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The C-terminal domain of the pVP2 precursor is essential

for the interaction between VP2 and VP3, the capsid polypeptides

of infectious bursal disease virus
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Abstract

The interaction between the infectious bursal disease virus (IBDV) capsid proteins VP2 and VP3 has been analyzed in vivo using

baculovirus expression vectors. Data presented here demonstrate that the 71-amino acid C-terminal-specific domain of pVP2, the VP2

precursor, is essential for the establishment of the VP2–VP3 interaction. Additionally, we show that coexpression of the pVP2 and VP3

polypeptides from independent genes results in the assembly of virus-like particles (VLPs). This observation demonstrates that these two

polypeptides contain the minimal information required for capsid assembly, and that this process does not require the presence of the

precursor polyprotein.
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Introduction

Infectious bursal disease virions are non-enveloped ico-

sahedra (T = 13 symmetry) of 65–70 nm enclosing a

bipartite dsRNA genome (Leong et al., 2000). According

to 3D models (Böttcher et al., 1997; Castón et al., 2001;

Lombardo et al., 1999), the infectious bursal disease virus

(IBDV) capsid is a single protein layer formed by two

polypeptides, VP2 (48 kDa) and VP3 (29 kDa). The

external surface is a continuous lattice built up by 260

VP2 trimers. Associated to the inner surface of the VP2

lattice are at least 200 trimers of VP3. In addition to VP2

and VP3, the virus particle contains the putative virus-

encoded RNA-dependent RNA polymerase (VP1) (Gorba-
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lenya and Kooning, 1988; Müller and Nitschke, 1987). VP2

and VP3 are generated from a 109-kDa polyprotein in a

process involving two independent proteolytic events. First,

the polyprotein is autocatalytically processed releasing three

polypeptides, pVP2, VP4, and VP3 (Kibenge et al., 1988).

Thereafter, the pVP2 precursor undergoes a second proteo-

lytic event that removes a 71-amino acid stretch, termed as

pVP2-specific C-terminal domain (pVP2CTD), from its C-

terminal end (Da Costa et al., 2002). pVP2CTD cleavage is

subsequent to capsid assembly (Chevalier et al., 2002).

Mutations near or within the pVP2CTD either reduce or

arrest virus replication (Da Costa et al., 2002). The

pVP2CTD regulates the assembly of pVP2 trimers (Castón

et al., 2001). Hence, individual expression of pVP2 and VP2

yields different structural assemblages. While pVP2 self-

assembles into irregular tubules, apparently formed by

hexamers of pVP2 trimers, VP2 expression renders 23-nm

capsid-like structures made up exclusively by pentamers of

VP2 trimers (Castón et al., 2001). Additionally, correct

capsid assembly requires a concerted interaction between

the precursor and mature VP2 with the inner capsid protein

VP3 (Castón et al., 2001; Maraver et al., 2003). The
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interaction of VP3 with the surface capsid VP2 is a key step

for IBDV assembly. Failure of classical approaches, such us

immunoprecipitation and yeast two-hybrid systems (Tacken

et al., 2000, 2003), to detect VP2–VP3 complexes has

hampered the progress on this subject. Data presented here

demonstrate that VP3 colocalizes exclusively with the pVP2

precursor, thus showing that pVP2CTD plays a key regula-

tory role within the IBDV assembly pathway. Additionally,

we show for the first time that simultaneous expression of

two independent genes encoding the pVP2 and VP3 poly-

peptides leads to formation of virus-like particles (VLPs).
Results

VP3 interacts with the precursor but not with the mature

form of the VP2 polypeptide

We sought to analyze the ability of pVP2 and VP2 to

interact in vivo with the inner capsid protein VP3. Three
Fig. 1. Effect of VP3 expression on the subcellular distribution of the precursor, p

Subcellular distribution of the VP2 (panel i), pVP2 (panel ii), and his-VP3 (pan

cultures were processed for CLSM using specific antibodies. Green (Alexa 488) co

signal (ToPro-3) corresponds nuclear staining. (B) Subcellular distribution in coin

pVP2 + his-VP3. Panels i and iv show green fluorescent signals corresponding

fluorescent signals corresponding to anti-VP2 superimposed to the ToPro-3 signa
previously described recombinant baculoviruses (rBVs),

namely FB/his-VP3 (Kochan et al., 2003), FB/pVP2, and

FB/VP2 (Martı́nez-Torrecuadrada et al., 2000) were used for

these experiments. Insect cells were grown on coverslips

and independently infected with each rBV, or subjected to

double infections with FB/his-VP3 + FB/pVP2 or FB/his-

VP3 + FB/VP2. At 40 h postinfection (pi), cells were fixed,

incubated with sera anti-VP2 and -VP3, and processed for

confocal laser scanning microscopy (CLSM).

When independently expressed, the three structural poly-

peptides display distinctive distribution patterns: (i) VP2 is

homogeneously distributed throughout the cytoplasm (Fig.

1A, panel i); (ii) pVP2 forms fine granules interspersed with

needle-like formations (Fig. 1A, panel ii); and (iii) VP3

produces discrete ring-like accumulations surrounding the

cell nuclei (Fig. 1A, panel iii). Coexpression of VP2 and

VP3 does not alter the characteristic distribution patterns of

these polypeptides (Fig. 1B, panels i– iii). In contrast,

pVP2–VP3 coexpression dramatically modifies the pVP2

pattern. The typical pVP2 granular distribution is replaced
VP2, and mature, VP2, forms of the external capsid IBDV polypeptide. (A)

el iii) polypeptides when independently expressed in insect cells. Infected

rresponds to VP2 and pVP2, and Red (Alexa 594) corresponds to VP3. Blue

fected cells. Cells were coinfected with rBVs expressing VP2 + his-VP3 or

to anti-VP2 superimposed to the ToPro-3 signal. Panels ii and v show

l. Panels iii and vi show the overlay of the three fluorescent signals.
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by accumulation of the pVP2 fluorescent signal into ring-

like formations (Fig. 1B, panels iv and vi). These formations

are also stained with VP3-specific serum (Fig. 1B, panels v

and vi). Taken together, these results suggest that VP3

interacts with the pVP2 precursor but not with the mature

form of the protein VP2.

pVP2–VP3 coexpression leads to formation of IBDV-like

structures

The results described above prompted a further char-

acterization of the pVP2–VP3 interaction using an alter-

native approach. Hence, cells were coinfected with either

FB/pVP2 + FB/his-VP3 or FB/VP2 + FB/his-VP3. At 40
Fig. 2. Detection of intracellular IBDV-like assemblages by EM. (A) Ultrathin sec

VP3 polypeptides, respectively. The specimens were incubated with either rabb

conjugated to 5-nm colloidal gold. Inlets in panels corresponding to VP2 and p

purified from FB/VP2- and FB/pVP2-infected cells. The inlet in panel VP3 shows

250 nm. (B) Ultrathin sections of H5 cells coinfected with rBVs coexpressing V

specimens were incubated with either rabbit anti-VP2 or -VP3 sera, followed by i

show higher magnification (�3) details of the original images. Scale bar indicate
h pi, cells were fixed and processed for immunoelectron

microscopy (IEM) using anti-VP2 or -VP3 specific sera.

As controls for this experiment, cells infected with FB/

his-VP3, FB/VP2, or FB/pVP2, respectively, were also

analyzed.

As assessed by sucrose gradient purification, infection

with FB/VP2 and FB/pVP2 leads to formation of 23-nm

capsid-like and flexible tubular structures, respectively (Fig.

2A). However, under the experimental conditions used in this

analysis, these structures were not detectable by transmission

electron microscopy (EM) of thin sections. EM observation

of FB/his-VP3-infected cells showed the presence of numer-

ous electron-dense aggregates within the cell cytoplasm (Fig.

2A). These aggregates were not found in cells infected with
tions of H5 cells coinfected with rBVs expressing the VP2, pVP2, and his-

it anti-VP2 or -VP3 sera, followed by incubation with goat anti-rabbit Ig

VP2 specimens correspond to negatively stained IBDV-like assemblages

a higher magnification (�3) detail of a VP3-aggregate. Scale bar indicates

P2 + his-VP3 (panels i and ii) or pVP2 + his-VP3 (panels iii and iv). The

ncubation with goat anti-rabbit Ig conjugated to 5-nm colloidal gold. Inlets

s 500 nm.



Fig. 4. Characterization of IBDV-like assemblages. (A) EM image of

negatively stained VLP purified from H5 cells coexpressing the pVP2 and

his-VP3 polypeptides. Scale bar indicates 100 nm. (B) EM image of

negatively stained capsid-like structures purified from H5 insect cells

coexpressing the VP2 and his-VP3 polypeptides. Scale bar indicates 100

nm. (C) Western blot analysis of IBDV-like assemblages. Samples

corresponding to VLP produced in H5 cells infected with the rBV FBD/

Poly-VP1 (Poly + VP1), 23-nm capsid-like structures produced in H5 cells

coinfected with the rBVs FB/VP2 + FB/his-VP3 (VP2 + VP3), VLP purified

from H5 insect cells infected with FB/pVP2 + FB/his-VP3 (pVP2 + VP3),

VLP produced in mammalian cells infected with the rVV vT7/Poly (VV

Poly), and purified IBDV (IBDV), were analyzed by Western blot using

rabbit anti-VP2 and -VP3 antisera, respectively.
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wild-type FB virus (data not shown). In agreement with

previous LSCM data showing the presence of large VP3

accretions in FB/his-VP3-infected cells (Fig. 1A, panel iii),

these aggregates were heavily stained with anti-VP3 serum.

Electron-dense aggregates were also detected in cells

coinfected with FB/VP2 + FB/his-VP3 (Fig. 2B, panels i

and ii). The anti-VP3 strongly recognized these amorphous

aggregates while giving a weak cytoplasmic signal (Fig. 2B,

panel ii). In contrast, the anti-VP2 serum produced a strong

cytoplasmic staining while faintly staining the VP3 aggre-

gates (Fig. 2B, panel i). These results confirmed previous

LSCM, and further support the notion that the under these

conditions the VP2 and VP3 polypeptides do not colocalize.

As shown in Fig. 2B, panels iii and iv, the cytoplasm of

cells coinfected with FB/pVP2 + FB/his-VP3 contained

numerous accumulations formed by a mixture of tubules

and capsid-like assemblages that, in most cases, enwrap

irregularly shaped accretions. The anti-VP3 serum recog-

nized the aggregates as well as the surrounding structures

(Fig. 2B, panel iv). On the contrary, the VP2-specific serum

strongly recognized both the tubular and capsid-like

assemblages while giving a weak staining on the electron-

dense accretions (Fig. 2B, panel iii).

Taken together, these results demonstrate that VP3

colocalizes with the pVP2 precursor but not with the mature

VP2 polypeptide. Additionally, EM observations showed

that pVP2–VP3 coexpression leads to formation of assemb-

lages that strongly resemble those found in cells infected

with IBDVor vT7 Poly, a recombinant vaccinia virus (rVV)

expressing the IBDV polyprotein (Fig. 3).

VLP assembly in cells coexpressing pVP2 and VP3 from

independent genes

The results of the IEM analysis strongly suggested that

pVP2–VP3 coexpression might lead to formation of VLP.

To investigate this possibility, H5 cultures were coinfected

with either FB/pVP2 + FB/his-VP3 or FB/VP2 + FB/his-

VP3. At 30 h pi, cells were harvested, homogenized, and

used for VLP purification in sucrose density gradients.

Gradient fractions were negatively stained and analyzed

by transmission electron microscopy. Two different IBDV-
Fig. 3. Detection of IBDV assemblages formed in different systems. EM images

infected the rVV virus vT7 Poly that expresses de IBDV polyprotein, and H5 cell

250 nm.
like assemblies were detected in samples corresponding to

FB/pVP2 + FB/his-VP3-infected cells: (i) type I rigid

tubules in fractions close to the bottom of the gradient

(not shown); and (ii) 65–70 nm VLP, detected in the

middle and upper gradient fractions (Fig. 4A). The

purified VLPs are morphologically undistinguishable from
correspond to chicken embryo fibroblast infected with IBDV, BSC-1 cells

s coinfected with FB/pVP2 + FB/his-VP3, respectively. Scale bar indicates



Fig. 5. Comparative analysis of VP3 accumulation rates in insect cells

expressing the polyprotein gene or coexpressing the pVP2 and his-VP3

from independent recombinant genes. H5 cell monolayers grown in 24-

multiwell plates were infected with either FB/Poly or FBD/pVP2-his-VP3.

(A) At the indicated times pi, cells extracts were analyzed by SDS-PAGE

and Western blot analysis using rabbit anti-VP3 antiserum. (B) Densito-

metric analysis. The filter was scanned, and the integrated density of each

band determined using the NIH image software. The graph shows the

relative VP3 accumulation in samples corresponding from cells infected

with FB/Poly (.) or FBD/pVP2-his-VP3 (n) with respect to the maximum

accumulation value.
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those previously obtained after polyprotein expression in

mammalian or insect cells (Fernández-Arias et al., 1998;

Maraver et al., 2003). The only assemblage detected in

samples corresponding to FB/VP2 + FB/his-VP3-coinfected

cells consisted on 23-nm capsid-like structures (Fig. 4B)

identical to those previously found in H5 cells expressing

the VP2 polypeptide (Castón et al., 2001). The polypeptide

profiles of VLP purified from H5 cells coinfected FB/pVP2

+ FB/his-VP3, and 23-nm capsid-like assemblages were

compared to those of purified IBDV, VLP generated either

in mammalian cells infected with the rVV VT7Lac/Poly or

in insect cells infected with the rBV FBD/Poly-VP1. Sam-

ples were subjected to SDS-PAGE followed by Western blot

using anti-VP2 and -VP3 sera. The results obtained are

shown in Fig. 4C. An immunoreactive band of 54 kDa,

corresponding to pVP2, was detected in all samples except

in that from VP2/his-VP3-coexpressing cells. Significant

amounts of VP2 (48 kDa) were only detectable in samples

corresponding to 23-nm assemblages, IBDV particles, and

VLP produced in mammalian cells. The VP3 polypeptide

was detected in all samples, except in that corresponding to

23-nm assemblages. The different electrophoretic mobility

of the VP3 product detected in VLP purified from pVP2/his-

VP3-coexpressing cells reflects the presence of the 3-kDa

6xhis tag at the N-terminus of the his-VP3 polypeptide.

These results demonstrate that simultaneous expression

of the pVP2 and VP3 ORFs, driven by independent pro-

moters, allows the assembly of IBDV-like structures includ-

ing type I tubules and VLP. It is also noteworthy that the

fusion of the 6xhis tag to the VP3 N-terminal end does not

prevent VLP assembly. This finding provides a new putative

target site for the insertion of foreign polypeptide sequences

to generate chimerical IBDV VLP.

Expression from independent ORFs enhances pVP2 and

VP3 accumulation

LSCM data suggested that pVP2–VP3 accumulation

was higher in cells coexpressing these polypeptides from

independent genes than in those expressing the complete

polyprotein (data not shown). To further assess this possi-

bility, a comparative time-course expression analysis was

carried out. To facilitate this study, a dual rBV, FBD/pVP2-

his-VP3, was constructed. FBD/pVP2-his-VP3 contains the

pVP2 and the his-VP3 ORFs under the control of the BV

polyhedrin and p10 promoters, respectively. Infection of H5

cells with FBD/pVP2-his-VP3 also leads to formation of

IBDV VLP (data not shown). Monolayers of H5 cells were

infected with either FB/Poly or FBD/pVP2-his-VP3 at an

MOI of 5 PFU/cell. At different times pi, cells were

harvested, and the corresponding lysates subjected to

SDS-PAGE and Western blot using anti-VP3 serum. After

immunostaining (Fig. 5A), filters were analyzed by densi-

tometry and the relative VP3 accumulation at the different

time points compared. The results obtained (Fig. 5B)

demonstrate that VP3 accumulation is approximately 2-fold
higher in FBD/pVP2-his-VP3-infected cells than in those

infected with FB/Poly. Almost identical results were

obtained with the pVP2 polypeptide (data not shown).
Discussion

IBDV assembly pathway

The results presented demonstrate that pVP2–VP3 coex-

pression leads to colocalization, unambiguously detectable

both by CLSM and IEM. Furthermore, this interaction

results in the formation of structures, type I tubules and

VLP, akin to those detected in cells infected either with

recombinant virus vectors expressing the complete poly-

protein or with IBDV (Fernández-Arias et al., 1998; Gran-

zow et al., 1997). In contrast, the presence of VP2–VP3

complexes was not detected in cells simultaneously express-

ing these polypeptides. Indeed, purification of IBDV-like

assemblages from these cultures exclusively rendered 23-

nm capsid-like structures identical to T = 1 capsid-like

structures produced in cells expressing VP2 individually.



A. Oña et al. / Virology 322 (2004) 135–142140
The results described demonstrate that pVP2-CTD plays

an essential role in the establishment of pVP2–VP3 com-

plexes. At this time, it is not feasible to ascertain whether

pVP2-CTD, either alone or in cooperation with other protein

domain(s), (i) directly interacts with VP3 or (ii) regulates the

establishment of pVP2 homotopic interactions, thus allowing

the formation pVP2 complexes with a conformation that

allows the subsequent docking of VP3 subunits. Experiments

to gain a better understanding on this matter are in progress.

In this report, we provide the first experimental evidence

showing that the minimal information required for IBDV

capsid assembly is contained within the pVP2 and VP3

polypeptides. Our data indicate that both pVP2 and VP3

acquire a functional conformation when expressed out of the

polyprotein context. This is in agreement with previous

observations suggesting that polyprotein processing is co-

translational (Kibenge et al., 1988), and suggests that, as it

has been shown for the Semliky forest virus polyprotein

(Nicola et al., 1999), the IBDV polyprotein domains acquire

their native folding co-translationally. Our results suggest

the hypothesis that the IBDV capsid assembly pathway is

initiated after the primary polyprotein processing event that

releases pVP2, VP4, and VP3. According to this hypothesis,

pVP2 and VP3 would form an immature procapsid, similar

to those found during the assembly of other RNA viruses,

that is, retro, noda, tetra viruses (Agrawal and Johnson,

1995; Canady et al., 2000; Freed, 1998; Pringle et al., 2001;

Zlotnick et al., 1994). It is exciting to speculate that VLP

described here, lacking mature VP2, might represent an

intermediate stage in capsid maturation. Work on the 3D

reconstruction of pVP2 + VP3 VLP is in progress. Hope-

fully, this will allow determining whether they exhibit

structural differences with respect to native virus particles.

IBDV VLP assembly in insect cells

We have recently shown that the VP3 polypeptide

expressed in insect cells undergoes a C-terminal proteolytic

cleavage that results in the accumulation of a functionally

inactive VP3 product lacking 13-aa residues. Consequently,

expression of the IBDV polyprotein in insect cells leads,

almost exclusively, to the assembly of rigid type I IBDV

tubules (Chevalier et al., 2002; Martı́nez-Torrecuadrada et

al., 2000). Hence, detection of VLP in H5 cells coexpressing

pVP2 and VP3 was somewhat unexpected. The reasons for

the observed improvement on VLP accumulation remain

unclear. VP3 proteolytic trimming begins to be noticeable

after 24 h pi, before detectable VLP levels have been

accumulated in cells expressing the complete polyprotein

(Maraver et al., 2003). It seems feasible that the improve-

ment on VLP production detected in insect cells coexpress-

ing the pVP2 and VP3 genes might be at least partially due

to the detected increase on pVP2–VP3 accumulation. Al-

ternatively, expression of pVP2 and VP3 from independent

genes might facilitate the establishment of pVP2–VP3

interactions leading to a more efficient VLP assembly.
Materials and methods

Cells and viruses

rBVs FB/pVP2, FB/VP2, FB/his-VP3, and FBD/Poly-

VP1 have been previously described (Kochan et al., 2003;

Maraver et al., 2003; Martı́nez-Torrecuadrada et al., 2000).

Construction of FBD/pVP2-his-VP3 is described below.

rBVs were grown and titrated in Spodoptera frugiperda

H5 insect cells (Invitrogen) as described before (Maraver et

al., 2003). The rVV vT7/Poly (Fernández-Arias et al., 1998)

was grown and titrated in BSC-1 cells (American Type

Culture Collection) as previously described (Lombardo et

al., 1999). The IBDV Soroa strain was propagated in

chicken embryo fibroblast as previously described (Lom-

bardo et al., 1999).

Construction of FBD/pVP2-his-VP3

A DNA fragment containing the pVP2 coding sequence,

nucleotides 1–1536 of the polyprotein ORF, fused to an

artificial stop codon was generated by PCR. The reaction was

carried out using the plasmid pVOTE.2/POLY (Fernández-

Arias et al., 1998) as template and the oligonucleotides 5V-
GCGCAGATCTATGACAAACCTGTCAGATCAAACCC

and 5V-GCGCAAGCTTAGGCGAGAGTCAGCTGCCT-

TATGC as primers. The resulting fragment was digested with

BglII and HindIII, and inserted into the plasmid pFBDual

(Invitrogen) previously digested with BamHI and HindIII,

generating the plasmid pFBD/pVP2. Thereafter, a fragment

containing the his-VP3 ORF was obtained by digesting the

pFB/his-VP3 (Kochan et al., 2003) with RsrII followed by

Klenow treatment and KpnI digestion. This DNA fragment

was purified and cloned into pFBD/pVP2 previously digested

with SmaI andKpnI. The resulting plasmid, pFBD/pVP2-his-

VP3, contains the pVP2 and his-VP3 ORFs under the control

of the polyhedrine and p10 promoters, respectively. The

corresponding rBV, FBD/pVP2-his-VP3, was generated us-

ing the Bac-to-Bac system following the manufacturers’

instructions (Invitrogen).

Purification of IBDV-like structures

H5 cells were subjected to single (5 PFU/cell) or double (5

PFU of each rBV/cell) infections with the appropriate rBVs.

At 30 h pi, cells were harvested, lysed, and processed by

sucrose gradient sedimentation as described previously

(Lombardo et al., 1999). Purification of IBDV particles and

vT7/Poly-derived VLP was carried out using cultures of

BSC-1 cells as previously described (Lombardo et al., 1999).

Electron microscopy

Samples from sucrose gradient sedimentation were dia-

lyzed against 40 mM Pipes, pH 6.2; 150 mM NaCl. After

dialysis, samples were applied to glow-discharged carbon-
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coated grids for 1 min and negatively stained with 2%

aqueous uranyl acetate for 1 min. IEM was carried out on

infected H5 cells. At 40 h pi, H5 monolayers were fixed in

situ with 4% paraformaldehyde 0.1% glutaraldehyde in PBS

at 4 jC for 4 h. After fixation, cell pellets were resuspended

in glycerol and frozen in liquid ethane. Frozen specimens

were transferred to a Riechert-Jung AFS freeze-substitution

unit (Leika) and maintained at �90 jC in a mixture of

methanol and 0.5% (wt/vol) uranyl acetate for 48 h. There-

after, samples were infiltrated in Lowicryl KYM (EML

laboratories) at 30 jC. Polymerization was induced with

UV light. Ultrathin sections of the samples were immunola-

belled with anti-VP2 or -VP3 rabbit sera followed by

incubation with goat anti-rabbit Ig conjugated to 5-nm

colloidal gold. Micrographs were recorded with a Jeol

1200 EXII electron microscope operating at 100 kV.

SDS-PAGE and Western blotting

Protein extracts were resuspended in Laemmli’s sample

buffer and heated at 100 jC for 5 min. Electrophoreses

were performed on 12% polyacrylamide gels. Western

blot analyses were carried out using anti-VP2 and -VP3

specific rabbit sera as previously described (Fernández-

Arias et al., 1998). After immunostaining, nitrocellulose

filters were scanned with a UMAX PowerLook 2000

scanner (Umax Systems GmbH). Densitometric analyses

were performed using the NIH Image program developed

at the U.S. National Institutes of Health (http://rsb.info.

nih.gov/nih-image/).

Confocal laser scanning microscopy

H5 cells seeded onto glass coverslips were subjected to

either single (5 PFU/cell) or double infections (5 PFU of

each rBV/cell) with the indicated rBVs. Monolayers of H5

insect cells were infected with rBVs expressing VP2, pVP2,

or his-VP3. At 40 h pi, cells were fixed, incubated with

rabbit anti-VP2 and rat anti-VP3 specific sera, followed by

incubation with goat anti-rabbit Ig coupled to Alexa 488

(green) and goat anti-rat Ig coupled to Alexa 594 (red). Cell

nuclei were stained with ToPro-3. Fluorescent signals

detected by CLSM were recorded separately by using

appropriate filters. Samples were visualized by epifluores-

cence using a Zeiss Axiovert 200 microscope equipped with

a Bio-Rad Radiance 2100 confocal system. Images were

captured using the Laser Sharp software package (Bio-Rad).
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