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Infectious pancreatic necrosis virus (IPNV), a member of the family Birnaviridae, infects young salmon, with a severe impact on
the commercial sea farming industry. Of the five mature proteins encoded by the IPNV genome, the multifunctional VP3 has an
essential role in morphogenesis; interacting with the capsid protein VP2, the viral double-stranded RNA (dsRNA) genome and
the RNA-dependent RNA polymerase VP1. Here we investigate one of these VP3 functions and present the crystal structure of
the C-terminal 12 residues of VP3 bound to the VP1 polymerase. This interaction, visualized for the first time, reveals the precise
molecular determinants used by VP3 to bind the polymerase. Competition binding studies confirm that this region of VP3 is
necessary and sufficient for VP1 binding, while biochemical experiments show that VP3 attachment has no effect on polymerase
activity. These results indicate how VP3 recruits the polymerase into birnavirus capsids during morphogenesis.

Infectious pancreatic necrosis virus (IPNV) is the type species of
the genus Aquabirnavirus and the causative agent of infectious

pancreatic necrosis, a severe infection of juvenile salmonid fish
that causes significant economic losses to the aquaculture indus-
try. Due to its ecological impact, effort has gone into the study of
both IPNV biology and the pathogenesis of the disease (1). Aqua-
birnaviruses belong to the Birnaviridae family, which also includes
infectious bursal disease virus (IBDV), a member of the genus
Avibirnavirus that infects young chickens (2, 3). IPNV and IBDV
are the best-characterized birnaviruses, and members of this fam-
ily have a number of unique features in common, such as their
bisegmented double-stranded RNA (dsRNA) genome (segments
are denoted A and B), which is packaged in a nonenveloped single-
shelled icosahedral capsid around 700 Å in diameter (4).

Genome segment B encodes VP1, the RNA-dependent RNA
polymerase (RdRP), which is present in the virion in two forms: as
a free protein and as VPg, covalently attached to the 5= end of the
two genomic segments (5–7). Birnavirus polymerases possess a
noncanonical active site, where the viral RNA polymerase se-
quence motifs A-B-C are reordered C-A-B (8–10). Furthermore,
for IPNV, it has been shown that mutation of the N-terminal
serine residue (S2) abolishes the ability of VP1 to form covalent
RNA polymerase complexes, suggesting that the extreme N termi-
nus is the site of attachment to the RNA genome and formation of
VPg (9).

Genome segment A encodes the polyprotein pVP2-VP4-VP3,
which is cotranslationally cleaved by the virus-encoded protease
VP4, releasing pVP2 and VP3 (11–13). The precursor pVP2 un-
dergoes further processing to give mature VP2 (14, 15), the main
viral structural protein, arranged as 260 homotrimers that form
the T�13 laevo lattice of the capsid (16, 17).

VP3 has several putative roles in birnavirus morphogenesis: (i)
it interacts with the major capsid protein VP2, (ii) it associates
with the dsRNA genome, and (iii) it recruits the polymerase into
capsids. IBDV VP3 interacts with the C terminus of pVP2 to sup-
port scaffold formation (18–20). Although VP3 was supposed to

form an inner capsid layer for birnaviruses (17), the crystal struc-
ture of IBDV revealed only the outer VP2 shell (4), suggesting that
the inner VP3 layer is disordered. VP3 from IBDV binds RNA
(21), and IPNV VP3 (�27 kDa) also forms complexes with the
genomic RNA, organized as thread-like filaments (22), possibly
reflecting its organization in the capsid. Yeast two-hybrid, coim-
munoprecipitation, and in vitro pulldown experiments have
broadly defined regions of VP3 which interact with the dsRNA
genome and with VP1. For IBDV, the last 10 residues of VP3 are
critical for VP1 binding and deletion of only the last residue abol-
ished this interaction and the production of infectious progeny
virus (23). For IPNV, a similar study demonstrated that the 62
C-terminal residues of VP3 harbor the VP1 interaction domain,
while the 101 N-terminal residues of VP3 mediate self-association
(Fig. 1A) (24). Furthermore, VP1-VP3 complexes were observed
in the cytoplasm of IPNV-infected cells prior to the formation of
mature virus particles, implying a role for VP3 in virus assembly.
These studies also demonstrated that birnavirus VP3 binds
genomic dsRNA, independent of the RNA sequence (23, 24).

Recently, efforts have been made to determine the detailed
structure of VP3 and its interactions with the polymerase. Casanas
et al. (25) reported the structure of the central region of IBDV VP3
(residues 92 to 220), which forms two �-helical domains con-
nected by a flexible linker, arranged as an antiparallel dimer in the
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crystal. The second domain resembles some transcription factor
regulators, suggesting a possible role in birnavirus transcription
regulation (25). Earlier work by the same group attempted to de-
termine the structure of IBDV VP1 complexed with a C-terminal
peptide of VP3, the putative VP1 interacting region (26). Electron
density, interpreted as belonging to a bound VP3 peptide, was
observed within the nucleotide entry tunnel of VP1. Although this
electron density was not clear enough to allow modeling of the
VP3 peptide, it was implicated in a conformational change in VP1
that allowed substrate access to the active site (26), and indeed, the
VP3 peptide was reported to activate the polymerase (26).

Despite these studies, the exact molecular determinants of
VP1-VP3 binding have remained elusive. Here we provide the first
detailed atomic view of the VP1-VP3 interaction by determining
the crystal structure of VP1 bound to a C-terminal VP3 peptide at
a resolution of 2.2 Å. Surprisingly, VP3 binds distally to the sub-
strate entry tunnel of VP1, rather than occluding it as reported
previously (26). Furthermore, we show that rather than activating
VP1, VP3 has no effect on polymerase activity. This suggests a
simple model whereby the VP3 C terminus tethers VP1 during
IPNV morphogenesis and recruits both the polymerase and poly-
merase-associated genome into birnavirus capsids.

MATERIALS AND METHODS
Cloning of VP3. A synthetic gene encoding full-length VP3 (residues 735
to 972 of the IPNV strain Jasper structural polyprotein [UniProt identifier
P05844]), with a DNA sequence optimized for Escherichia coli expression
(see the supplemental material) but an unchanged protein sequence
(GeneArt) was amplified by PCR using KOD DNA polymerase (Novagen)
according to the manufacturer’s instructions (forward primer, 5=-AAGT

TCTGTTTCAGGGCCCGACCGCAAGCGGTATGGATGCAG-3=; re-
verse primer, 5=-ATGGTCTAGAAAGCTTTAAACTTCACCATCATCA
CCGCTCG-3=). The PCR product was cloned into the pOPINF
expression vector (encoding an N-terminal 3C cleavable His6 purification
tag) using ligation-independent cloning (27) followed by sequence veri-
fication.

Production and purification of VP1, VP3, and the VP1-VP3 com-
plex. Full-length VP1 and �C55 VP1 were expressed and purified as de-
scribed previously (9). Full-length VP3 was expressed in E. coli B834(DE3)
cells grown in the presence of 50 �g/ml carbenicillin. Cultures were grown
at 37°C until the optical density at 600 nm (OD600) reached 0.6 to 0.8, at
which point they were cooled to 20°C (or 25°C for biochemical analyses)
and protein expression was induced by adding 0.5 mM isopropyl-�-D-
thiogalactopyranoside (IPTG). Cells were incubated for a further 16 to 20
h, harvested by centrifugation (8,000 � g, 8°C, 20 min) and stored frozen
(�80°C) until required. Cell pellets were thawed and resuspended on ice
in 50 mM Tris, 500 mM NaCl, 50 mM imidazole, and 0.2% (vol/vol)
Tween 20 (pH 7.5), supplemented with 400 units of bovine pancreas
DNase I (Sigma) and one EDTA-free protease inhibitor cocktail tablet
(Roche) per 1 liter of cell culture. Cells were lysed using either sonication
or a Basic Z model cell disruptor (Constant Systems) at 30,000 lb/in2, and
cell lysates were cleared by centrifugation (35,000 � g, 8°C, 30 min).
Cleared lysate was applied to a 1-ml HisTrap Ni2	 affinity column (GE
Healthcare), which was washed with 50 mM Tris, 500 mM NaCl, and 50
mM imidazole (pH 7.5) and eluted in 50 mM Tris, 500 mM NaCl, and 500
mM imidazole (pH 7.5). The eluate was further purified by size exclusion
chromatography (SEC) using HiLoad 16/60 Superdex 75 or 200 columns
(GE Healthcare) equilibrated in 20 mM Tris and 200 mM NaCl (pH 7.5)
and an ÄKTA Purifier 10 UPC or ÄKTAxpress system (GE Healthcare).
Fractions containing purified VP3 were pooled and incubated with 50 �l
of rhinovirus 3C protease (starting concentration, 2 mg/ml) overnight at
4°C, to remove the N-terminal His6 tag before being passed through a

FIG 1 Domain organization of VP3, VP1, and MALS analysis of the VP1-VP3 complex. (A) Schematic representation of the full-length IPNV strain Jasper VP3
polypeptide (UniProt identifier P05844), shaded from white (variable) to dark blue (conserved), based on the alignment in Fig. S1 in the supplemental material.
Regions of IPNV VP3 reported to perform VP3 binding, dsRNA binding, and VP1 binding activities (24) are shown above the VP3 schematic, labeled, and shaded
gray. The region of IPNV VP3 equivalent to the reported structure of IBDV VP3 (25) is labeled and shaded green. (B) SEC-MALS of birnavirus VP1 and VP3
proteins. SEC elution profiles (absorbance at 280 nm, solid lines) are shown for IPNV VP1, �C55 VP1, VP3, and VP1-VP3 complexes. The weight-averaged
molar mass is shown across the elution profiles as a dotted line and labeled for each sample, the mass of VP3 being consistent with it forming a dimer in solution.
The inset shows SimplyBlue (Invitrogen)-stained SDS-PAGE of purified VP1-VP3 complex and individual components (VP1 and VP3) prior to complex
formation. Molecular size markers are labeled in kDa. (C) Cartoon representation of the IPNV VP1 structure (colored by domain, with N and C termini labeled).
The two K	 ions bound to VP1 are shown as oversized cyan spheres, the lower K	 ion not having been observed in previous IPNV VP1 structures.
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1-ml HisTrap Ni2	 affinity column to remove the His6-tagged 3C pro-
tease.

Purified, untagged VP3 at 1 mg/ml was mixed with either full-length
or �C55 VP1 at 1 mg/ml and incubated for 1 h at 4°C to facilitate complex
formation. The VP1-VP3 complex was purified by Ni2	 affinity chroma-
tography followed by size exclusion chromatography, and fractions con-
taining pure complex were pooled and concentrated in 30,000-molecular-
weight-cutoff centrifugal concentrators (Millipore).

MALS experiments. Multiangle light scattering (MALS) experiments
were performed immediately following analytical SEC by inline measure-
ment of static light scattering (DAWN HELEOS II; Wyatt Technology),
the differential refractive index (Optilab rEX; Wyatt Technology), and UV
absorbance (Agilent 1200 UV; Agilent Technologies). Purified protein
samples were injected onto an S200 10/300 size exclusion column (GE
Healthcare) preequilibrated in 20 mM Tris (pH 7.5) and 200 mM NaCl at
a flow rate of 0.5 ml/min. Data were analyzed using the ASTRA software
package (Wyatt Technology).

Binding experiments. Peptide binding experiments were performed
at 20°C in a PerkinElmer LS55 luminescence spectrometer with excita-
tion/emission wavelengths of 480 nm/530 nm and slit widths of 15 nm/20
nm, respectively. The photomultiplier voltage was 800 V with the integra-
tion time at 5 s per measurement. A peptide corresponding to the C-ter-
minal 14 residues of VP3 with an N-terminal fluorescein ([Fluorescein]S
GSRFTPSGDDGEV; Designer Bioscience) was rehydrated and diluted in
an 800-�l volume of 10 mM Tris (pH 7.5) and 200 mM NaCl to a final
concentration of 12.5 nM. VP1 (26.5 �M) was titrated into a continuously
stirred cuvette containing the fluorescein-labeled peptide. Anisotropy was
monitored continuously, and the values were recorded once they had
stabilized for several consecutive readings. Dissociation constants (Kd)
were calculated by fitting the titration data (corrected for dilution) to a
one-site binding equilibrium model in Prism5 (GraphPad Software).

Competition assays were performed by equilibrating fluorescein-la-
beled VP3 peptide (as described above) with 0.3 �M VP1 before adding
full-length VP3 protein (134 to 669 �M) and monitoring the anisotropy
as described above. The Kd for VP3 was calculated using the method
described in reference 28.

Crystallization and data collection. Crystallization screening of ei-
ther full-length VP1 and VP3 or �C55 VP1 and VP3 purified complexes
was performed at concentrations between 2 to 4 mg/ml and at two differ-
ent temperatures (21°C and 4°C) using 96-well sitting drop plates
(Greiner) containing 100 nl protein and 100 nl reservoir (29). A single
crystal appeared between 155 to 220 days after setting up crystallization
trials containing full-length VP1 and VP3 (at 3.1 mg/ml), incubated at
4°C. The reservoir solution contained 20% (wt/vol) polyethylene glycol
3350 and 0.2 M potassium fluoride, and the crystal was cryoprotected by
soaking in mother liquor supplemented with 25% glycerol. The crystal
belonged to space group P21212, and diffraction data were collected at 100
K at Diamond Light Source beamline I04-1 (Table 1).

Structure solution, refinement, and analysis. Diffraction data to a
resolution of 2.2 Å were indexed and integrated using XDS (30) and scaled
with SCALA (31) as implemented in the program xia2 (32). The structure
was solved using molecular replacement with PHASER (33), taking the
structure of IPNV VP1 (9), Protein Data Bank (PDB) identifier 2YI9, as a
starting model. Manual model building was performed using COOT (34),
and the structure was refined with BUSTER-TNT (35), imposing both
noncrystallographic local structure similarity restraints (36), and TLS
(translation/libration/screw) refinement, as implemented in the auto-
BUSTER framework (37). Structure validation was performed with the
tools in COOT and the MolProbity Web server (38). Refinement statistics
are shown in Table 1. Molecular graphics were generated with PyMOL
(39), sequence alignments were generated with Clustal W (40) and
ESPript (41), and superpositions were performed with SHP (42). The
VP1-VP3 crystal structure was analyzed using the protein interfaces, sur-
faces, and assemblies service (PISA) at European Bioinformatics Institute
(http://www.ebi.ac.uk/pdbe/prot_int/pistart.html) (43) and the Protein

Interactions Calculator (44). Structure factors and final refined coordi-
nates have been deposited in the Protein Data Bank under the accession
code 3ZED.

RNA polymerization activation/inhibition assay. The IPNV RdRP
was expressed and purified (9), and the s�	CCC single-stranded RNA
(ssRNA) template (713 nucleotides) was generated as described previ-
ously (45). VP1-catalyzed replication assays were incubated with 0- to
50-fold molar excess of the full-length VP3 protein or the synthetic VP3
peptide for 10 min on ice prior to the addition of ssRNA template and
nucleotides (1 mM ATP, GTP, and 0.2 mM CTP, UTP supplemented with
0.3 pmol [�32P]-UTP). Following 2 h of incubation at 37°C, the reactions
were stopped by the addition of 2� loading buffer (46), and the reaction
products were analyzed by electrophoresis on a 0.8% (wt/vol) agarose gel
(Tris-borate-EDTA [TBE]) (47). Signals were collected by autoradiography
on BAS1500 image plates (Fujifilm) and scanned using a Fuji BAS-1500 phos-
phorimager (Fujifilm). Densitometry was performed using AIDA Image An-
alyzer software (version 4.50; Raytest Isotopenmessgeräte GmbH), measur-

TABLE 1 Data collection and refinement statistics

Parameter
Values for VP1-VP3 native
complexa

Data collection statistics
Beamline Diamond I04-1
Wavelength (Å) 0.9173
Resolution limits (Å) 68.4–2.2 (2.26–2.20)
Space group P21212
Unit cell dimensions

a, b, c (Å) 118.3, 341.9, 59.7
Unique reflections 123,796 (8,946)
Redundancy 6.7 (6.6)
Completeness (%) 99.7 (99.2)

I/�(I)� 12.0 (1.2)
Rmerge

b 0.12 (1.67)

Refinement statistics
Resolution limits (Å) 59.1–2.2 (2.26–2.20)
No. of reflections in working set 123,689 (8,451)
No. of reflections in test set 6,202 (461)
Rxpct

c 0.179 (0.229)
Rfree

d 0.215 (0.258)
No. of atoms

Protein/water/other 18,165/1,109/24
No. of atoms with alternate
conformations

Protein/water/other 20/0/0
Residues in Ramachandran favored
region (%)

97.5

Ramachandran outliers (%) 0.1
RMSDe

Bond length (Å) 0.01
Bond angle (°) 0.99

Average B factor
Protein/water/other (Å2) 55.7/54.1/57.5

Average B factor for VP3 peptide
Chain D/E/F (Å2) 65.8/67.7/75.1

a Values in parentheses refer to the appropriate outer shell.
b Rmerge � hkl i|I(hkl;i) � 
I(hkl)�|/hkl iI(hkl;i), where I(hkl;i) is the intensity of an
individual measurement of a reflection and 
I(hkl)� is the average intensity of that
reflection.
c Rxpct � hkl||Fobs| � |Fxpct||/hkl |Fobs|, where |Fobs| and |Fxpct| are the observed
structure factor amplitude and the expectation of the model structure factor amplitude,
respectively.
d Rfree equals the Rxpct of test set (5% of the data removed prior to refinement).
e RMSD, root mean square deviation from ideal geometry.
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ing the total lane and specific band intensities in one-dimensional evaluation
mode using lane and peak determination with automatic background sub-
traction.

RESULTS
VP3 readily forms complexes with VP1. Complexes of either
full-length VP1 and VP3 or �C55 VP1 and VP3 were prepared
by mixing individually purified proteins and repurifying by
Ni2	 affinity and size exclusion chromatography (Fig. 1B).
These complexes were characterized by SEC-MALS and were
observed to form higher molecular mass oligomers than their
individual components (Fig. 1B). Both full-length VP1 and
�C55 VP1 formed complexes with VP3, suggesting that the
extreme C terminus of VP1 is not required for VP3 complex
formation. From the SEC-MALS results, the stoichiometry of
the purified VP3-VP1 complex is close to 2:2 (Fig. 1B). When
VP3 is present in excess, apparent mass is more consistent with
a 2:1 VP3-VP1 complex (data not shown), suggesting that VP1
and VP3 are in dynamic exchange.

The crystal structure of the complex between full-length VP1
and VP3 was solved by molecular replacement using the structure
of IPNV VP1 (9) as a search model and refined to a resolution of
2.2 Å with residual Rxpct � 0.179 and Rfree � 0.215 (Table 1). The
final structure is of high stereochemical quality with 98% of the
residues occupying the favored region of the Ramachandran plot.
Three copies of VP1 are present in the asymmetric unit (AU) of
the crystal, and electron density was observed from residues 27 to
792 for each chain of VP1 (no density was observed for residues 1
to 26 and 793 to 845). Additional density, not attributable to VP1,
was observed bound to the canonical RdRP fingers domain in all
three copies of VP1. This density was unambiguously assigned as
the last 12 residues of the IPNV VP3 C terminus and modeled into
the density. The presence of three copies of the VP1-VP3 peptide
complex in the crystallographic AU corresponds to a solvent con-
tent of 46%, consistent with the resolution of the data obtained;
the lack of additional density beyond the peptide suggests that the
remainder of VP3 had degraded. In one copy of the complex,
continuous electron density is observed for the VP3 peptide resi-
dues 227 to 238; the other two copies of the peptide in the AU
contain a break in the peptide density for residues 234 to 237
(SGDD). Apart from this difference, the three copies of the com-
plex in the crystallographic asymmetric unit were essentially iden-
tical (average root mean square deviations [RMSD] over all the
C-�s, 0.38 and 0.19 Å, between the copies of VP1 and VP3, respec-
tively). Electron density was also observed for a second K	 ion bind-
ing site, in addition to the single K	 ion observed bound in a previous
structure of IPNV VP1 (9). This new K	 ion binds on a surface-
exposed region of the C-terminal extension domain of VP1 (Fig. 1C).

Structural basis for the VP1-VP3 interaction. The VP3 pep-
tide binds in an extended groove on the outside of the VP1 fingers
domain (residues 161 to 343 and 406 to 475) (Fig. 2) and is an-
chored at either end by a pair of charge-based and hydrophobic
interactions. At one end of the groove, VP3 residue R228 forms a
salt bridge with D216 of VP1 while F229 of VP3 stacks against the
side chain of VP1 Y237 (Fig. 2). At the C terminus of the VP3
peptide, E237 forms an ion pair with VP1 residue R218, and the
final residue of VP3 (V238) pokes into a hydrophobic pocket lined
by VP1 residues A220, I271, R272, and W440. The intervening
residues of the VP3 peptide (230-TPSGDDG-236) form mainly
backbone interactions with the VP1 groove. In total, some 800 Å2

of solvent-accessible area is buried from the VP3 peptide upon
binding VP1 (assessed by the PISA server) (43), a little over half of
the total surface area of the peptide. A superposition of unbound
and VP3-bound VP1 gives an RMSD of 0.5 Å, over 758 equivalent
C-� atoms (42), with no major conformational changes in the
fingers domain of VP1 (0.3 Å RMSD, over 251 C-� equivalences).
This suggests that the VP1 groove used to bind VP3 is preformed
on the surface of VP1, ready to bind VP3.

Characterization of VP1-VP3 interaction. The structure sug-
gests that residues 227 to 238 of VP3 are key to interaction with
VP1. This peptide was thus synthesized with an N-terminal fluo-
rescein label, and fluorescence anisotropy measurements con-
firmed that it forms a tight complex with VP1, Kd � 0.11 (�0.01)
�M (Fig. 3A; n � 2). To investigate if this was the primary mode of
interaction of VP1/VP3, we then performed an experiment where
prebound labeled peptide competed with full-length VP3 (Fig.
3B). This showed that VP3 successfully outcompeted the peptide
at a sufficiently high concentration, indicating that the peptide
binding mode was similar to that of full-length VP3. An analysis
of the competition experiment suggests that the binding con-
stant for full-length VP3 is �0.36 �M (28), a little weaker than
the peptide, presumably due to entropic effects and/or confor-
mational restraints in the context of the full protein. Clearly,
the binding seen in the crystal is likely to represent an authentic
picture of the binding of full-length VP3 to VP1; only the C
terminus of VP3 binds strongly to VP1, the remainder being
redundant.

VP1-VP3 complex formation does not alter the biochemical
activity of VP1. VP1 in complex with full-length VP3 or a syn-
thetic VP3 peptide was characterized for de novo RNA synthesis
activity using a 713-nucleotide ssRNA template. Although VP1-
VP3 complex formation occurs readily, quantitative total lane im-
age densitometry analysis of VP1-VP3-catalyzed replication as-
says reveals no stimulation of RNA polymerization (Fig. 3C; see
also Table S1 in the supplemental material). By comparison to the
VP1 control reaction (Fig. 3C, lane 1), addition of VP3 yields a 0.9-
to 1.2-fold change in total activity (see Table S1), which is well
within the normal error range (�10%) for this assay. Further
saturating the reaction with VP3 leads to a 0.7-fold reduction in
total activity.

VP3 on its own is devoid of enzymatic activity, although the
full-length protein does show an affinity for RNA that is not ex-
hibited by the synthetic C-terminal peptide. VP1 also has RNA
binding affinity, forming high molecular weight RNA-protein
complexes during templated RNA synthesis (Fig. 3C, lane 1) (9).
This phenomenon is strongly enhanced by the addition of VP3
(Fig. 3C, lanes 2 to 12). Measuring specific band intensities reveals
that a mere 2-fold excess of VP3 yields a 7-fold increase in complex
formation, whereas a 34-fold increase can be obtained when sat-
urating the assay with a 50-fold excess of VP3 (see Table S1 in the
supplemental material). Although supplementing VP1-catalyzed
RNA polymerization reactions with an excess of full-length VP3
significantly enhances the appearance of RNA-protein complexes,
it occurs at the expense of free RNA products (Fig. 3C; see also
Table S1 in the supplemental material). The RNA sequestering
ability of the VP1-VP3 complex, and VP3 in particular, is clearly
demonstrated by the retardation in electrophoretic mobility seen
in the rightmost lanes of Fig. 3C.
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DISCUSSION

Studies of the two best-characterized birnaviruses, IPNV and
IBDV, have revealed that VP3 is a multifunctional protein with
different activities throughout the viral life cycle (23, 24). In this
study, we attempted to determine the molecular details of the
interaction between IPNV VP3 with the RdRP polymerase VP1.
We have crystallized a VP1-VP3 complex and determined its
structure to a resolution of 2.2 Å. Although full-length dimeric
VP3 was used during crystallization of the VP1-VP3 complex, the
crystal packing is inconsistent with this being the species crystal-
lized. Electron density shows only the C-terminal 12 residues of
VP3 to be well ordered and bound into an extended groove on the
VP1 fingers domain. The long period of crystal growth (�6
months) suggests that proteolysis of the rest of VP3 had occurred.
Fluorescence anisotropy shows that the affinity of full-length VP1
for the VP3 C-terminal peptide is tight (Kd, �0.1 �M) and that
full-length VP3 binds almost as strongly and can compete with
labeled VP3 peptide for VP1 binding (Kd for VP3, �0.4 �M),
indicating that they both bind the same surface of VP1. Using the
IPNV VP1-VP3 complex as a framework, we have modeled the
IBDV VP3 peptide onto the structure of IBDV polymerase. With-

out significant readjustment of the conformation of the VP3 pep-
tide seen in IPNV, a satisfactory docking is obtained, which con-
serves the pattern of favorable hydrophobic and electrostatic
interactions seen between VP1 and VP3 in IPNV, with minimal
side chain clashes.

It is well established that IPNV VP1 and VP3 have a consider-
able affinity for RNA (6, 9, 24, 48). Previous studies show that the
N-terminal part of VP3 is crucial for dsRNA binding (ssRNA
binding was not assayed) and that VP1-VP3 complex formation
does not require the presence of dsRNA (24). We have previously
shown that the N-terminal tail of VP1 interacts strongly with
ssRNA (9). The VP1-VP3 protein complex is thus capable of in-
teracting with both single- and double-stranded RNA. Our data
suggest a model whereby VP1-VP3 interactions are relevant for
the morphogenesis of mature birnavirus particles, with VP3 act-
ing as a modular protein, having distinct regions responsible for
RNA binding, dimer formation, and VP1 attachment. This sup-
ports the notion that during viral infection, VP1 replicates the
genomic ssRNA precursor molecules and, in conjunction with
VP3, sequesters the viral genome, forming RNA-protein com-
plexes (as shown in reference 24). Indeed VP1-VP3 complexes

FIG 2 Structure of the VP1-VP3 complex. In the top panel, the IPNV VP1 polymerase is shown as a molecular surface, in the same view as in Fig. 1C. VP1
sequence conservation across birnavirus species is mapped onto the surface and colored from white (variable) to red (conserved), based on the alignment in Fig.
S2 in the supplemental material. The VP3 peptide (green sticks) is shown bound to the fingers domain of VP1 and boxed. The lower panels show expanded views
of the VP3 peptide (residues labeled green) bound into the VP1 surface groove (shown semitransparent). In the left panel, residues from VP1 that bind VP3 are
shown as sticks beneath the surface, colored, and labeled cyan. The right panel shows the experimental 2FO-FC electron density, calculated prior to modeling of
the VP3 peptide, as a blue mesh (0.9 �). The VP3 peptide is shown as sticks (green, with side chains labeled) to guide interpretation of the density.
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have been detected prior to the formation of mature virus parti-
cles, indicating a role in promoting the assembly process (24).
These subassemblies act as scaffolds around which VP2 can as-
semble to form a precursor capsid, which undergoes maturation
to yield an infectious virion. This is similar to, but simpler than,
the viroplasm model proposed for rotavirus capsid assembly (49).
There is no indication that the genome would be packaged into a
preassembled capsid using an active packaging mechanism, such
as a hexameric packaging motor. In fact, the evidence showing
that the birnavirus virion contains a polyploid genome (50) argues
against this and suggests that the packaging mechanism is
stochastic.

Our structural results are not in agreement with the suggestion
(based on inference from inconclusive electron density) that VP3
binds close to the polymerase active site, increasing activity by

stimulating movement of catalytic motif B (26). Indeed, in our
previous structure of isolated IPNV VP1 (9) and also in an inde-
pendent determination of the isolated IBDV VP1 structure (10),
motif B is already in the catalytically competent conformation
(Fig. 4). It is therefore unlikely that this movement is directly
stimulated by VP3 binding. To address this discrepancy, we per-
formed a detailed analysis of the effect of VP3 on the polymerase
activity of VP1 and found that, as expected from our structural
results, in contrast to the earlier report (26), VP3 attachment has
no effect on the activity of VP1.

The model we propose of the role of VP3 in birnavirus struc-
ture is shown schematically in Fig. 5. Note that the site of attach-
ment to the polymerase is likely to orientate the polymerase within
the capsid in such a way as to facilitate polymerase activity, re-
quired for the active transcriptional activity observed in birnavi-

FIG 3 Fluorescence anisotropy of VP1-VP3 interactions and polymerase activity assay. (A) Fluorescence anisotropy study of the binding of fluorescently labeled
VP3 C-terminal peptide (residues 227 to 238) to VP1. (B) Fluorescence anisotropy competition assay between unlabeled VP3 protein and a preformed complex
between VP1 and fluorescently labeled VP3 C-terminal peptide. (C) Autoradiograph of IPNV VP1-VP3 catalyzed de novo replication reactions analyzed in a 0.8%
agarose (TBE) gel. The leftmost lane includes a reference reaction (VP1 only) to which the VP1-VP3 reactions are compared. RNA polymerization activity is
determined by image densitometry analysis of the total lane, whereas RNA-protein complex formation is assessed by measuring the intensity of both the unbound
and bound dsRNA product.

FIG 4 Comparison of birnavirus VP1 B-loop motif between VP3 bound and unbound VP1 structures. The left panel shows birnavirus VP1 crystal structures
superposed, in a 180° view around the y axis, to the view in Fig. 1C, looking toward the nucleotide entry tunnel. The B-loop (residues �468 to 477 in IPNV VP1)
(see Fig. S2 in the supplemental material) motif is boxed. The right panel shows a zoom of the catalytic motif B; ribbons are colored as follows (PDB identifiers
in parentheses): green, IPNV VP1-VP3 complex presented in this paper; red, IPNV VP1 apo-form (2YIB); blue, IBDV VP1 (2PGG); magenta, IBDV VP1 soaked
with a VP3 peptide (2QJ1); black, IBDV VP1 cocrystallized with a VP3 peptide (2R70); orange, IBDV VP1 Mg2	-bound (2R72); and cyan, IBDV VP1 apo-form
(2PUS). Note that the B loop for the two IBDV VP1 structures either soaked or cocrystallized with VP3 (magenta and black) is in the same conformation as the
independently determined structures of unbound IPNV and IBDV VP1 (red and blue, respectively). Further, the structure presented in this study, VP3 bound
to the VP1 fingers domain (distal to the nucleotide entry tunnel) (green), also exhibits this conformation, suggesting that VP3 binding is not the driving force for
this conformational change of the B loop.
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rus capsids. In summary, not only does this structure of the VP1-
VP3 complex provide a detailed view of the precise molecular
determinants of the interaction between birnavirus VP1 and VP3
proteins for the first time, but it also provides a simple model for a
key stage in birnavirus morphogenesis.
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