SAXS data (Fig. S5). These formed intermolecular contacts can
be seen in the crystal structures of the D2-D3 domains (24)
(Fig. S2), and are suggested by crosslinking experiments (Figs.
1E, F and S4). This interplay of interactions would result in the
formation of flexible VP3 multimers, significantly increasing
the possibilities of size and shape explored by the VP3 quaternary
structure, that together with the VP2-VP3 interactions mediated
by the VP3 C-terminus, function as scaffolding protein in capsid
morphogenesis (Fig. 6).

Consistent with this model, we did not observe the accumula-
tion of VP3 on EEs (Fig. 5E), supporting the hypothesis that VP3 oli-
gomerizes on PtdIns(3)P-enriched endosomes (22, 23, 43).

In addition to our findings, previous studies have also high-
lighted the importance of VP3 D1 domain in modulating IBDV rep-
lication. For instance, residue H28 is essential for binding to the
chicken elongation factor 1o, thereby enhancing virus replication
(26). Additionally, residues in the aminoterminal domain of VP3
bind Beclinl, inhibiting autophagy, a natural defense response
of host cells (27).

The VP3 D1 domain sequence is relatively well-conserved
across related pathogens within the Birnaviridae family (Fig. S8)
(24). In particular, the strictly conserved G90 (IBDV numbering),
located in the D1-D2 linker, could be one of the residues respon-
sible for the high flexibility observed between D1 and D2D3
domains in birnavirus VP3 proteins (Figs. 31, S1, and S8). In add-
ition, some residues involved in the stabilization of the D1 dimeric
interface, such as W36 in IBDV, or the residues L31 and D53,

participating in the positioning of the D1 helices al-02 and
a3-04, are also strictly conserved. Earlier research highlighted
the importance of the equivalent domain in infectious pancreatic
necrosis virus (IPNV), a pathogen of great concern in the aquacul-
ture industry (47). Using a set of deletion mutants, it was demon-
strated that the aminoterminal end (residues 1-101) was involved
in IPNV VP3 self-interactions as determined by a yeast two-hybrid
approach (47). This region overlaps with the IBDV VP3 D1. Indeed,
the first 42 residues of IPNV VP3 are not necessary for dsRNA
binding (47), but successive truncations starting from residue 81
progressively reduce the binding until prevented. In line with
these results, we demonstrate that the IBDV VP3g9 5y, construct
has a lower dsRNA binding capacity in comparison with VP3; 55,
(Fig. S7). Even with limited sequence similarity, other distantly
related members of the Birnaviridae family, such as the
Entomobirnavirus Drosophila X virus (DXV), show a closely re-
lated dimeric structure for its VP3 D1 domain (48) (Fig. S&C).
The structures solved between residues 43-90 were three
a-helixes that overlap with o-helix 2 to 4 in IBDV VP3
(rmsd =2.23 A, Ca alignment of residues 45-85 for DXV and 25-65
for IBDV). These observations suggest that both the helical
structure and the ability of D1 to form compact dimers are com-
mon features of birnaviruses. This is also suggested by the struc-
tural predictions with AF3 for the full-length protein (Fig. S1).
Interactions with other VP3 partners, like the viral polymerase
VP1 and the dsRNA, in which VP3 structure could change, are
not considered in this work.

Collectively, our findings emphasize the critical role of the VP3
D1 domain in the IBDV life cycle and highlight the potential of this
small domain for the design of antiviral therapies not only against
IBDV but also against other economically significant pathogens of
the Birnaviridae family.

Materials and methods

Recombinant plasmids and cloning

Details of plasmids construction are given in SI Appendix,
Section 1.

Protein expression and purification

All protein constructs for structural and biophysical analyses
were expressed in E. coli BL21 (DE3) at 17 °C overnight. After lysis
in 50 mM Tris-HCl pH 8, 500 mM NacCl, 1 mM DTT (buffer A) add-
ing 10 ng/mL lysozyme, 10 pg/mL DNase; 10 pg/mL RNase; 4 mM
MgCl, and centrifugation, recombinant proteins were purified by
His-trap and Superdex 200 10/300 column and stored in buffer
A at —80 °C. Details of protein purification are summarized in SI
Appendix, Section 1.

Crystallization data collection

Crystallization screenings were performed using a nanoliter-drop
crystallization robot in 96-well Greiner plates. Protein solution of
VP31 925 (30 mg/mL) crystallized in 1.5 M NaCl, 0.1 M sodium acet-
ate pH 4.5 (P21 and P3,21 crystals) and 0.8 M LiSO4, 0.05 M sodium
cacodylate pH 6 (P2,2,2 crystals). All crystals were flash-frozen in
liquid nitrogen and protected with 20% (v/v) glycerol. More details
are summarized in SI Appendix, Section 1.

Structure solution and refinement

The structure in P3,21 space group was solved by de novo phasing
method using ARCIMBOLDO software (49). The P2, structure was
solved by MR with MOLREP (50), using one D1 monomer from the
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trigonal structure as a search model containing four copies of the
polypeptide chain. The P2,2,2, crystal was solved by MR using
PDB ID: 2R18 (24) as a search model. All structure refinements
were performed by alternating cycles of automatic refinement
in Phenix (51) and manual model rebuilding using Coot (52).
Data collection and refinement statistics are displayed in
Table S1. Additional details are summarized in SI Appendix,
Section 1.

Size exclusion chromatography MALS

The purified proteins were subjected to SEC using a Superdex
200 10/300 GL column in buffer A and monitored by an UV detect-
or, a differential refractometer for refractive index (OPTI-rEx;
Wyatt Corp.) and a static MALS detector (Dawn-Heleos; Wyatt
Corp.). ASTRA 7 software (Wyatt Corp.) was used for data collection
and analysis. Additional details are summarized in SI Appendix,
Section 1.

Differential scanning fluorimetry

The stability of VP3 constructs was measured in 25 pL mixture re-
action containing 2 pM protein, 5X SYPRO orange by DSF in 96-well
PCR plates using iCycler instrument coupled to an IQ5 multicolor
real-time PCR detection system (BioRad). Fluorescence intensity
in each well was measured via the SYBR/6-carboxifluorescein
(FAM) filter during a temperature ramp from 20 to 95°C.
Additional details are summarized in SI Appendix, Section 1.

Crosslinking experiments

Crosslinking experiments were performed in 100 mM phosphate
buffer pH 8, 500 mM NacCl using 120 and 24 uM of each VP3 con-
structin the presence of 12 uM of BS3in 20 uL. Reactions were incu-
bated 30 min at 25 °C. Alternatively, glutaraldehyde crosslinking
was employed. Coomassie-stained gels resolving crosslinked sam-
ples were analyzed with GelAnalyzer 23.1.1 software. Additional
details are summarized in SI Appendix, Section 1.

Electrophoretic mobility shift assay

A 28-bp dsRNA labeled with cyanine5.5 (Cy5S.5; 8.3 nM constant fi-
nal concentration) was mixed with variable protein concentra-
tions (1 uM, 500nM, and 50 nM) for each construct in 20 mM
Tris pH 8 20 mM NaCl, 5% glycerol (24 pL final concentration), in-
cubated during 10 min at room temperature (RT) and resolved
in 15% polyacrylamide gels. CyS.5 signal was registered with
Odyssey infrared imaging system. Additional details are summar-
ized in SI Appendix, Section 1.

RGs and IBDV production

IBDV recombinants were generated, as previously described (53),
using a modified version of the RGs system of Qi et al. (54).
Transfection of QM7 cells with plasmids pCAGEN-SegA and
PCAGEN-SegB containing IBDV genomic segments A and B, respect-
ively, produces WT IBDV virus (53). Additional details are summar-
ized in SI Appendix, Section 1.

Negative staining and transmission electron
microscope images

Purified viruses or VLPs were placed on carbon-coated copper
grids and stained with 2% (w/v) uranyl acetate. All grids were vi-
sualized in Jeol JEM 1010 80 kV transmission electron microscope
(TEM) with a Megaview 1kx1k CCD digital camera. Additional de-
tails are summarized in SI Appendix, Section 1.

Western blot and antibodies
See details in SI Appendix, Section 1.

Indirect immunofluorescence in cells

and confocal microscope imaging

QM7 cells were seeded onto 12-mm glass coverslips and trans-
fected or co-transfected employing FUGENE HD, following the
manufacturer’s instructions. After 12 h posttransfection, cells
were fixed with 4% paraformaldehyde and permeabilized with a
solution of 0.05% saponin containing 0.2% bovine serum albumin
for 20 min at RT. Anti-VP3 or anti-VP2 antibodies were incubated
for 90 min followed by a 90-min incubation with the correspond-
ing secondary antibodies. Images were acquired with a Leica
DMI6000B spinning-disc confocal microscope and analyzed by
Volocity 6.1 software (PerkinElmer). Additional details are sum-
marized in SI Appendix, Section 1.

SAXS experiments

The SAXS data for VP3,_g; were collected at ESRF at variable pro-
tein concentrations in batch mode. The SAXS data for VP3gg 991
were collected at PETRAIII in SEC-SAXS mode while the data for
VP34 _,,; were collected in batch mode at variable protein concen-
trations. The SEC-SAXS data were analyzed using CHROMIXS (55)
from ATSAS suite (56). The ensemble of 10,000 structures for
VP3, g, was generated using RanCh, and the subensemble to fit
the SAXS data was selected using GAJOE (35, 57). Additional details
are summarized found in SI Appendix, Section 1 and Table S2.

MD simulations

The MD simulations for VP3gq 5, were carried out using a
99SB-disp force field (58). The coarse-grained MD simulations for
VP3, 5,1 wWere carried out using Martini3 (36) force field. Ten mi-
croseconds long simulations rescaling the water-protein interac-
tions for 2, 4, and 6% (37). Twenty thousand structures collected
during the simulations were back mapped to all-atom structures
(59), and the SAXS profiles were calculated using CRYSOL (60). The
ensemble obtained with solute-solvent interaction scaling of 4%
was further reweighted to fit the SAXS data using BioEN approach
(38). Additional details are given in SI Appendix, Section 1.
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