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Capsid proteins that adopt distinct conformations constitute
a paradigm of the structural polymorphism of macromolecular
assemblies. We show the molecular basis of the flexibility mech-
anism of VP2, the capsid protein of the double-stranded RNA
virus infectious bursal disease virus. The initial assembly, a pro-
capsid-like structure, is built by the protein precursor pVP2 and
requires VP3, the other infectious bursal disease virus major
structural protein, which acts as a scaffold. The pVP2 C-termi-
nal region, which is proteolyzed during virus maturation, con-
tains an amphipathic a-helix that acts as a molecular switch. In
the absence of VP3, efficient virus-like particle assembly occurs
when the structural unitis a VP2-based chimeric protein with an
N-terminal-fused His4 tag. The His tag has a positively charged
N terminus and a negatively charged C terminus, both impor-
tant for virion-like structure assembly. The charge distributions
of the VP3 C terminus and His tag are similar. We tested
whether the His tag emulates the role of VP3 and found that the
presence of a VP3 C-terminal peptide in VP2-based chimeric
proteins resulted in the assembly of virus-like particles. We ana-
lyzed the electrostatic interactions between these two charged
morphogenetic peptides, in which a single residue was mutated
to impede the predicted interaction, followed by a compensa-
tory double mutation to rescue electrostatic interactions. The
effects of these mutations were monitored by following the
virus-like and/or virus-related assemblies. Our results suggest
that the basic face of the pVP2 amphipathic a-helix interacts
with the acidic region of the VP3 C terminus and that this inter-
action is essential for VP2 acquisition of competent conforma-
tions for capsid assembly.

Viruses represent an elegant example of spontaneous self-
assembly. There are nonetheless fundamental differences
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between natural crystals and viruses; a crystal is a continuous
three-dimensional network without size limits, whereas
viruses build a container with a defined cargo space for
nucleic acid packaging in a biologically feasible time frame
(1). Based on the basic principles of crystal growth, viruses
require additional mechanisms to control their dimensions (2).
The tertiary structure of capsid structural subunits has built-in
conformational flexibility; this allows it to maintain slightly dif-
ferent intersubunit contacts and facilitates acquisition of dis-
tinct spatial conformations (3, 4). In addition, viruses can use
cell (membrane-specific regions, chaperones, etc.) or viral com-
ponents (scaffolding, accessory, and proteolytic proteins) to
facilitate subunit interactions, resulting in the generation of
transient conformations (5, 6). Spatial and transient conforma-
tions are achieved by the intrinsic structural polymorphism of
the viral proteins. Here, we addressed the molecular basis of
birnavirus spherical capsid assembly, which is necessary for
infectious particle production. We describe the minimal ele-
ments that, through electrostatic interactions, allow many cop-
ies of the same infectious bursal disease virus (IBDV)> capsid
protein to acquire different conformations.

Birnaviruses are a family of nonenveloped double-stranded
(ds) RNA viruses with an icosahedral capsid (7). Most of our
understanding of birnaviruses is based on studies of IBDV, an
avian pathogen, and of infectious pancreatic necrosis virus, a
fish pathogen.

IBDV has a polyploid bipartite dSRNA genome (segments A
and B) (8) that is packaged into a single virus particle. Segment
A (3.2 kbp) has two partially overlapping open reading frames;
the first codes for the nonessential VP5 protein, and the second
encodes a polyprotein. Segment B (2.8 kbp) is monocistronic
and encodes VP1, the RNA-dependent RNA polymerase (9, 10).
The polyprotein (1012 residues) is co-translationally self-
cleaved by the viral protease VP4. This yields most of the struc-
tural proteins, including the capsid precursor protein pVP2,
VP3,and VP4 (11, 12). pVP2 (512 residues) undergoes a variety
of defined C-terminal processing events by VP4 at three sec-
ondary targets (positions 487, 494, and 501) (13). The resulting
intermediates are further cleaved by VP2 itself (14) between

>The abbreviations used are: IBDV, infectious bursal disease virus; dsRNA,
double-stranded RNA; VP, viral protein; VLP, virus-like particle; rvV,
recombinant vaccinia virus; rBV, recombinant baculovirus; Ct, C-termi-
nal; h.p.i., hours postinfection; PIPES, piperazine-N,N’-bis(2-ethanesul-
fonic acid).
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of diverse VP2 conformations (27).
This ability resides specifically in
the ***GFKDIIRAIR**> amphipathic
a-helix, referred to as helix a5. VP2
polypeptides with this a-helix assem-
ble into genuine virus-like particles
(VLPs) only when expressed as a
chimeric protein with an N-termi-
nal His tag (chimeric proteins His-
VP2-456 and His-VP2-466) (20).
Previous observations suggested that
VP3 must also contribute to the
inherent ability of pVP2 to acquire
distinct conformations. VP3 mu-
tants with alterations in or dele-
tions of C-terminal residues (30)
or entirely lacking the last 13 resi-
dues (18) thus fail to support
assembly of (p)VP2 into T = 13
capsids, and hexagonal tubular or

FIGURE 1. (p)VP2-based chimeric protein system to test VP2 structural polymorphism. A, left, major (p)VP2
regular assemblies isolated from IBDV-infected avian cells or, using heterologous expression systems, from
mammalian cells with an inducible rVV and in insect cells with the baculovirus expression system. Icosahedral
T = 1subviral particles (~23-nm diameter) are built by VP2 trimers associated in an all-pentamer capsid. Center,
T = 13 virion particles (65-70-nm diameter) are formed by 260 VP2 trimers making 12 pentamers and 120
hexamers. Right, tubular structures (45-60-nm diameter, depending on the number of helical rows) with a
hexagonal lattice are all-hexamer structures. B, VP3 and pVP2 polypeptide segments involved in VP2 structural
polymorphism are shown. His tag (H-tag) and VP3 C-terminal (VP3 C-ter) sequences are aligned based on
polarity. The His tag used here is composed of a tract of four residues (Met'-Tyr%), six His residues, a linker region
(segment Asp''-Thr'?), the TEV cleavage site (Glu'8-Gly*), and the tract Asn?*-Ser?®, to which the (p)VP2-based
protein is bound. The VP3 C terminus includes the last 16 VP3 residues (***GRLGRWIRTVSDEDLE>*’; for simplic-
ity, Glu*” is referred to here as Glu'?, and so on) and the linker region (except the sequence ''DYD'3), the TEV
cleavage site (Glu'®-Gly®*), and the tract Asn®>-Ser®®. The C-terminal (p)VP2 Phe***-Leu*®' sequence (pVP2
C-ter) is shown. The amphipathic a-helix (residues 443-452) is referred as helix a5; a6-, a7-, and a8-helices
were also determined by NMR analysis (16). A helical wheel representation of the amphipathic a-helix is shown
(bottom). C, VP2 protein x-ray model (Protein Data Bank code 2GSY). Domains P, S, and B are colored orange,
blue, and green, respectively. The a-helices (7-4) of domain B are indicated. Note that N and C termini are

aberrant assemblies are formed. It
was hypothesized that the His tag
emulates the role of VP3 during
morphogenesis, mimicking the VP3
C-terminal region closely (Fig. 1B).
Although the a5-helix is a confor-
mational switch responsible for the
inherent structural polymorphism
of VP2, its presence alone is insuffi-
cient to support this polymorphism.
A His tag is nonetheless essential for
production of genuine virus-like

relatively close.

residues Ala**' and Phe**?, to yield the mature VP2 polypeptide
(441 residues) and several C-terminal fragments. The released
C-terminal segments remain associated with the capsid (15)
and, by promoting the disruption of host cell membranes,
appear to be involved in the entry mechanism (16, 17). VP3 is a
multifunctional protein that interacts with itself (18, 19), pVP2
(20, 21), VP1 (22-24), and the dsRNA (25, 26).

VP2 and a variable amount of pVP2 assemble into 260 tri-
mers, the basic structural units that form a complex T = 13 levo
capsid (protein mass ~38 MDa, diameter ~700 A) made up of
12 pentamers and 120 hexamers (27-29). By strict geometric
considerations, VP2 trimers adopt five distinct conformations.
Although the most abundant assembly in an IBDV-infected cell
corresponds to T = 13 particles, other minor aberrant assem-
blies are found in vivo, such as tubular structures and smaller
T = 1 icosahedral capsids (Fig. 14). Expression of mature VP2
alone results in the spontaneous assembly of T = 1 subviral
particles built of 20 VP2 trimers arranged into pentamers,
whereas pVP2 or intermediate pVP2 variant expression leads to
tubular structures with a hexagonal lattice (20, 27). These
IBDV-related structures are formed by the same structural
building block, (p)VP2 trimers. The pVP2 71-residue C-termi-
nal domain has an important role in allowing the formation
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structures and acts as an a5-helix-
triggering factor.

The VP2 atomic structure was
solved by x-ray crystallography of the T = 1 subviral particle
capsids (28, 31, 32). The VP2 subunit folds into three domains
termed projection (P), shell (S), and base (B). Domains S and P
are 3-barrels with a jelly roll topology. The B domain is formed
by a-helices facing the interior of the shell, corresponding to its
N and C termini. The helical C-terminal arm of VP2 establishes
domain swapping and mediates interactions between adjacent
VP2 trimers, increasing their stability (Fig. 1C).

Here, we show that assembly control of the IBDV T = 13
capsid requires electrostatic interactions between two morpho-
genetic polypeptide elements, provided independently by the
major structural proteins (p)VP2 and VP3. In addition, acidic
stretches in the His tag and the VP3 C-terminal residues are
preceded by a basic segment, which has an additional role dur-
ing capsid assembly.

EXPERIMENTAL PROCEDURES

Cells and Viruses—IBDV infections were carried out with the
Soroa isolate (24), isolated from an infected chicken in the
Soroa region (Cuba) and adapted for growth in chicken embry-
onic fibroblast primary cultures. It was then adapted for growth
in QM7 quail muscle cells. Recombinant vaccinia virus (rVV)
VT7/POLY and recombinant baculoviruses (rBV) FB/His-
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VP2-466 and FB/His-VP2-456 were described previously (20,
27). Expression experiments were carried out in QM7 cells for
rVV infections and Trichoplusia ni (H5) insect cells (Invitro-
gen) for rBV infections. QM7 cells were cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal calf serum, H5
cells in TC-100 medium (Invitrogen) with 10% fetal calf serum.
rVV and rBV were grown and titrated as described in Refs. 24
and 33.

Construction of Recombinant Baculoviruses—The pFB/His-
VP2-466 (20, 27) and pFB/POLY (21) plasmids were used as a
template for PCR synthesis to generate the N-terminal deletion
mutants rBV/HisA2-10-VP2-466 and rBV/HisA11-25-VP2-
466. PCR was performed with Vent DNA polymerase (Biolabs)
and 5" end primer specific for each mutant (5'-GCGCAGAT-
CTATGGATTACGATATCCCACGACC to generate rBV/
HisA2-10-VP2-466 from pFB/His-VP2-466, and 5'-CGCAG-
ATCTATGTCNTAYTAYCAYCAYCAYCAYCAYCAYATG-
GGATCTATGACAAACCTGTCAGATCAA for rBV/HisAll-
25-VP2-466 from pFB/POLY) and a common 3’ end primer
(5'-GCGCAAGCTTAGGCAGGTGGGAACAATGTGG). Bglll-
HindIII-digested PCR fragments were cloned into pFastBac
(Invitrogen) previously digested with BamHI and HindIII.

pFB/CtVP3-VP2-466 and pFB/CtVP3-VP2-456 fusions were
constructed by generation of two overlapping PCR fragments.
The first used pVOTE.2/VP3 (34) as a template in combination
with primers 5'-GCGCCGGTCCGAAACCATGGGTCGGC-
TGGGCCGCTGGATCAGG and 5'-GTCTCTGATGAGGA-
CCTTGAGATCCCAACGACCGAAAACCTG. The second
fragment was generated using primers 5'-CAGGTTTTCGGT-
CGTTGGGATCTCAAGGTCCTCATCAGAGACGG and 5'-
AAGACAATTAGCCCTG, and pFB/HTVP2-466 or pEB/
HTVP2-456 (20, 27) as templates, respectively. PCR overlap
extension was carried out with primers 5'-GCGCCGGTCCG-
AAACCATGGGTCGGCTGGGCCGCTGGATCAGGand5'-
AAGACAATTAGCCCTG. The resulting DNA fragment was
digested with RsrlI and used to replace the original RsrlII frag-
ment of the pFB/HTVP2-466 or pFB/HTVP2-456 plasmids.

Using PCR overlap extension, four different mutants for
pFB/His-VP2-466 were generated with the following single
mutations: D11R, D13R in the His tag, and K445D and R449D
in the amphipathic a-helix. PCRs were carried out using the
pFB/His-VP2-466 plasmid as template, and the set of mutator
primers (supplemental Table 1) in combination with primers
5-GTATTTTACTGTTTTCGTAACAG and 5'-AAGACAA-
TTAGCCCTG for the His tag mutations and 5'-GGCCGCA-
AACAAGGGCTGACG and 5'-GCGCAAGCTTAGGCAGG-
TGGGAACAATGTGG for the a-helix of pVP2 mutations.
The resulting DNA fragments were digested with RsrlI for the
His tag, and BamHI and HindIII for the pVP2 a-helix, and used
to replace the original pFB/His-VP2-466 plasmid sequences.
Double mutants D11R/K445D, D11R/R449D, D13R/K445D,
and D13R/R449D were generated by ligation of the appropriate
mutated BamHI/HindIII a-helix fragment into the single
mutant His tag plasmid.

Similarly, four mutants were generated for pFB/CtVP3-VP2-
466 with the following single mutations: D13R (Asp®*®) and
D15R (Asp?®®) of the VP3 C-terminal segment and K445D and
R449D for VP2 amphipathic a-helix. PCRs were carried out
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using the pFB/CtVP3-VP2-466 plasmid as template, and the set
of mutator primers (supplemental Table 1) in combination
with primers described above for the His tag and pVP2 a-helix
mutations. The resulting DNA fragments were digested with
Rsrll for the CtVP3, and BamHI and HindIII for the a-helix of
pVP2, and used to replace the original pFB/CtVP3-VP2-466
plasmid sequences. Double mutants D13R/K445D, DI13R/
R449D, D15R/K445D, and D15R/R449D were generated simi-
larly to the double mutations in pFB/His-VP2-466 described
above.

Selection of derived bacmids from the DH10Bac Escherichia
coli strain and preparation for lipofectine transfection were
done according to the manufacturer’s protocols (Invitrogen).
The constructs were expressed in H5 insect cells (18).

Generation of the Recombinant Viruses VI7/LacOI—Using
PCR overlap extension, three mutant polyprotein genes were
constructed with single mutations in the VP3 C-terminal
domain: R249D, R246D, and R243D. PCRs were carried out
using the polyprotein gene, cloned in the pVOTE.2/POLY plas-
mid as template, and the set of mutator primers (supplemental
Table 2) in combination with primers 5'-GCGCGCATGCAG-
AGAAGAGCCGGTTGGCA and 5'-GCGCGCTCAGCGGT-
GGCAGCAGCCA. The resulting DNA fragments were di-
gested with Sphl and Blpl and used to replace the original SphI-
BlpIl fragment of the pVOTE.2/POLY plasmid (33). The
plasmids pVOTE/R249D, pVOTE/R246D, and pVOTE/R243D
were used to obtain rVV VT7/LacOl/R249D, VT7/LacOlI/
R246D, and VT7/LacOI/R243D, respectively. BSC-1 cells
were infected with rVV VT7LacOlI (35) and transfected with
the plasmids described above. Selection and amplification of
VT7LacOI/R249D, VTI7LacOl/R246D, and VI7LacOI/R243D
were carried out as described (36).

Purification of IBDV Polyprotein-derived Structures and
IBDV Capsids—QM7 and H5 cells (2-5 X 10® cells) were
infected with appropriate rVV or rBV (multiplicity of infection
1-5 plaque-forming units/cell). At 72 h postinfection (h.p.i.) for
rVV assays and 48 h.p.i. for rBV assays, cells were harvested,
lysed in PES buffer (25 mm PIPES, pH 6.2, 150 mm NaCl, and 20
mm CaCl,) plus 1% IGEPAL CA-630 (Sigma) and 1% protease
inhibitors (Complete Mini; Roche Applied Science) on ice for
30 min. The lysate was clarified by centrifugation (1,000 X g, 10
min), and the supernatant was processed on a 25% sucrose
cushion (170,000 X g, 150 min). The pellet was resuspended in
PES buffer, centrifuged in a microfuge (16,000 X g, 1 min), and
the supernatant was processed in a linear 20 —-50% sucrose gra-
dient (200,000 X g, 45 min). The particulate material contain-
ing polyprotein-derived structures was collected in 12 fractions
and concentrated 20-fold by ultracentrifugation (240,000 X g,
120 min). All purification steps were performed at 4 °C.

IBDV Soroa strain was purified from QM?7 cells by a standard
protocol (8). Briefly, IBDV particles from the cell medium were
harvested 48 h.p.i., precipitated with 3.5% polyethylene glycol
6000 and 0.5 M NaCl, and the resulting pellet was resuspended
in PES buffer. Particles were then pelleted through a 25%
sucrose cushion (170,000 X g, 150 min) followed by CsCl equi-
librium gradient centrifugation after adjusting the initial den-
sity of the solution to 1.33 g/ml by CsCl addition (130,000 X g,
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FIGURE 2. Acidic and basic regions of the molecular triggering factor, the His tag, are essential for T =13
capsid assembly. A, wild-type His-VP2-466 chimeric protein was expressed in insect cells, and the assemblies
were purified on sucrose gradients; 12 fractions were collected, concentrated, and analyzed by SDS-PAGE and
Coomassie staining. The direction of sedimentation was right to left, with fraction 12 representing the gradient
top. Images on the right correspond to representative electron micrographs (negative staining) of wild-type
His-VP2-466 assemblies; T = 13 capsid-like particles are found in the middle fractions (left), and T = 1 capsid-
like structures in upper fractions (right). B and C, His tag deletion mutants HisA2-10-VP2-466 (B) and HisA11-
25-VP2-466 (C) were analyzed as described above. HisA2-10-VP2-466 assemblies are tubular structures
(detected in lower fractions) and isometric irregularly sized particles (detected in upper fractions). HisA11-25-

VP2-466 rendered small isometric particles. Scale bar, 100 nm.

14 h, 4 °C). E5 virus particles (the major band of six) were col-
lected, dialyzed against PES buffer, and stored at 4 °C.

SDS-PAGE and Western Blotting—Concentrated sucrose
gradient fractions (2-5 ul) were added to Laemmli sample
buffer to a 1X final concentration and heated (100 °C, 3 min).
Electrophoresis was performed in 11% polyacrylamide gels fol-
lowed by Western blot analyses using an anti-VP2 and anti-VP3
antibodies (24).

Electron Microscopy—Samples (2-5 ul) of concentrated
sucrose gradient fractions were applied to glow-discharged car-
bon-coated grids (2 min) and negatively stained with 2% aque-
ous uranyl acetate. Micrographs (Kodak SO-163) were re-
corded with a JEOL 1200 EXII electron microscope operating at
100 kV at a nominal magnification of X40,000.

RESULTS

Analysis of the His Tag as a Triggering Factor: Role of Acidic
and Basic Segments—W e developed a (p) VP2 chimeric protein
system to discern the factors involved in virion capsid assembly
(20). Expression of the chimeric His-VP2-466 gene in insect

3646 JOURNAL OF BIOLOGICAL CHEMISTRY

cells leads to spontaneous assembly
of T = 13 capsids (Fig. 24). We
hypothesized that the His tag fused
to the (p)VP2 N terminus emulates
VP3 C terminus function during the
morphogenesis of VLP that are
structurally indistinguishable from
IBDV virions. The sequence of the
His tag in these chimeric VP2 con-
structs has an acidic segment with
clear similarity in the disposition of
its charged residues to that of the
VP3 C-terminal region (Fig. 1B).
Our hypothesis of virus capsid as-
sembly assumed that electrostatic
interactions are required for adop-
tion of different conformational
states because charge complemen-
tarity is evident between the acid
segment (of the His tag or the VP3 C
terminus) and the basic side of the
(p)VP2 amphipathic «5-helix. In
the context of the His tag and the
VP3 C terminus, the acidic segment
is preceded by a basic segment
(the six His residues and an Arg-
rich region for VP3 C terminus).
Whether both acidic and basic
regions have a role in VLP assem-
bly remains to be elucidated. We
therefore generated two deletion
mutants of the (p)VP2-based chi-
meric protein that affect the His tag:
the HisA2-10-VP2-466 deletion
mutant that lacks the 2—10 tract of
the His tag (containing the Hisg
stretch) and the HisA11-25-VP2-
466 mutant lacking residues of tract
11-25 (containing the acidic residues, among others). These
genes were expressed in insect cells, and the extracts were used
to purify VLP. Expression of the HisA2-10-VP2-466 and
HisA11-25-VP2-466 genes resulted in the assembly of tubular
structures and irregularly sized particles (Fig. 2, B and C), but
negative staining showed no VLP similar to those produced by
the wild-type His-VP2-466 chimeric gene (Fig. 24).

The His Tag Functionally Emulates the Role of the VP3 C
Terminus—W e showed previously that expression of the short-
est His-tagged pVP2 variant able to assemble into VLP similar
to IBDV virions has at least 456 residues. This construct has the
amphipathic a5-helix at its C-terminal domain. His-VP2-456
protein represents an abrupt limit; shorter chimeric proteins,
such as His-VP2-441, only assemble into T = 1. The His-VP2-
466 polypeptide assembles into structures morphologically
similar to true T = 13 infectious capsids with higher efficiency
than His-VP2-456. We therefore used these constructs to
determine whether the His tag in fact mimics the role of the
VP3 C-terminal region. We generated two chimeric proteins
(with 456 or 466 pVP2 residues) bearing the VP3 C-terminal
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FIGURE 3. His tag emulates the VP3 C terminus. Cells infected with
FB/CtVP3-VP2-456 (A) and FB/CtVP3-VP2-466 rBV (B) were harvested at
48 h.p.i. and lysed. C-terminal VP3-tagged pVP2 chimeric assemblies were
purified in sucrose gradients; 12 fractions were collected, concentrated,
and analyzed by SDS-PAGE and Coomassie staining. The direction of sed-
imentation was right to left, with fraction 12 representing the gradient
top. Images show representative electron microscopy micrographs (neg-
ative staining) of chimeric construct assemblies at the middle gradient
fractions. Scale bar, 100 nm.

segment in place of the original His tag; CtVP3-VP2-456 and
CtVP3-VP2-466 were inserted into pFastBac and used to gen-
erate the corresponding rBV. Expression of CtVP3-VP2-456
and CtVP3-VP2-466 constructs is similar and results in assem-
bly of structures related to the original His-tagged chimeric
particles. pVP2 variants fused to an N-terminal VP3 C terminus
are able to assemble into structures morphologically similar to
authentic T = 13 capsids, which banded at the middle of the
gradient (as predicted for this kind of assembly), but there was
also a complex mixture of other, related assemblies (Fig. 3A4).
Most CtVP3-VP2-456 (as for His-VP2-456) was located at the
top of the gradient as T = 1 capsids and other isometric small
assemblies (20). The tendency to form T = 13 capsids is further
improved with the CtVP3-VP2-466 protein (as for His-VP2-
466); although the fractions containing T = 13 capsid-like
particles were more abundant, they also contained related
assemblies of different sizes (Fig. 3B). These results show that
exchange of His tag and VP3 C terminus does not affect T = 13
capsid assembly.

Point Mutations That Alter the Electrostatic Character of the
pVP2 Amphipathic «S5-Helix and the Triggering Factor
Sequences Abolish Virion Capsid Assembly—To study further
the role of the pVP2 amphipathic a-helix positive-charged face
in VP2 polymorphism, we tested whether T = 13 capsid assem-
bly is abolished by altering the electrostatic character of this
face. The amphipathic a-helix has two basic residues, Lys**
and Arg**®, which are highly conserved among birnavirus ho-
mologues. We engineered two single-point mutants with
K445D and R449D substitutions and analyzed their effect in the
context of VP3 C terminus- and His-tagged VP2-466. We also
introduced single point mutations within the triggering factor
sequences of the His tag or the VP3 C terminus. For this, acidic
residues Asp'' and Asp'? of the His tag and Asp'? (correspond-
ing to Asp>>® of VP3) and Asp'® (corresponding to Asp>*®) of
the VP3 C terminus were replaced with basic residues. Another
set of four mutants was generated by substitutions D13R or
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FIGURE 4. Single-point mutant analysis of the conformational switch and
the molecular triggering factor of the pVP2 structural polymorphism.
His-tagged (Ht) and VP3 C terminus-tagged (Ct VP3) VP2-466 chimeric pro-
teins with single-point substitution mutations (D11R or D13R in the His tag;
D13R (Asp®*) or D15R (Asp®®°) in the VP3 C-terminal segment, and K445D or
R449D in the (p)VP2 amphipathic a-helix) were expressed in insect cells, and
the assemblies were purified using sucrose gradients; 12 fractions were col-
lected and analyzed by SDS-PAGE and Coomassie staining. Wild-type chi-
meric protein profiles are shown (Ht wt/a wt, Ct VP3 wt/a wt). The direction of
sedimentation was right to left, with fraction 12 representing the top of each
gradient. The assemblies are indicated: T = 1, T = 1 subviral particles; T = 13,
T = 13 virion-like particles; Tubes, tubular structures with a hexagonal lattice.

D15R in the VP3 C terminus- and D11R or D13R in the His-
tagged versions.

Side-by-side comparison of the resulting viral-related assem-
blies generated by expression of the mutant polypeptides with
those of the wild-type versions showed that none of the mutants
assembled T = 13 capsids (Fig. 4). Whereas amphipathic a-he-
lix mutants assembled as tubular structures, triggering factor
mutants tended to assemble as T = 1 capsids. These data fur-
ther support our hypothesis that the two morphogenetic pep-
tides mediate VP2 polymorphism, when both are present in our
model chimeric protein.

Compensatory Molecular Switch/Triggering Factor Double
Mutants Restore Virion Capsid Assembly— Although our muta-
tional analysis indicated that positive charges on the basic side
of the pVP2 a5-helix and the acidic residues of the VP3 C ter-
minus (or the His tag) are critical for acquiring several struc-
tural conformations of the capsid protein, it did not confirm
that these structural elements interact. We therefore con-
structed a collection of double-mutant polypeptides from the
single-mutant gene versions, in which both morphogenetic ele-
ments were mutated simultaneously. If our hypothesis is cor-
rect, some of these double mutants should show compensatory
effects, leading to restoration of the wild-type phenotype, with
recovery of VLP assembly. Some of these new chimeric proteins
harboring two individually disadvantageous mutations recov-
ered the wild-type phenotype and assembled as VLP morpho-
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double mutants of the conformational switch and the molecular trigger-
ing factor. A, His- and VP3 C terminus-tagged VP2-466 chimeric proteins with
double mutations, in which Asp residues of the His tag or the VP3 C-terminal
segment were replaced by Arg (for the His tag, Ht D11R and Ht D13R; for the
VP3 C-terminal segment, Ct D13R (Asp®>3) and Ct D15R (Asp®*°)), and Lys or
Arg residues of the (p)VP2 amphipathic a-helix were replaced by Asp («
K445D or a R449D), expressed in insect cells. The assemblies were purified in
sucrose gradients; 12 fractions were collected and analyzed by SDS-PAGE and
Coomassie staining. The assemblies are indicated as in Fig. 4. B, electron
microscopy of the Ht D13R/a R449D double-mutant assemblies: T = 13 cap-
sid-like particles were found in the middle gradient fractions. Inset, T = 13
virion particles. C and D, assemblies of Ct D13R/a wild-type single-point
mutant: tubular structures with a hexagonal lattice in the lower fractions (C)
and T = 1 capsids in the upper fractions (D). Scale bar, 100 nm.

logically similar to virion particles (Fig. 5). The His-tagged dou-
ble-mutant chimeric proteins showed rescue of T = 13
assembly ability more clearly than the VP3 C terminus-tagged
proteins. These results indicate that the VP3 C terminus (or the
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His tag), together with the pVP2 a5-helix, cannot only be mod-
ified independently or disengaged, but can also be comple-
mented by generation of double mutants. Our data show that
electrostatic interactions are established between VP2 Arg**’
and His tag Asp'® and probably between VP2 Arg**® and VP3
Asp?®® (or VP3 C-terminal Asp'®). Although this interaction is
clearly necessary for VP2 structural polymorphism, these
results must be treated with caution. Our approach imposes
steric restrictions because the VP3 C terminus (or the His tag) is
covalently bound to the pVP2 N terminus; that is, when VP3 is
a free protein as found in an infected cell, VP3 Asp>*® might
play the role we have assigned to Asp>>°.

Arg-rich Region at the VP3 C Terminus Has a Role in Correct
T = 13 Capsid Assembly—We next analyzed whether the basic
region preceding the last acidic residues at the C terminus of
VP3 affects VP2 structural polymorphism. Expression of the
IBDV polyprotein in mammalian cells using an inducible rVV
results in high production levels of VLP similar to authentic
IBDV particles (24, 37). IBDV polyprotein expression using rBV
leads to the assembly of tubular structures and not of VLP.
Insect cells might have important cellular factor(s) that inter-
fere with VLP assembly. The rVV vector thus provided an
appropriate framework in which to study the role of residues
Arg®*3, Arg®*®, and Arg>*. Three single-point mutants of the
IBDV polyprotein gene were inserted into the vaccinia virus
genome, giving rise to rVV VT7/LacOI/R249D, VT7/LacOl/
R246D, and VT7/LacOI/R243D, in which the Arg residues
under study were replaced by Asp. Viral-related assemblies
from these mutants were analyzed by ultracentrifugation on
sucrose gradients followed by Western blotting using VP2- and
VP3-specific antibodies and negative staining. Samples from
cells expressing polyprotein R243D assembled into T = 13
(~65-nm diameter, arrows) and T = 7 capsids (~53 nm, arrow-
heads) similar to wild-type polyprotein assemblies (Fig. 6A4). In
contrast, polyprotein R246D assemblies were unstable and col-
lapsed during purification or after negative staining analysis
(Fig. 6B), and polyprotein R249D assembled mainly into T = 7
capsids (Fig. 6C). Together, our findings highlight the impor-
tance of the VP3 C-terminal Arg-rich region in the structural
polymorphism of the VP2 capsid polypeptide.

DISCUSSION

Assembly of large macromolecular complexes is frequently
assisted by one or more auxiliary proteins that act as morpho-
genetic factors, controlling structural polymorphism and trig-
gering structural changes. IBDV capsid assembly provides an
excellent model system in which to study the coordination of
factors involved in a multistep process that rarely leads to non-
viable structures in vivo. Understanding these molecular inter-
actions is necessary for the design of strategies that inhibit viral
assembly or misdirect it into noninfectious aberrant structures
(38).

The T = 13 IBDV capsid (20, 28, 29) is formed exclusively by
VP2 trimers in five distinct conformations. This conforma-
tional flexibility is due to the transient presence of the pVP2
C-terminal region, specifically the 443—452 amphipathic a-he-
lix (20), which acts as an inherent molecular switch. VP3, the
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FIGURE 6. VP3 C-terminal basic region is important for T = 13 capsid assembly. Western blot analysis of
proteins expressed in cells infected with VT7/LacOIl/R243D (A), VT7/LacOI/R246D (B), or VT7/LacOI/R249D rVV
(C) is shown. Infected cultures were harvested at 72 h.p.i,, and assemblies were purified by two-step centrifu-
gation; 12 fractions were collected, concentrated, and analyzed by SDS-PAGE and Western blotting using
anti-VP2 (top) or anti-VP3 (bottom) antibodies. The direction of sedimentation was right to left, with fraction 12
representing the gradient top. Images shown on the right correspond to representative electron micrographs
(negative staining) of single-point polyprotein mutant assemblies: Poly/R243D T = 13 (arrows) and T = 7
(arrowheads) (A) capsids, Poly/R246D collapsed T = 13 capsid-like particles (B), and Poly/R249D T = 7 capsids

(C). Scale bar, 100 nm.

other major structural protein, also participates in this process,
acting as a scaffold protein (21).

Assembly pathways have classically been analyzed in detail
from the purified critical proteins which, when mixed together
in vitro, assemble into particles that closely resemble procap-
sids and/or capsids. Using a simple chimeric protein system, we
found previously that in the absence of VP3, short VP2 variants
containing the amphipathic a-helix assemble into T = 13 cap-
sids only when fused to an N-terminal His tag (20). Here, we
show that the His tag effectively emulates the function of the
VP3 C terminus because both peptides can be functionally
interchanged. We found that basic residues on the charged face
of the pVP2 amphipathic a5-helix, whose replacement with
aspartic acid abrogates VP2 polymorphism, interact with acidic
residues at the VP3 C terminus. These electrostatic interactions
were inferred by testing predictable compensatory double
mutants in our minimal chimeric protein system. Additional
mutation analysis of VP3 at its Arg-rich region, which precedes
the acidic C-terminal residues, revealed an additional segment
involved in capsid assembly. The results suggest that there are
at least two distinct sets of interaction sites for the VP3 scaffold
protein; one subset is needed for VP2 structural polymorphism,
and the other might have a role in structural stabilization
and/or preventing formation of nonviable structures. A similar
situation was demonstrated for the scaffolding protein of the
Salmonella phage P22 (39, 40).

Many studies over the last few years have shed light on IBDV
capsid assembly and maturation. A spherical procapsid is ini-
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tially assembled, as is also the case of
infectious pancreatic necrosis virus
(41). According to our hypothesis,
the pVP2 coat protein coassembles
with the VP3 scaffold polypeptide to
form a double-layered structure,
with pVP2 on the outer surface and
VP3 facing the capsid interior.
These contacts could be explained
by electrostatic interactions be-
tween the VP3 C termini and the
amphipathic a5-helices. Initial sup-
port for this hypothesis was derived
from immunofluorescence and con-
focal microscopy experiments in
insect cells expressing the IBDV
polyprotein, which assembled as
tubular structures visualized using
VP2- and VP3-specific antibodies
(33). The stable VP3-pVP2 interac-
tion directs assembly of pVP2 tri-
mers into hexamers and retards pVP2
C-terminal domain processing. In
this context, the slow postassembly
maturation step sidesteps the natu-
ral tendency of mature VP2 to
assemble into all-pentameric T = 1
subviral particle. If processing is
rapid, the VP3 C-terminal region
cannot interact with pVP2 or does
so only weakly, and a pentamer is formed from VP2 trimers. We
consider that the pentamers could be the nucleating centers for
capsid assembly and that additional (host) factors might partic-
ipate, for example, to supply pentameric VP2 trimers that bind
VP3 molecules transiently for the growing procapsid.

This assembly model is consistent with the puzzling VP3
stoichiometry inside the virion, which remains constant at
~450 copies but is not icosahedrally ordered (8). Five classes of
(p)VP2 trimeric capsomers (quasi-equivalent trimers) have
been described (29) based on their local environments in the
T = 13 capsid (classes a—e). Class a trimers lie on the 5-fold
icosahedral axis and make close contact with class b trimers,
generating a-b dimers. Class e trimers, located at the strict
3-fold icosahedral axis, interact closely with surrounding class d
trimers. Class ¢ trimers make pairwise contact (c-c dimers) sim-
ilar to a-b dimers. VP3 can assemble as a regular scaffold struc-
ture beneath the pVP2 procapsid, with a similar VP3:(p)VP2
ratio except at the pentameric vertices, where a-b dimers do not
interact with counterpart VP3 molecules, resembling the
incomplete T = 13 shells of reovirus (42).

During the initial steps of procapsid growth, many amino
acids on the VP3 outer surface must be in close proximity with
the inner basement of the VP2 S domain. The spatial disposi-
tion of VP3 might modulate the conformational flexibility of
the amphipathic a5-helix, which is found in a “closed state” as a
helical bundle in (p)VP2 pentamers or in an “open state” as a
star in hexamers (43). The numerous VP3 interactions with
pVP2 are thus intimately coordinated with other molecular

JOURNAL OF BIOLOGICAL CHEMISTRY 3649



IBDV Capsid Assembly by Electrostatic Interactions

events that determine the coat protein maturation rate and
consequently, pentamer and/or hexamer assembly.

The numerous VP3 scaffold activities associated with its
highly hydrophilic C terminus indicate that VP3 is a multitask-
ing protein in capsid morphogenesis. There are many similari-
ties with two well described phage systems, the E. coli phage
$»X174 and the phage P22 (44). VP3 function is much more
complex, however, because it also has numerous activities dur-
ing the viral life cycle. The VP3 C terminus, which also partic-
ipates in VP1 incorporation into the capsid, serves as a tran-
scriptional activator (22) because it removes the inherent
structural blockade of RNA polymerase activity. In addition,
the VP3 oligomerization domain maps within the 42 C-termi-
nal residues of the polypeptide (23). Finally, VP3 is also an
RNA-binding protein associated with the dsRNA genome (34,
45). Viral maturation through defined steps might allow this
VP3 multifunctionality; for example, most VP3 molecules are
engaged to (p)VP2, but a small subset of molecules could be
involved in VP1 incorporation into the capsid. Once the pro-
capsid structure is fully assembled and closed, VP3 could be
released and bind to genomic dsRNA. Studies currently under
way suggest that host factors might also participate in the cap-
sid assembly process.
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