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Infectious pancreatic necrosis virus (IPNV), an aquatic birna-
virus that infects salmonid fish, encodes a large polyprotein
(NH2-pVP2-VP4-VP3-COOH) that is processed through the
proteolytic activity of its own protease, VP4, to release the pro-
teins pVP2 andVP3. pVP2 is further processed to give rise to the
capsid protein VP2 and three peptides that are incorporated
into the virion. Reported here are two crystal structures of the
IPNV VP4 protease solved from two different crystal symme-
tries. The electrondensity at the active site in the triclinic crystal
form, refined to 2.2-Å resolution, reveals the acyl-enzyme com-
plex formedwith an internalVP4cleavage site.The complexwas
generated using a truncated enzyme in which the general base
lysine was substituted. Inside the complex, the nucleophilic
Ser633O� forms an ester bond with the main-chain carbonyl of
the C-terminal residue, Ala716, of a neighboring VP4. The struc-
ture of this substrate-VP4 complex allows us to identify the S1,
S3, S5, and S6 substrate binding pockets as well as other sub-
strate-VP4 interactions and therefore provides structural
insights into the substrate specificity of this enzyme. The struc-
ture from the hexagonal crystal form, refined to 2.3-Å resolu-
tion, reveals the free-binding site of the protease. Three-dimen-
sional alignment with the VP4 of blotched snakehead virus,
another birnavirus, shows that the overall structure of VP4 is
conserved despite a low level of sequence identity (�19%). The
structure determinations of IPNV VP4, the first of an acyl-en-
zyme complex for a Ser/Lys dyad protease, provide insights into
the catalytic mechanism and substrate recognition of this type
of protease.

Birnaviruses are non-enveloped viruses of �60–70 nm in
diameter, which replicate in the cytoplasm of their host cells (1)
and are characterized by their two double-stranded RNA
genomic segments (A and B) (2). Segment A displays two over-
lapping reading frames, the larger one encoding a polyprotein
(NH2-pVP2-VP4-VP3-COOH; Fig. 1). The polyprotein is pro-
cessed through the proteolytic activity of VP4 to generate the
proteins pVP2 and VP3 as well as VP4 (3). During virus assem-
bly, pVP2 is further processed by VP4 to generate the capsid
protein VP2 and several structural peptides. The crystal struc-
ture of the infectious bursal disease virus particle (an avian bir-
navirus) solved at a resolution of 7 Å revealed the VP2 protein
incorporated into an iscosahedral viral capsid with triangula-
tion T � 13 (4).
The Birnaviridae virus family includes three genera, Aqua-

birnavirus, Avibirnavirus, and Entomobirnavirus, which infect
fish, birds, and insects, respectively (5, 6). Infectious pancreatic
necrosis virus (IPNV)3 is a well known pathogen in salmonid
fish. It is responsible for infectious pancreatic necrosis, a dis-
ease characterized by severe damage to the internal organs and
tissues (7). Because of the high mortality rate it induces and its
widespread distribution, this virus is a major economical and
ecological threat to the aquaculture and sea farming industry
worldwide (8).
The IPNV polyprotein is 972 residues in length (6) (Fig. 1).

The IPNV VP4 protease cleaves its own N and C termini in the
polyprotein after the amino acids 508 and 734, respectively.
Three cleavage sites within pVP2 are located after amino acid
residues 442, 486, and 495. The resulting products are VP2 (aa
1–442 of the polypeptide), p1 (aa 443–486), p2 (aa 487–495),
p3 (aa 496–508), VP4 (aa 509–734), andVP3 (aa 735–972). The
peptides p1, p2, andp3 are present in the virions butmay also be
further processed into additional cleaved products (9). There is
a reported internal cleavage site near theC-terminal end of VP4
itself, which differs from the consensus cleavage sequence (3).
Themain cleavage sites and those involved in the processing of
pVP2 have been described by the consensus (Ser/Thr)-X-
Ala2(Ser/Ala)-Gly motif (Fig. 1).
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Site-directed mutagenesis studies on IPNV VP4 protease
show that the conserved catalytic residues Ser633 and Lys674 are
essential for polyprotein processing (3). Similar results are
found for the VP4 protease in the blotched snakehead virus
(BSNV; Ser692 and Lys729) (10) and infectious bursal disease
virus (IBVD; Ser652 and Lys692) (11, 12). The VP4 proteases of
the Birnaviridae family, therefore, are proposed to utilize a Ser/
Lys catalytic dyad mechanism to catalyze the processing of the
polyprotein (3, 11, 12). This property distinguishes VP4 pro-
teases from other viral proteases.
The recently solved crystal structure of VP4 protease from

BSNV supports previous findings suggesting that VP4 is a Ser/
Lys protease. It also revealed that, despite almost no sequence
similarity, VP4 is structurally similar to the Lon proteases (13–
15). Evolutionarily, VP4 protease (S50.001) belongs to the clan
SJ and family S50 in the MEROPS protease data bank (16).
Other characterized proteases with a Ser/Lys catalytic dyad
mechanism include bacterial signal peptidase (17–19), LexA
(20), phage repressor cI� (21), UmuD� (22), and bacterial Lon
protease (15).
Here we report x-ray crystal structures of the IPNVVP4 pro-

tease in the unbound form (free binding site) and the product
bound form (acyl-enzyme complex). The acyl-enzyme complex
corresponds to an intermolecular (trans-cleavage) event at an
internal cleavage sitewithinVP4. The structure determinations
allow for the identification of many of the molecular interac-
tions important for substrate recognition.

EXPERIMENTAL PROCEDURES

Cloning andMutagenesis—In an attempt to generate crystals
suitable for structure determination, many different truncated

andmutant forms of IPNVVP4pro-
tease have been generated (23). Two
of these IPNV VP4 protease con-
structs are described here. A pET-
28b plasmid encoding a truncated
form of the IPNV VP4 gene (resi-
dues 514–734) was used as the ini-
tial DNA template (3). The codon
for Lys674 was changed to a codon
for alanine using site-directed
mutagenesis by PCR. The codon
for Lys717 was mutated to a stop
codon. The expression product
from this plasmid VP4_514–
716,K674A (VP4tri) is 204 residues
long (including initial methionine)
with a molecular mass of 21.7 kDa
and a theoretical isoelectric point of
4.5.
The plasmid for VP4tri was then

used as a template in a PCR reaction
to amplify aDNAsegment encoding
VP4_524–716,K674A (VP4hex). It
was cloned into pET-24a (Novagen)
via the NdeI and SalI restriction
sites. The resulting expressed pro-
tein is 194 residues long (including

the initial methionine) with a molecular mass of 20.5 kDa and a
theoretical isoelectric point of 4.3. Sequencing was performed
to confirm each DNA construct.
Expression and Purification of Selenomethionine-incorpo-

rated Proteins—Both VP4 plasmid constructs were trans-
formed into Escherichia coli Tuner (DE3) cells for overexpres-
sion of the VP4 proteases. An overnight culture inM9minimal
media (10 ml) was used to inoculate 1 liter of M9 minimal
media. All growth media were supplemented with 0.05 mg/ml
kanamycin for selection. Cultures were grown for 8 h at 37 °C
with shaking, and a mixture of the following L-amino acids was
added directly: 100 mg of lysine, phenylalanine, and threonine;
50 mg of isoleucine, leucine, and valine; 60 mg of selenomethi-
onine. After 15 min, the protein expression was induced by
adding 0.5 ml of 1 M isopropyl 1-thio-�-D-galactopyranoside.
The cells were grown for another 3 h and then harvested by
centrifugation at 4500 rpm for 15 min. The harvested cell pel-
lets were frozen and then lysed by resuspending the frozen pel-
let in the lysis buffer (50 mM Tris-HCl (pH 8.0), 10% glycerol, 1
mM dithiothreitol, 7 mM magnesium acetate, 0.2 mg/ml
lysozyme, 1 unit/ml benzonase, 0.1% Triton X-100) and incu-
bating overnight at 4 °C with gentle agitation. The lysate was
centrifuged at 14,000 rpm for 30 min to remove cell debris and
obtain a clear supernatant.
The clear supernatant was then subjected to ammonium sul-

fate fractionation at 30, 40, 50, and 60% (w/v) ammonium sul-
fate concentrations. The ammonium sulfate precipitates were
pelleted by centrifugation at 14,000 rpm for 30 min and then
dissolved in 1 ml of buffer A (20 mM Tris-HCl (pH 8), 10%
glycerol, 1 mM EDTA, 50 mM NaCl, 1 mM dithiothreitol). The

FIGURE 1. A, the IPNV gene segment A polyprotein is made up of the capsid protein VP2 (blue), the propeptides
of VP2 (p1, p2, p3) (cyan), VP4 protease (red), and the structural protein VP3 (green). The P1/P1� residues for the
cleavage sites are labeled including the internal cleavage site within the C terminus of VP4. B, schematic of the
VP4hex (VP4_524 –716,K674A) and VP4tri (VP4_514 –716,K674A) constructs of IPNV VP4 that gave hexagonal
crystals (P6122) and triclinic crystals (P1), respectively. C, alignment of the IPNV polyprotein cleavage sites.
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fractions containing VP4 were pooled and dialyzed against
buffer A.
The dialyzed protein was then applied to a Q-Sepharose FF

anion-exchange column (2 ml bed volume) equilibrated with
buffer A. After washing with 2 ml of buffer A, the protein was
elutedwith a stepwiseNaCl gradient (0.1M increments up to 0.5
M) in buffer A.
The ion-exchange elution fractions containing the VP4 were

pooled and subjected to gel-filtration chromatography using a
Hiprep 16/60 Sephacryl S-100 HR column equilibrated in
buffer B (20 mM Tris-HCl (pH 8), 10% glycerol, 100 mM NaCl,
1% (v/v) �-mercaptoethanol). The column was run at a flow
rate of 1 ml/min, and 3-ml fractions were collected. The frac-
tions containing the pure VP4 were then pooled and concen-
trated using a Millipore centrifugal filter (5000-Da MW cut-
off). The proteins VP4tri and VP4hex were concentrated to 50
and 30 mg/ml, respectively, for crystallization.
Crystallization—The crystals used for data collection were

grown by the sitting-drop vapor diffusion method. The crystal-
lization drops were prepared bymixing 1�l of protein with 1�l
of reservoir solution and then equilibrating the drop against 1
ml of reservoir solution. The VP4tri protein produced triclinic
crystals (P1) with unit cell dimensions of 41.7� 69.3� 191.4 Å
(� � 93.1°, � � 95.0°, � � 97.6°) with 10molecules in the asym-
metric unit and a Matthews coefficient of 2.5 Å3 Da�1 (51.3%
solvent). The VP4hex protein produced hexagonal crystals
(P6122) with unit cell dimensions of 77.1� 77.1� 136.4 Åwith
1 molecule in the asymmetric unit and a Matthews coefficient
of 2.9 Å3 Da�1 (57.3% solvent).
For the triclinic crystals, the optimized crystallization reser-

voir condition was 0.1 M Tris-HCl (pH 8.5), 35% PEG 4000, 0.4
M Li2SO4, 0.4 M guanidine-HCl. The crystallization was con-
ducted at 4 °C. The cryosolvent condition was 0.1 M Tris-HCl
(pH 8.5), 35% PEG 4000, 0.45 M guanidine-HCl, 10% glycerol.
For the hexagonal crystals, the optimized crystallization res-

ervoir condition was 0.1 M Tris-HCl (pH 8.5), 22% PEG 2000
MME, 0.45 M calcium acetate. The crystallization was con-
ducted at 18 °C. The cryosolvent condition was 0.1 M Tris-HCl
(pH 8.5), 22.5% PEG 2000 monomethyl ether, 0.3 M calcium
acetate, 15% glycerol. Both crystals were incubated under their
respective cryosolvent conditions for �20 min before being
flash-cryocooled in liquid nitrogen.
Data Collection—Diffraction data were collected on seleno-

methionine-incorporated crystals at beamline X8C of the
Brookhaven National Laboratory, National Synchrotron Light
Source, using aQ4CCDdetector and aNoniusCAD4Goniom-
eter. The crystal-to-detector distance was 200 mm for the P1
crystal and 175 mm for the P6122 crystal. Data were collected
with 1° oscillations, and each image was exposed for 30 s with the
hexagonal crystal and3s for the tricliniccrystals.TheP6122crystal
diffraction data were processed with the program HKL2000 (24),
and the P1 crystal diffraction data were processed withMOSFLM
(25). See Table 1 for data collection statistics.
Structure Determination and Refinement—The hexagonal

crystal form (VP4hex) was solved by single-wavelength anoma-
lous dispersion (SAD) using a data set collected at the peak wave-
length (0.9792 Å) and the program autoSHARP (26). Values for f�
and f�were found tobe�7.26 and4.36, respectively.All fourof the

selenium sites were found. The program SOLOMON (27) was
used to perform density modification. The program Arp/Warp
(28) automatically built �70% of the polypeptide chain. The
rest of the model was built and fit using the program Coot (29).
The triclinic crystal form (VP4tri) was solved by molecular
replacement using the programPhaser (30) and the coordinates
from the VP4hex structure as a search model. The structures
were refined using the programs CNS (31) and Refmac5 (32).
The final models were obtained by running restrained refine-
ment in REFMAC5 with TLS (translation/libration/screw-ro-
tation) restraints obtained from the TLSmotion determination
server (33). The PRODRG server (34) was used to define the
molecular topologies and parameters for the ester linkage
between the Ser633O� and carbonyl carbon of Ala716 in the
VP4tri structure. The data collection, phasing, and refinement
statistics are summarized in Table 1.

TABLE 1
Data collection, phasing, and refinement statistics

VP4hex VP4tri

Crystal parameters
Space group P6122 P1
a,b,c (Å) 77.0 � 77.0 � 136.4 41.7 � 69.3 � 191.4
�, �, � (°) 90.0 � 90.0 � 120.0 93.1 � 95.0 � 97.6

Data collection statistics
Wavelength 0.9792 0.9794
Resolution (Å) 47.7–2.3 (2.4–2.3) 50.0–2.2 (2.3–2.2)
Total reflections 129,151 (18805) 403,600 (33041)
Unique reflections 11,248 (1584) 103,935 (9718)
Rmerge

a 0.076 (0.186) 0.082 (0.280)
Rrim

b 0.077 (0.216) 0.079 (0.223)
Rpim

c 0.020 (0.057) 0.022 (0.063)
Mean (I)/�(I) 23.5 (9.8) 20.7 (4.5)
Completeness 99.9 (99.8) 97.5 (91.5)
Redundancy 11.5 (11.9) 3.9 (3.4)
Anomalous completeness 100 (100)
Anomalous multiplicity 6.3 (6.4)

Phasing statistics
Number of sites 4
Acentric reflections 8,920
Overall FOM acentricd 0.37443
Centric reflections 2314
Overall FOM centricd 0.1174

Refinement statisticse
Protein molecules (chains)
in AU

1 10

Residues 181 2,030
Water molecules 159 1,216
Total number of atoms 1,496 16,426
Rcryst

f/Rfree
g (%) 18.2/23.5 19.4/26.7

Average B-factor (Å2)
(all atoms)

23.9 24.9

r.m.s. deviation on angles (°) 1.476 1.754
r.m.s. deviation on bonds (Å) 0.015 0.018

aRmerge � �
hkl

�
i
�Ii(hkl) � I(hkl)�/ �

hkl

�
i
Ii(hkl), where Ii(hkl) is the observed intensity and

I(hkl) is the average intensity obtained from multiple observations of symmetry-
related reflections after rejections.

bRrim � redundancy-independent merging R-factor (62). Rrim� �
hkl
[N/(N�1)]1/2

�
i
�Ii(hkl)�I(hkl)�/ �

hkl

�
i
Ii(hkl).

c Rpim � precision-indicating merging R-factor (62). Rpim � �
hkl
[1/(N�1)]1/2

�
i
�Ii(hkl)�I(hkl)�/ �

hkl

�
i
Ii(hkl).

dFOM � figure of merit � ���P(�)ei�/�P(�)��, where � is the phase angle and P(�) is
the phase probability distribution.

eAU, asymmetric unit; r.m.s., root mean square.
f Rcryst � ��Fo� � �Fc�/��Fo�, where Fo and Fc are the observed and calculate structure
factors, respectively.

g Rfree is calculated using 5% of the reflections randomly excluded from refinement.
The data collection statistics in parentheses are the values for the highest resolu-
tion shell.
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Structural Analysis—The secondary structural analysis was
performedwith the programDSSP (35). The programs SUPER-
IMPOSE (36) and SUPERPOSE (37) were used to overlap coor-
dinates for structural comparison. The program CONTACT
within the program suite CCP4 (38) was used to measure the
hydrogen bonding and van der Waals contacts. The program
CASTp (39) was used to analyze the molecular surface and
measure the substrate binding site. The program SURFACE
RACER 1.2 (40) was used to measure the solvent-accessible
surface of the protein and individual atoms within the protein.

A probe radius of 1.4 Å was used in
the calculations. The protein-pro-
tein interaction server (41, 42) was
used to analyze the interactions
between the molecules in the asym-
metric unit in the VP4 crystal. The
stereochemistry of the structures
were analyzed with the program
PROCHECK (43). The coordinates
have been deposited in the Protein
Data Bank (61).
Figure Preparation—Figures were

prepared using the programs Mol-
script (44), Raster3D (45), and PyMol
(46). The alignment figure was pre-
pared using the programs ClustalW
(47) and ESPript (48).

RESULTS

Overall Protein Architecture—
The final refined structure of the
hexagonal crystal formof IPNVVP4
(VP4hex) shows electron density for
all residues except for those in a
disordered loop region between
�-strands �2 and �3 (Val549–
Glu555) as well as the last three resi-
dues at the C terminus (Fig. 2A). In
contrast, the refined structure for
the triclinic crystal form of IPNV
VP4 (VP4tri) displays electron den-
sity for all residues including those
in the disordered loop region miss-
ing in VP4hex (Fig. 2B). The core of
the two structures are very similar
and can be superposed with a root
mean square deviation of 0.65 Å
over 180 aligned residues (residues
524–548 and 556–710). IPNV VP4
protease has an �/� protein fold
that is composed of 13 �-strands
(�1–�13) and four �-helices (�1–
�4) as well as two 310-helices (�1
and �2) (Figs. 2 and 3). Seven
�-strands (�1–�7) assemble into a
mixed, but mostly anti-parallel,
twisted �-sheet that provides the
scaffold for the substrate binding

site. Three �-helices (�2, �3, �4) pack against a parallel �-sheet
composed of three strands (�8, �11, �12), and the remaining
two strands (�9–�10) form a short �-hairpin. The nucleophile
Ser633 resides just before �-helix 2 (�2) and the general base
Lys674 (which has been mutated to an alanine in these struc-
tures) is part of �-helix 3 (�3).
The alignment of the VP4 proteases across the different gen-

era of the Birnavirus family reveals relatively little sequence
identity andmoderate sequence similarity (Fig. 3). For example,
IPNV VP4 shares only 19% identity with BSNV VP4 over 225

FIGURE 2. The structural fold of IPNV VP4 protease. A, ribbon diagram of IPNV VP4hex. The �-helices (red) and
�-strands (yellow, green, purple, and blue) are numbered sequentially. The �-sheets are colored yellow, green,
and purple. The nucleophile Ser633 and general base Lys674 (which is mutated to alanine) are shown in stick
format. The N and C termini residues are labeled. B, ribbon diagram of IPNV VP4tri. The secondary structural
elements (�1, �13), the disordered loop that was not observed in VP4hex , and the N and C termini are labeled.
C, a superpositional comparison of the two IPNV VP4 crystal forms revealing differences in the orientation and
structure of the N termini (blue) and C termini (orange). D, a superposition of IPNV VP4tri and BSNV VP4 (Protein
Data Bank code 2GEF (13)). IPNV VP4 is light gray, and its N-terminal region (residues 514 –531) is blue. BSNV VP4
is light orange, and its N-terminal region (residues 559 –578) is red. The nucleophile Ser692 and general base
Lys729 of BSNV VP4 are rendered as van der Waals spheres.
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amino acids. Yet, three-dimensional alignment of the IPNV
VP4 structure with the recently solved BSNV VP4 structure
(13) (Protein Data Bank code 2GEF) reveals an overall conser-
vation of the protein architecture (Fig. 2D). The VP4 structures
superimposed with a root mean square deviation of 1.8 Å over
170 aligned residues. The most significant difference is seen at
the N terminus where the IPNV VP4tri contains an �-helix,
whereas the BSNVVP4 has an extended�-strand that forms an
anti-parallel�-sheet interactionwith a neighboringmolecule in
the BSNV crystal structure (13) (Fig. 2D).

The most significant differences between the two IPNV VP4
structures occur at the N and C termini (Fig. 2C). In the crystal
structure of VP4tri, residues 518–526, near the N terminus,
form an �-helix (�1) that flanks the loop region (residues 548–
557) between strands �2 and �3. This loop region lays adjacent
to the substrate binding site. Two residues just before helix �1

(Lys515 and Ser517) make hydrogen-bonding interactions with
residues in the loop region (Gly554, Glu555, and Ala556), helping
to stabilize it. In addition, the Arg518 side chain is within hydro-
gen bonding distance to the Glu680 side chain in helix �3, fur-
ther stabilizing this region. In the VP4hex crystal structure, the
shorter N terminus does not form an �-helix (�1) and is posi-
tioned away from the loop (residues 548–557) and the binding
site. The lack of stabilizing interaction is consistent with the
missing density for the loop (residues 548–557) in the VP4hex
structure. Both VP4hex and VP4tri end with residue 716, yet the
C termini are very different in the two structures because of an
interesting intermolecular interaction.
The Acyl-Enzyme Intermediate for a trans-Cleavage Reaction

Illuminates the Substrate Binding Sites—The differences in the
C-terminal position between the two IPNV VP4 structures
stems from an intimate intermolecular interaction between the

FIGURE 3. A structure based sequence alignment of birnavirus VP4 proteases. The VP4 sequences for IPNV (P90205), BSNV (Q8AZM0), infectious bursal
disease virus (IBDV; P15480), and Drosophila X virus (DXV; Q96724) were obtained from the Swiss-Prot data bank (the corresponding accession numbers are in
parentheses). The N and C termini of the VP4 sequences are defined by the pVP2/VP4 cleavage site and the VP4/VP3 cleavage site, respectively (see Fig. 1). The
secondary structural elements of IPNV (blue) and BSNV (red) are shown aligned to their respective sequences. The secondary structural elements are numbered
sequentially and are consistent with the ribbon diagrams shown in Fig. 2. The residues found in the catalytic site are denoted by stars: nucleophile Ser633, red
star; general base Lys674, blue star; Pro544 and Thr655, black stars. The residues that flank the substrate binding site and contribute main-chain hydrogen bonding
interactions with the substrate are denoted by triangles. Residues identically conserved or similar in all four birnavirus sequences are highlighted in red and
yellow, respectively.
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VP4 molecules in the asymmetric unit of the triclinic crystal
form (VP4tri). The C terminus of each VP4tri molecule in the
asymmetric unit is bound in an anti-parallel �-sheet fashion
into the substrate binding site of its neighboring VP4tri mole-
cule (Fig. 4, A and B). Close inspection of 2Fo � Fc and omit
electron density maps near the nucleophile Ser633 is consistent
with 6 of the 10 molecules in the asymmetric unit forming a
covalent linkage between the Ser633 side-chain O� and the
C-terminal Ala716 main-chain carbonyl carbon (Fig. 4C). The
acyl-enzyme ester bond (O�–C–O–C�) appears to be planar,
consistent with a previously reported serine protease acyl-en-
zyme complex with a short peptide (49) (Fig. 4C). To determine
the absolute degree of planarity will require a higher resolution
structure of VP4tri.

The C-terminal Ala716 represents the P1 residue (50) of the
previously described internal cleavage site within the C-termi-
nal end of the VP4 molecule (3) (Fig. 1). Therefore the VP4tri
structure with the C terminus bound into the binding site of its
neighboring VP4tri molecule allows us to describe the sub-
strate/protease binding site interactions for this intermolecular
(trans) self-cleavage reaction.

The intermolecular interactions seen between theVP4C ter-
minus with the binding site of its neighboring VP4 molecule
buries �1000 Å2 of accessible surface area on each molecule
(1070 Å2 on molecule A and 942 Å2 on molecule B); this is
�10% of the total accessible surface area on the VP4 molecule.
Helix 4 (�4) near the C-terminal end of the VP4 molecule is
positioned close to the opening of the substrate binding groove
of the neighboringmolecule. The C-terminal residues 711–716
extend into the substrate binding groove, ending with the ter-
minal residue, Ala716 placed in close proximity to the nucleo-
phile Ser633. The residues Pro712, Val713, Gln714, Arg715, and
Ala716 are stabilized by antiparallel �-sheet hydrogen bonding
interactions with the substrate binding groove, formed on one
side by �-strand 2 (�2) and on the other side by the loop that
leads to �-helix 2 (�2) from �-strand 7 (�7) (Figs. 2A and 5A).
Interestingly, a water molecule (w3) helps to complete the
hydrogen bonding network in the substrate binding groove.
This water is also seen in the apoenzyme structure (VP4hex).
The residues that contribute atoms to the substrate binding
groove in the VP4tri structure are denoted in the sequence
alignment in Fig. 3.
The Substrate Binding Pockets—The VP4 acyl-enzyme com-

plex binding site interactions are depicted in Fig. 5. The side
chain of Leu711, the P6 residue in the internal cleavage site, lies
against a shallow pocket (S6) near the entrance of the substrate
binding groove. The Leu711 side chain packs against the resi-
dues Asn575 (C�), Phe625, and Ala626 (Fig. 5D). The P5 residue
(Pro712) fits into a deep cleft (S5) that is open on one side. The
residues of S5 that are closest to the P5 residue include Leu524,
Val549, Phe625, and Ala626 (Fig. 5D). The side chain of Gln714
(P3) points into the S3 binding pocket, made up of Val545,
Val546, His547, Ser559, Gln576, Pro609, Ile624, Gly627, Pro628, and
Ile629. The side-chain N�2 of Gln714 is within the hydrogen
bonding distance (3.1 Å) to the main-chain oxygen of Gly627.
The N�2 and O�1 of Gln714 are also hydrogen-bonded to two
waters (w5 and w6) at the base of the S3 binding site (Fig. 5C).
These waters are also seen in the apoenzyme structure. The
methyl side chain of Ala716 (the P1 residue) resides within a
hydrophobic pocket (S1) adjacent to the nucleophile Ser633.
Residues contributing to the S1 binding pocket include Val543,
Pro544, Val545, Ile629, Met630, Gly631, Pro632, Ser633, and Ala634
(Fig. 5B). The side chains of Val713 (P4) and Arg715 (P2) point
toward the solvent and away from the VP4 molecular surface.

DISCUSSION

Recognition of the Internal Cleavage Site within the VP4
Polypeptide Sequence—Based on our own IPNV VP4 purifica-
tion studies and previous reports of self-cleavage at an internal
VP4 cleavage site (3) (between residues Ala716 and Lys717; Fig.
1), we designed a number of IPNV VP4 constructs with a C
terminus ending at Ala716 (23). The crystal structure of the tri-
clinic crystal form of IPNV VP4 (VP4tri) reveals the C terminus
(residues 712–716) of eachVP4trimolecule lying in an extended
�-conformation along the substrate binding groove of its
neighboring VP4tri molecule (Fig. 5). In addition to the anti-
parallel �-sheet hydrogen bonding pattern formed to stabilize
the interaction, the appropriate side chains for the cleavage
specificity residues (P1 (Ala716), P3 (Gln714), P5 (Pro712), and P6

FIGURE 4. The acyl-enzyme intermediate for an intermolecular (trans) cleav-
age reaction by the Ser/Lys protease IPNV VP4. A, C� trace of the molecules in
the asymmetric unit of the triclinic crystal form of IPNV VP4. The C terminus of
each VP4 molecule resides in the substrate binding site of the neighboring VP4
molecule. B, 2Fo � Fc electron density map (contoured at 1 sigma) for the mole-
cules that are boxed in A. C, 2Fo � Fc electron density map (contoured at 1 sigma)
near the nucleophile Ser633 in IPNV VP4 protease. The atoms that form the ester
linkage between Ser633O� in one VP4 molecule (green, carbon; blue, nitrogen; red,
oxygen) and the Ala716C from a neighboring molecule (tan, carbon; blue, nitro-
gen; red, oxygen) are labeled.
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FIGURE 5. The substrate binding subsites of IPNV VP4 protease as revealed by the acyl-enzyme complex. A, antiparallel �-sheet interactions between the IPNV
VP4 protease substrate binding site and the N-terminal product for the internal cleavage site with VP4 attached by an acyl-ester bond to the Ser633 nucleophile. Those
residues that line each side of the substrate binding groove are shown in stick format behind a semitransparent molecular surface. The hydrogen bonds that are
formed between the binding site residues of one molecule (green) and the C terminus of a neighboring molecule (tan) are shown by dashed lines. Water molecule w3
is shown in cyan and is labeled. B, molecular interactions observed between the P1 residue of the substrate (Ala716, internal cleavage site) and the S1 binding pocket.
C, molecular interactions observed between the P3 residue of the substrate (Gln714, internal cleavage site) and the S3 binding pocket of IPNV VP4 protease. Theresidues
Val546,His547,Pro628,andIle629,whicharepartoftheS3pocket,arenotshownforclarityofthefigure. Dashed lines depictthehydrogenbondingnetworkformedbetweenthe
substrates P3 residue (Gln714, shown in tan color) and the residues (green) and waters (w4, w5, w6, and w7: cyan spheres) residing in the S3 binding pocket. D, molecular
interactions observed between the P5 and P6 residues of the substrate (Pro712/Leu711, internal cleavage site) and the S5 and S6 binding pockets, respectively.
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(Leu711)) point into complementary pockets on the surface of
the neighboring VP4tri (Fig. 5). These intermolecular interac-
tions orient the C-terminal Ala716 main-chain carbonyl carbon
adjacent to the nucleophilic Ser633O� and forms a planar cova-
lent ester bond (in 6 of the 10molecules in the asymmetric unit)
as expected for an acyl-enzyme intermediate. These interac-
tions collectively contain the structural hallmarks of a proteina-
cious substrate bound within the active site of a protease, pro-
viding our first view of substrate binding and acyl-enzyme
intermediate formation in the functionally diverse Ser/Lys pro-
tease superfamily. The complex captured in our crystal struc-
tures also clearly defines the self-cleavage (in trans) of a viral
polyprotein by its inherent protease, a process essential to the
replication and assembly of many viruses and, to the best our
knowledge, never previously observed directly by crystallo-
graphic methods.
Whereas the P1 (Ala) and P2� (Gly) are highly conserved

across all IPNV cleavage sites (the latter we propose playing an
essential role in redirecting the polyprotein substrate out of the
active site), the P3 position is somewhat more variable (includ-
ing Ser, Thr, and Gln; Fig. 1C). When serine or threonine are
modeled at the P3 position (residue 714) in the VP4tri structure,
the hydroxyl of the side chain comes in close proximity to the
His547 side chain in the S3 binding pocket (Fig. 5C). This polar
interaction may explain the prevalence of a hydroxyl group at
the P3 position of the cleavage site. In support of our structural
observations, previous mutagenesis studies have shown that a
H547Smutation affects cleavage and substrate specificity at the
VP4/VP3 junction (3). A notable difference of the S3 subsite as
compared with the fully hydrophobic S1 pocket is the deeper
size and ring of highly ordered water molecules that line the
pocket base. The presence of these waters appear to act as
molecular putty to mold around the serine, threonine, or larger
glutamine that are accommodated at this site (the latter
observed directly in our structures; Fig. 5C).
Because of the �-sheet-type conformation of the substrate in

the VP4 binding site, the side chains of the P2 and P4 residues are
oriented away from the VP4 binding site surface, toward the sol-
vent, and thus would not be a factor in the specificity, in line with
the lack of conservation at these residues in the cleavage sites of
the viral polyprotein. The residues at the P5 position are some-
what variable, but all have a common hydrophobic nature. In

our acyl-enzyme structure the P5
Pro712 sits in a deep cleft capable of
accepting hydrophobic side chains
of varying sizes (Fig. 5D). By extend-
ing the alignment of the IPNVcleav-
age sites out to the P6 residue (Fig.
1C) one can see that four of the six
residues at this position are leucine,
the others being valine and arginine.
The VP4 acyl-enzyme structure
shows that the Leu711 side chain lies
in a shallow hydrophobic pocket,
which would be consistent with the
substrate residues at this position
(Fig. 5). Because of the structural
orientation of the substrate at the P6

position, the one cleavage site that has an arginine side chain at
this positionwould be able to contribute the aliphatic portion of
its side chain into the S6 pocket while having the charged gua-
nidinium group still exposed to the solvent.
VP4 Catalytic Machinery—The most ordered crystals of

IPNV VP4 protease obtained so far have been those that have
formed from constructs where the lysine general base has been
mutated to an alanine (23). Although this prevents us from
observing the Ser/Lys catalytic dyad in this enzyme, we have
determined previously the structure of VP4 from the BSNV
virus (13), where the proposed general base Lys729N	 is appro-
priately positioned within hydrogen bonding distance to the
nucleophilic Ser692O�, with further stabilization by the con-
servedThr712O�1 and Pro590O (Fig. 3). Despite the 19% sequence
identity, our structure of the IPNV VP4 mutant presented here
and that of the BSNV variant overlap very closely such that resi-
dues Ser633, Lys674, Thr655, and Pro544 (IPNV VP4) match their
active site counterparts in BSNV VP4 (Ser692, Lys729, Thr712
and Pro590, respectively; Fig. 6). Hence in IPNV VP4, it is likely
that the general base Lys674N	 would be positioned in a similar
fashion as that seen for Lys729N	 in the BSNV VP4 structure.
The environment for the lysine general base in the VP4 prote-
ase is also similar to that seen in other Ser/Lys proteases such as
bacterial Lon protease (14, 15), bacterial signal peptidase (19,
51, 52), and bacterial LexA repressor (20). Based upon the posi-
tion of the nucleophile Ser633 relative to the location of the S1
binding pocket, it can be seen that the IPNVVP4, like the other
Ser/Lys proteases, attacks the scissile bond of its substrate from
the si-face rather than the re-face typical of other serine pro-
teases such as the trypsin-like proteases.
The oxyanion hole in serine proteases is an important com-

ponent of the catalytic machinery. It functions by neutralizing
the charge that develops on the oxyanion tetrahedral interme-
diate. It is usually constructed from two main-chain amides
providing hydrogen bond donors to the scissile carbonyl oxy-
gen (53). Our structure of the acyl-enzyme intermediate of the
IPNV VP4 protease presented here provides the first opportu-
nity to directly define the oxanion hole components of this class
of enzyme. We observe the scissile carbonyl oxygen is within
hydrogen bonding distance of the serine nucleophiles main-
chain nitrogen, a common features of many classes of serine
hydrolases. A second electrostatic feature of the oxyanion hole

FIGURE 6. Conservation of the active site region of VP4 protease. Superposition of the IPNV VP4 protease
(yellow) and the BSNV VP4 protease (blue) is shown.
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arises from the appropriate positioning of the carbonyl oxygen
of the P1 residue (Ala716) relative to �-helix 2 immediately fol-
lowing the nucleophile Ser633 (Fig. 2). The structure thus sug-
gests that the partial positive charge on the helix dipole may
play a role in stabilizing the oxyanion, as suggested previously
for other proteases such as subtilisin (54) and rhomboid prote-
ase (55). Based on the conservation of the residues in the bind-
ing site (Fig. 3), an additional residue that might be expected to
aid in forming the oxyanion hole in IPNVVP4would be Gly631.
However, as can be seen from Fig. 5 the main-chain NH of
Gly631 is pointing away from the binding site, in an orientation
incompatible with a role in oxyanion stabilization. The confor-
mation of this conserved Gly631 is maintained in both the apo-
and acyl-enzyme crystal structures of the IPNV VP4 presented
here as well as that of the earlier BSNV VP4 crystal structure
(Gly690 being the equivalent residue in BSNV), suggesting that
its observed orientation is a feature of these enzymes and is not
due to constraints imposed by crystallographic packing.
It is an interesting question as to how VP4tri, with the lysine

general base mutated to an alanine, is able to activate the
Ser633O� for attack on the carbonyl of the C-terminal Ala716 to
create the acyl-enzyme complex, the first step in this proteases
reverse reaction. There are no titratable functional groups from
the binding site in the vicinity of the Ser633O� that could func-
tion as the general base. Interestingly, Arg715 at the P2 position
of the substrate (Fig. 5A) has a guanidinium group in its side
chain that could potentially be positioned close enough to the
Ser633 hydroxyl such that it could assist in the deprotonation.
Similarly, guanidine is present in the crystal, although we did
not observe a guanidine molecule in a position amenable for
acting as the general base. In addition, the pH of the crystalli-
zation condition is not basic enough for a guanidinium to be
significantly deprotonated at its usual pKa of 12.5, unless it were
buried within the protein such that it had a depressed pKa.
Another possibility is that the C-terminal Ala716 carboxylate
itself could be functioning to deprotonate the Ser633 hydroxyl.
The acylation may be driven by the high protein concentration
in the crystal or by dehydrating conditions in the crystallization
reagents. Preliminary studies suggest that this reaction only
occurs to any significant degree in the crystal and not in solu-
tion (data not shown). Interestingly, short peptides ending with
a C-terminal carboxylate have been observed previously to
form acyl-enzyme complexes with the serine protease elastase
(49, 56). Although in the case of elastase, the general base was
present in the active site.
Despite the fact that the deacylation step is rate-limiting for

many serine proteases, it is difficult to trap the acyl-enzyme
complex in a crystal structure. As discussed by Radisky et al.
(57), acyl-enzyme structures have been reported with serine
proteases using: (i) short peptide substrates and lowpH (49, 56),
(ii) small ester substrates using flash cooling (58, 59), (iii) small
molecule inhibitors such as �-lactams (19, 60), and (iv) small
peptide substrates using pseudo-steady state conditions (57). In
the VP4tri crystals with the general base Lys674 mutated to ala-
nine, the acyl-enzyme seems to be in equilibrium with the
N-terminal product complex. The protein/protein acyl-en-
zyme complex in the VP4tri crystals reveals an extended inter-
action along the substrate binding groove, which has not been

observed in the previous serine protease acyl-enzyme struc-
tures with short peptides.
In the VP4tri structure we arrived at the acyl-enzyme com-

plex by providing the N-terminal product at an equimolar con-
centration to the binding site in the crystal without the catalytic
general base/acid present. It would be interesting to investigate
whether this maybe a general method for revealing the struc-
ture of acyl-enzyme complexes in other viral serine or cysteine
proteases that cleave in trans.
Concluding Remarks—The structures of IPNV VP4 protease

have allowed for the identification of the substrate binding sub-
sites (S1, S3, S5, and S6) and a structural explanation for the
IPNV VP4 cleavage site specificity. Comparing the IPNV VP4
structures with the BSNV VP4 structure reveals that the Ser/
Lys catalytic machinery, as well as the overall protein fold, is
conserved among the birnavirus VP4 proteases. This first sub-
strate complex for a Ser/Lys protease reveals important insights
into the structure and function of this unique class of serine
protease and provides the structural basis for the rational
design of antiviral compounds for the birnaviruses.
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