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Viruses of the Birnaviridae family are characterized by their
bisegmented double-stranded RNA genome that resides within
a single-shelled non-enveloped icosahedral particle. They infect
birds, aquatic organisms, and insects. Tellina virus 1 (TV-1) is
an Aquabirnavirus isolated from the mollusk Tellina tenuis. It
encodes a polyprotein (NH,-pVP2-X-VP4-VP3-COOH) that is
cleaved by the self-encoded protease VP4 to yield capsid precur-
sor protein pVP2, peptide X, and ribonucleoprotein VP3. Here
we report the crystal structure of an intramolecular (cis) acyl-
enzyme complex of TV-1 VP4 at 2.1-A resolution. The structure
reveals how the enzyme can recognize its own carboxyl terminus
during the VP4/VP3 cleavage event. The methyl side chains of
Ala®3°(P1) and Ala%?%(P3) at the VP4/VP3 junction point into
complementary shallow and hydrophobic S1 and S3 binding
pockets adjacent to the VP4 catalytic residues: nucleophile
Ser”® and general base Lys”’”. The electron density clearly
shows that the carbonyl carbon of Ala®*° is covalently attached
via an ester bond to the Oy of Ser”>®. A highly ordered water
molecule in the active site is coordinated in the proper position
to act as the deacylating water. A comparative analysis of this
intramolecular (cis) acyl-enzyme structure with the previously
solved intermolecular (frans) acyl-enzyme structure of infec-
tious pancreatic necrosis virus VP4 explains the narrower spec-
ificity observed in the cleavage sites of TV-1 VP4.

Viruses belonging to the family Birnavirdae infect verte-
brates, mollusks, insects, and rotifers (1). The family can be
further divided into three genera: Avibirnavirus, Entomobirna-
virus, and Aquabirnavirus. Birnaviruses that are of significant
economic interest include the Avibirnavirus infectious bursal
disease virus, which infects chickens, and the Aquabirnavirus
infectious pancreatic necrosis virus (IPNV)? which infects
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salmon (2, 3). Tellina virus-1 (TV-1) is an aquabirnavirus that
shares similar morphological and physicochemical properties
with IPNV (4).

Birnavirus carries a bi-segmented (segment A and B) double-
stranded RNA genome that is encapsulated in an icosahedral
capsid of 60 to 70 nm in diameter (1, 5). In segment A, the
largest open reading frame encodes a polyprotein that has the
conserved arrangement of NH,-pVP2-VP4-VP3-COOH with
the exception of gene X, which exists between pVP2 and VP4 in
TV-1 (Fig. 1) and Blotched snakehead virus (BSNV) (6, 7). The
polyprotein is processed by the self-encoded protease viral pro-
tein 4 (VP4) to generate the capsid precursor protein pVP2,
VP4 itself, and ribonucleoprotein VP3 (6, 8 —10). Further pro-
cessing of pVP2 yields the capsid protein VP2 and additional
peptides (6, 11, 12). Protein VP3 associates with the genome to
form a ribonucleoprotein complex (13). The exact positions of
the major cleavage sites within segment A have been confirmed
by mass spectroscopy or N-terminal sequencing for infectious
bursal disease virus (14), IPNV (10), BSNV (7), Drosophila X
virus (DXV) (15), and TV-1 (6). In general, small uncharged
residues such as alanine and serine are most frequently found at
the P3, P1, and P1’ positions of these birnavirus polyprotein
cleavage sites.

The VP4 protease from birnavirus is a serine endoprotease
that utilizes a serine-lysine catalytic dyad mechanism as
opposed to the classical serine-histidine-aspartate catalytic
triad mechanism (16 —18). Other proteases that utilize the ser-
ine-lysine dyad mechanism include the following bacterial pro-
teases: type 1 signal peptidase (19), UmuD (20), LexA (21), Lon
protease (22), and signal peptide peptidase (SppA) (23). Besides
the unusual feature of utilizing a lysine e-amino group as a
general base, these enzymes are also unusual in that their serine
Oy nucleophile attacks the scissile bond from the si-face rather
than the re-face as is seen in most serine proteases.

TV-1was firstisolated from the sand dwelling marine bivalve
mollusk Tellina tenuis (24). Manifestations of the disease
include a thin and chalky shell as well as a pale yellow digestive
gland. TV-1 VP4 is encoded as part of the 1114-residue long
segment A polyprotein. It cleaves after amino acid residue posi-
tions 512, 618, and 830 to yield capsid precursor protein pVP2,
peptide X, VP4 itself, and ribonucleoprotein VP3 (Fig. 14) (6,
8). Additional cleavage sites were found at the C-terminal side
of amino acids 451, 492, and 499 within the pVP2 region (Fig.
1A) (6). The cleavage sites identified can be described by the
consensus Ala-X-Ala |, (Fig. 1B) (6). Site-directed mutagenesis
studies on TV-1 VP4 are consistent with residue Ser”*® acting
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as the nucleophile and residue Lys””” serving as the general base
(6). Like other VP4s, TV-1 VP4 belongs to the evolutionary clan
SJ according to the MEROPS protease data base (25). However,
the amino acid sequence of TV-1 VP4 is more divergent from
the rest of the VP4s and is classified into family S69 instead of
family S50 in which the IPNV, infectious bursal disease virus,
BSNV, and DXV VP4s have been assigned.

The first VP4 structure solved was from BSNV; however, no
substrate was bound in its active site (26). In contrast, the crys-
tal structure of IPNV VP4 revealed an intermolecular (trans)
acyl-enzyme complex (27). Here we report the structure of VP4
from TV-1 at 2.1-A resolution with the C terminus binding into
its own active site forming an intramolecular (cis) acyl-enzyme
complex.

MATERIALS AND METHODS

Cloning—The DNA region encoding full-length TV-1 VP4
(residue 619 — 830, Swiss-Prot accession number Q2PBR5) was
first amplified by polymerase chain reaction (PCR) using Vent
DNA polymerase (New England Biolab). The forward primer
has the sequence 5'-AGGCCCATATGGCCGACAGGCCCA-
TGATC-3" and the reverse primer has the sequence 5'-CTTG-
TGAAGGCGGCCGCTCATGCTTGCGCCACGTTCTTTC-
CGGAGGAGAA-3'. The restriction enzyme-digested PCR
product was then cloned into restriction sites Ndel and NotI of
plasmid pET28b™. This allowed for the incorporation of an
amino-terminal histidine tag when the recombinant protein
was expressed. The plasmid was then transformed into
NovaBlue cells (Novagen) for plasmid isolation. The sequence
of the DNA insert was verified by DNA sequencing. The N
terminus of the expressed protein has an extra 21 amino acids
(MGSSHHHHHHSSGLVPRGSHM) that includes the Hisg
affinity tag and the linker region. The calculated molecular
mass for this construct is 24,745 Da (233 amino acids, calcu-
lated isoelectric point, 9.9).

Protein Purification—Cells for protein overexpression were
prepared by transforming the plasmid containing the gene for
TV-1 VP4 described above into Escherichia coli strain Tuner
(DE3) followed by selection on LB plates with 0.05 mg/ml of
kanamycin. For overexpression, a cell pellet from 100 ml of
overnight culture grown in LB medium supplemented with 0.05
mg/ml of kanamycin was used to inoculate each liter of M9
minimal medium. Four liters of culture were grown for each
batch of protein expressed and purified. After shaking at 37 °C
for 8 h, a mixture of L-amino acids (100 mg of lysine, phenylal-
anine, and threonine; 50 mg of isoleucine, leucine, and valine)
and 60 mg of selenomethionine were added to each liter of
culture. Each liter of culture was induced with 0.5 ml of 1 M
isopropyl B-p-1-thiogalactopyranoside after 15 min. The
induced cultures were allowed to grow overnight at 25 °C and
were then harvested by centrifugation at 9,110 X g for 7 min.
The cell pellet was stored at —80 °C for 15 min to facilitate cell
lysis. The frozen cell pellet was re-suspended in lysis buffer (50
mM Tris-HCI, pH 8.0, 10% glycerol, 1 mm dithiothreitol (DTT),
7 mM magnesium acetate, 0.1% Triton X-100, 1 units/ml of
benzonase, and 0.2 mg/ml of lysozyme) and incubated at 4 °C
overnight with gentle agitation. The cell debris was removed by
centrifugation at 28,964 X g and the clear supernatant was

12476 JOURNAL OF BIOLOGICAL CHEMISTRY

loaded onto a 5-ml nickel-nitrilotriacetic acid metal affinity col-
umn (Qiagen). A step gradient containing 100, 300, and 600 mm
imadizole in standard buffer (20 mm Tris-HCI, pH 8.0, 50 mm
NaCl, 10% glycerol, and 1 mm DTT) was used to elute the his-
tidine-tagged VP4. Fractions positive for VP4 were then applied
to a 5-ml SP-Sepharose FF cation-exchange column equili-
brated with standard buffer and eluted stepwise with 100, 300,
and 500 mm NaCl in standard buffer. Fractions positive for VP4
were pooled and loaded onto a size exclusion column (HiPrep
16/60 Sephacryl S-100 HR) equilibrated with crystallization
buffer (20 mm Tris-HCl, pH 8.0, 100 mm NaCl, 10% glycerol,
and 1% B-mercaptoethanol). The size exclusion column was
connected to a Pharmacia AKTA Prime™ system that pumped
at a flow rate of 0.7 ml/min. Fractions with pure VP4 were
pooled and concentrated using a Millipore centrifugal filter (10
kDa cutoff). The concentrated sample was incubated with chy-
motrypsin overnight at 4 °C and then applied to the same size
exclusion column mentioned above. Details of this limited pro-
teolysis procedure are described elsewhere (28). Purified VP4
was concentrated to ~40 mg/ml for crystallization trials.

Crystallization—The crystal used for data collection was
obtained using the hanging-drop method at room temperature
(~23°C). On a coverslip, 1 ul of VP4 was mixed with 1 ul of
reservoir reagent and 1 ul of 0.2 M urea as an additive. To aid in
crystal nucleation, this drop was seeded with 1 ul of selenome-
thionine-labeled TV-1 VP4 crystals from an older drop. The
drop was allowed to reach vapor equilibrium via incubation
over 1 ml of reservoir reagent in a grease-sealed chamber. The
optimized reservoir condition was 21% PEG8000, 0.55 m
ammonium sulfate. The cryosolution contained 70% of the
buffer reservoir and 30% glycerol. The crystal was transferred
into the cryosolution, flash-cooled in liquid nitrogen, and then
subjected to diffraction analysis. These hexagonal crystals
belong to space group P6,22, have unit cell dimensions of
59.1 X 59.1 X 208.1 A with one molecule in the asymmetric
unit, a Matthews coefficient of 2.1, and a solvent content of
42.1%.

Data Collection—Data collection was carried out at the
Canadian Light Source on beam line 08ID-1 at a wavelength of
0.9789 A with 0.5 degree oscillations and each image was
exposed for 5 s. The distance between the crystal and the detec-
tor was 350 mm.

Structure Determination and Refinement—The diffraction
images were indexed and integrated using the program
MOSFLM and scaled to 2.1 A using SCALA (29). The structure
was solved by single-wavelength anomalous dispersion (f’,
—7.11; {', 4.77) using the program AutoSol from the Phenix
program suite (30-32). The coordinates from AutoSol were
refined using rigid body and restrained refinement in REFMAC5
(33). The model from AutoSol was 90% complete. The
remaining 10% of the molecule was built manually in COOT
(34) using a difference density map generated by REFMACS.
Restraints for the acyl-enzyme linkage were prepared using
the REFMACS library definitions (35). The final round of
restrained refinement in REFMACS5 included TLS (5 TLS
groups) (36, 37).

Structural Analysis—Residue contact and hydrogen bond
analysis was performed using the program CONTACT in the
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FIGURE 1. The TV-1 VP4 protease cleavage sites. A, the genomic arrange-
ment of TV-1 segment A. The arrowheads indicate the sites of cleavage with
the P1 and P1’ residue numbers listed. B, a list of known TV-1 VP4 cleavage
sites (6). The amino acids in the VP4/VP3 junction that are visible in the crystal
structure are highlighted in yellow.

CCP4i crystallography software suite (29). The root mean
square deviation (r.m.s. deviation) values reported for pro-
tein superpositions were calculated using SUPERPOSE (38).
The secondary structure assignments were performed using
STRIDE (39). The accessible surface area analysis was per-
formed with Surface Racer 5.0 (40).

Figure Preparation—The structure figures were generated in
PyMOL (41). The protein sequence alignment was prepared
using ClustalW (42) and ESPript (43). The electron density map
used in Fig. 3 was prepared from the mtz file generated in
REFMACS5 using program FFT from the CCP4i crystallography
software suite (29).

RESULTS

Structure Solution—The amino terminus of TV-1 VP4 (resi-
due 619) is defined by its X/VP4 cleavage site and its carboxyl
terminus is defined by its VP4/VP3 cleavage site (residue 830)
(Fig. 1). We have successfully cloned, expressed, and purified
full-length wild-type TV-1 VP4 protease (residue 619 —830)
with an amino-terminal His, affinity tag. Limited proteolysis
was used to remove disordered amino-terminal residues to
promote crystallization. We have crystallized and solved the
structure of TV-1 VP4 using single wavelength anomalous dis-
persion phasing methods and refined the structure (residues
637—830) to 2.1-A resolution (Table 1).

Overall Protein Architecture—The overall dimension of
TV-1VP4is ~38 A X 34 A X 39 A. Electrostatic analysis reveals
a significant amount of positively charged surface, consistent
with its theoretical isoelectric point of 9.8 (residues 619 —830).
This is a unique characteristic of TV-1 VP4, the theoretical
isoelectric point of VP4 from other birnaviruses ranges from 4.7
to 6.6. TV-1 VP4 has an «/B-fold consisting of 16 B-strands
(B1-pB16), four a-helices (al-a4), and two 3, helices (n1-72)
(Fig. 2). B-Strands 1 to 9, 15, and 16 form two B-sheets that
are predominantly arranged in an anti-parallel fashion. This
B-sheet region houses the substrate binding groove and speci-
ficity pockets. One 3, ,-helix and one a-helix («1) are also found
in this region. Adjacent to this -sheet platform is a parallel
B-sheet made up of three short strands (810, B13, and B14).

APRIL 8,2011+VOLUME 286+NUMBER 14

TABLE 1
Data collection, phasing, and refinement statistics

Crystal parameters

Space group P6,22

a, b, c(A) 59.1, 59.1, 208.1
Data collection statistics

Wavelength (A) 0.97893

Resolution (A)

Total reflections

Unique reflections
b

52.0-2.1(2.2-2.1)
154,167 (9,938)
13,466 (1,841)

Riperge 0.107 (0.350)
Mean (I)/o (I) 14.5 (4.3)
Completeness (%) 99.8 (98.5)
Redundancy 114 (5.4)

SAD phasing
Number of sites 7 (out of a possible 7)
Figure of merit (49.7-2.5 A) 0.46

Refinement statistics
Protein molecules (chains) in absorbance units 1

Residues 194
Water molecules 47

Total number of atoms 1503
Ry IRy (%) 18.2/23.3
Average B-factor (A?) (all atoms) 28.4
R.m.s. deviation on angles (°ﬂ) 1.979
R.m.s. deviation on bonds (A) 0.024

“ The data collection statistics in brackets are the values for the highest resolution
shell.

P Rinerge = Sa 2ilL(nkL) — (I(hKD)|/2,13.; I,(hki), where I(hkl) is the intensity of
an individual reflection, and (I(/1kl)) is the mean intensity of that reflection.

Reryet = S il Fopsl = |Featcl |2l Fobsly where Fopg and Fq are the observed and
calculated structure-factor amplitudes, respectively.

@ Riyee is calculated based on 5% of the reflections randomly excluded from
refinement.

FIGURE 2. The TV-1 VP4 protease protein fold. There are 4 a-helices (shown
inred, a1-4), 16 B-strands (shown in yellow, B1-15,and orange, 316), and two
3,0 helix (shown in red, n1,2). The nucleophile, Ser’3®, is shown as red spheres
and the general base, Lys’”’, as blue spheres. The last five residues (Val®2°-
Ala®%) at the C terminus of VP4 are shown in orange with the last residue
(Ala®°, shown as orange spheres) forming an intramolecular (cis) acyl-enzyme
with the nucleophile, Ser”® (shown as red spheres).

This B-sheet is surrounded by three a-helices (a2—a4) and a
B-hairpin (811 and 812). The nucleophilic Ser”®® is located at
the amino-terminal end of a2 and the general base Lys””” is part
of a3. The C-terminal residues (809 —830) of TV-1 VP4 wrap
around the perimeter of the molecule such that it ultimately
arrives with Ala®*® (the P1 residue for the VP4/VP3 cleavage
site and the last residue in the expressed construct) directly
adjacent to the Ser”®® nucleophile. The C-terminal residues
pack tightly against the VP4 surface with 315 hydrogen bond-
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FIGURE 3. An intramolecular acyl-enzyme intermediate reveals the
enzyme-substrate binding interaction in TV-1 VP4 protease. A, an elec-
tron density map (2F, — F.contoured at 1.20) for atoms in and near the active
site. The acyl-enzyme ester linkage is formed between the side chain Oy of
Ser’3® (shown in red) and the carbonyl carbon of the last residue, Ala®°
(shown in green). Residues near the C terminus are shown in green and resi-
dues leading up to the nucleophile, Ser”3%, are show in salmon. The general
base, Lys””?, is shown in blue and the sulfate ion adjacent to the active site is
shown in yellow. B, the C terminus of TV-1 VP4 (shown as green sticks) binds
into its own active site forming an intramolecular (cis) acyl-ester linkage
between the carbonyl carbon of the last residue, Ala®°, and the Oy of
Ser”?® (shown in red). The residues that line the substrate binding groove
are shown as magenta sticks with hydrogen bonds shown as dashed black
lines buried in a semitransparent molecular surface. Hydrogen bonds
formed between the active site residues are shown in red.

ing with 7 and 316 hydrogen bonding with (2. The loop that
connects 815 and B16 passes under the B-hairpin extension
made up of B2 and B3 (Fig. 2).

An Intramolecular (cis) Acyl-enzyme Intermediate Revealed
for the VP4/VP3 Junction—There is clear continuous electron
density from the Ser”*® Oy to the carbonyl carbon of Ala®*° (the
C terminus of VP4, P1 residue for the VP4/VP3 cleavage site)
(Fig. 3A). The electron density at the active site therefore shows
that this structure is an intramolecular (cis) acyl-enzyme com-
plex or intermediate for the TV-1 VP4/VP3 cleavage site. The
covalent linkage between the side chain hydroxyl Oy of Ser”*®
and the main chain carbonyl of Ala®® fits the electron density
with a trigonal planer geometry expected for an ester linkage
(44, 45).

Cleavage Site Recognition Groove and Specificity Pockets—
The last three residues of TV-1 VP4 (Ala®*°(P1) to Ala®*®(P3) of
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the VP4/VP3 cleavage site (46)) are stabilized by anti-parallel
B-sheet type hydrogen bonding interactions with residues 651
to 653 of B-strand 2 and parallel B-sheet type hydrogen bonding
interactions with residues 733 to 737 of B-strand 9 (Fig. 3B).
The B-sheet style interaction between the C-terminal residues
and the VP4 substrate binding groove are extended with the
help of an ordered water molecule (water 2). This ordered water
forms hydrogen bonds with the main chain carbonyl oxygen of
the P4 residue (Val®**”) and the main chain nitrogen of Asp®*?
(Fig. 3B). The shallow and uncharged S3 binding pocket that
accommodates Ala®?® (P3) is formed by residues Val®®°, Leu®’,
Met®?2, Phe®®®, Pro”?2, GIn”?, and Leu”®*. The P1 residue
(Ala®3°) of the VP4/VP3 junction fits into a pocket made up of
atoms from Leu®*®, Pro®*, Val®*°, Leu’®*, Ala”®, Phe”,
Ser”®®, and Trp”?’. There are no binding pockets for the P2, P4,
or P5 residues as these side chains are pointing away from the
substrate binding surface.

Catalytic Residues—This wild-type VP4 structure provides
an opportunity to observe the atomic position of the catalytic res-
idues during the acyl-enzyme intermediate stage of the reaction
cycle for the VP4/VP3 cleavage event, just before the ester bond
within the acyl-enzyme intermediate is attacked by a catalytic
(deacylating) water. Results from a previous mutagenesis study
suggested that TV-1 VP4 utilizes a serine/lysine catalytic dyad (6).
The proposed nucleophilic Oy of Ser”®® is oriented toward the N
of the proposed general base Lys”’” (Fig. 3B). However, the pres-
ence of a sulfate bound just adjacent to Lys’”” has steered the N of
Lys””” slightly away from the Ser”®® O1y. This sulfate sits in a posi-
tively charged pocket just adjacent to the general base Lys’”” and is
coordinated by the N¢ of Lys’”’, the Oy1 of Thr’®°, the N&2 of
Asn’”!, and the main chain amide nitrogens of Leu’”* and Leu””?.
The N{ of the general base Lys””” is also coordinated via hydrogen
bonds to the Oy1 of Thr”*® and a highly ordered and barrier water
(water 1) (Fig. 3B). The N of Lys””” is completely buried (0.0 A? of
accessible surface area) within the active site of this acyl-enzyme
intermediate structure (the average accessible surface area for the
10 other lysine N¢ within TV-1 VP4 is 50.7 A?). The covalently
bound C-terminal carbonyl oxygen of Ala®*° points into an oxyan-
ion hole assembled from the main chain NH of Ser’*® and Asn”®’.

DISCUSSION

Comparative Analysis of the Overall Tertiary Structure of VP4
Proteases from TV-1, IPNV, and BSNV

Due to a low level of sequence identity, the TV-1 VP4 is
categorized into a separate protease family (S69) from the other
VP4 proteases (S50). Despite this low level of sequence identity,
a comparison of the BSNV, IPNV, and TV-1 VP4 structures
reveals an overall conservation of tertiary structure (Fig. 4). In
quantitative terms, TV-1 VP4 shares 20% sequence identity
with BSNV VP4 and has a main chain superposition r.m.s. devi-
ation of 3.5 A. For IPNV VP4, the sequence identity with TV-1
VP4 is only 12% and the main chain superposition r.m.s. devi-
ation is 7.1 A.

A distinguishing feature of TV-1 VP4 is the presence of an
a-helix between B-strands 5 and 6, a region that forms a loop
structure in both IPNV and BSNV (Figs. 2 and 4). Another
unique feature of the TV-1 VP4 structure is the presence of two
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FIGURE 4. Comparison of VP4 protease structures. The protein folds of: A, TV-1; B, BSNV (2GEF) (26); Cand D, IPNV VP4s (2PNL and 2PNM) (27) are shown. All
secondary structural elements that are superimposable are shown in gray, those that are unique to each protease are shown in red. In TV-1 VP4 (A), an
intramolecular (cis) acyl-enzyme complex is formed between the serine nucleophile, Ser’® (shown as gray spheres), and the last residue, Ala®*° (shown as red
spheres). In IPNV VP4 (C), the serine nucleophile (shown as gray spheres) forming an intermolecular (trans) acyl-enzyme complex with the last residue (Ala”"®,
shown as red spheres) of an adjacent molecule (shown in orange) (27). The structures of BSNV VP4 (B) and IPNV VP4 (D) have empty substrate binding sites. The

numbers in the overlapping segment of the circle denotes the main chain r.m.s. deviation between VP4s.

B-strands (B15 and 16) that lead to the C terminus of TV-1 VP4
and form part of the main B-sheet region (Figs. 2 and 4). In the
intermolecular (trans) acyl-enzyme intermediate structure of
IPNV VP4 (Fig. 4C), the C terminus is extended away from the
structure and bound to an adjacent active site in a neighboring
VP4 molecule. The IPNV VP4 acyl-enzyme structure also has
an a-helix near the N terminus. This helix packs against and
orders the B-hairpin extension that makes up part of the VP4
substrate binding groove. The shorter construct of IPNV VP4 is
lacking much of the above described N-terminal helix region
and therefore has a somewhat disordered B-hairpin region (Fig.
4D). A unique characteristic of the BSNV VP4 is the long N-ter-
minal B-strand that makes an intimate 3-augmentation inter-
action with another VP4 molecule in the asymmetric unit (Fig.
4B); however, this proposed dimerization has yet to be detected
in solution.

APRIL 8,2011+VOLUME 286+NUMBER 14

A sequence alignment of five different VP4s in the Birnavirus
family reveals only nine invariant residues: Pro®*®, Val®*,
Pro”'®, Ser”®, Thr’®°, Gly”®", Lys””” Gly”®®, and Leu”® (TV-1
numbering, supplemental Fig. S1). Pro®*, Val®*°, Ser”,
Thr”®°, Gly”®, and Lys””” are found in or near the active site.
Pro”'®is found adjacent to the S3 binding pocket. Each of the
invariant active site residues aligns well when the BSNV,
IPNV, and TV-1 VP4 structures are superimposed (supple-

mental Fig. S2).

Comparative Analysis of TV-1 and IPNV VP4 Protease
Enzyme/Substrate Interactions

Crystal structures of both TV-1 VP4 and IPNV VP4 have
revealed covalent acyl-enzyme intermediates. The bound sub-
strate in the TV-1 VP4 structure is its own C terminus, the
VP4/VP3 junction, forming an intramolecular (cis) ester link-
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FIGURE 5. Comparison of TV-1 and IPNV VP4 substrate binding grooves
and specificity binding pockets. A, the TV-1 VP4 binding groove is shown
with the main chain carbon atoms colored in salmon. The main chain carbon
atoms for the VP4/VP3 cleavage site (residues P1 to P5) are colored in green.
An ordered water that is involved in the substrate/binding groove interaction
is shown as a cyan sphere. The main chain hydrogen bond distances (dashed
lines) between the enzyme and the substrate are shown. B, the IPNV VP4
binding groove shown in a similar fashion to panel A, except that the main
chain carbon atoms are colored in white. Cand D depict a comparison of TV-1
and IPNV substrate specificity binding pockets shown in cross-section. The
amino acid residues within the bound substrate are shown as ball-and-stick
(black) with the van der Waals spheres shown as dots surrounding the respec-
tive residues. The binding pockets are shown as blue surfaces. The P1 and P3
residues for known cleavage sites are shown below their binding pockets.
Residues that are frequently found at these sites are shown in color. C, the
VP4/VP3 cleavage site seen in the TV-1 VP4 intramolecular (cis) complex pre-
sented here is boxed in red. D, the internal cleavage site seen in the previously
solved IPNV VP4 intermolecular (trans) complex is boxed in red (27).

age (Fig. 4A), whereas in the previous IPNV VP4 structure the
bound substrate is an internal cleavage site near the C terminus
forming an intermolecular (¢rans) ester linkage with an adja-
cent molecule (Fig. 4C). A comparison of the substrate binding
grooves with bound substrate reveals a similar hydrogen bond-
ing pattern spanning residues P1 to P5 with an average hydro-
gen bonding distance of 3.0 A for both TV-1 and IPNV VP4s
(Fig. 5, A and B). Both substrate binding grooves utilize a water
molecule within the interaction, but on opposite sides of the
substrate (Fig. 5, A and B).

All of the TV-1 cleavage sites contain an alanine at the P1 and
P3 positions (Fig. 5C) (6). The same is observed for the P1 posi-
tion in the IPNV cleavage sites; however, the residues at the P3
position in the IPNV cleavage sites are more variable with ser-
ine occurring most frequently and a glutamine at this position
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FIGURE 6. A potential deacylating water in TV-1 VP4 protease. The serine
nucleophile, Ser”? (red), lysine general base, Lys’”” (blue), and the C terminus
(green) of TV-1 VP4 are shown. A potential deacylating water (water 1) is
shown as a sphere (cyan). The atoms that define the trigonal planar geometry
of the ester linkage between the Ser”*® Oyand the Ala®*° carbonyl carbon are
labeled. The angle (Oggier — Cester — Owater) OF attack on the ester carbonyl by
the potential deacylating water (water 1) is given. The distance from water 1
tothe NZ of the activating lysine general base is given, along with the distance
from the water to the ester carbonyl carbon (in A).

in the IPNV VP4 internal cleavage site (Fig. 5D) (10). Analysis of
the molecular surfaces for the S1 and S3 specificity pockets
within the TV-1 and IPNV acyl-enzyme structures reveals
structural reasons for the broader specificity seen at the P3
position in the IPNV cleavage sites. The S1 and S3 binding
pockets of TV-1 VP4 are shallow and hydrophobic, comple-
mentary to the alanine methyl group side chains seen at the P1
and P3 positions (Fig. 5C). The S1 binding pocket of IPNV VP4
is also shallow and hydrophobic, but the S3 pocket is deep and
hydrophilic allowing it to accommodate a greater variety of
residues at the P3 position (Fig. 5D). In fact, the bottom of this
pocket is lined with a number of water molecules, which may
play a role in adjusting the fit for a variety of side chains.

The Catalytic Machinery of TV-1 VP4 Protease

Oxyanion Hole—During serine protease-catalyzed cleavage
of scissile peptide bonds, a negatively charged tetrahedral inter-
mediate develops, which is thought to be neutralized by a fea-
ture of the enzyme called an oxyanion hole. It is usually com-
posed of main chain amide NH groups acting as hydrogen bond
donors to the scissile bond oxyanion (47). The TV-1 VP4 acyl-
enzyme structure shows that the main chain amide nitrogen of
the serine nucleophile (Ser”*®) is within hydrogen bonding dis-
tance to the scissile carbonyl oxygen. It is possible that the main
chain amide nitrogen of Asn”?” may also contribute to oxyan-
ion stabilization, but the distance and orientation for this inter-
action is less than optimal (Fig. 3B). It is possible that the TV-1
VP4 oxyanion hole is only completely formed during the tran-
sition states, when the tetrahedral oxyanion is present. Addi-
tional stabilization may be provided by the positive dipole of
a-helix 2, which is oriented toward the oxyanion hole (Figs. 2
and 6).

Potential Deacylating Water—Having an acyl-enzyme inter-
mediate complex of TV-1 VP4 protease affords us the opportu-
nity to identify the location of a potential “deacylating” (also
called the “catalytic,” “hydrolytic,” or “nucleophilic”) water. For
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a water to function as the nucleophile during the deacylation
step of a proteolytic reaction it needs to be positioned such that
it is within hydrogen bonding distance to a general base for
activation as well as at a suitable angle of approach with respect
to the carbonyl of the ester intermediate (the so-called Biirgi
angle of ~107°) (48). An examination of the TV-1 VP4 protease
active site region reveals an ordered and buried water molecule
(water 1) positioned in approximately the correct position to
serve as the deacylating water. It is coordinated by hydrogen
bonds to Ser”®® O, Lys’”” N¢, Pro®*® O, and Thr’*® Oyl (Fig.
6). This is the only active site water seen in the correct position
to serve as the deacylating water. It is unlikely that the bound
sulfate would be occupying the position for a deacylating water
in that it would not be at the correct distance or angle for attack
on the ester carbonyl.

Trapping the Intramolecular (cis) Acyl-enzyme Intermediate
in a Wild-type VP4 Protease Active Site—Although the deacy-
lation step in the serine protease mechanism is often rate-lim-
iting, trapping the acyl-enzyme within a crystal structure has
been very challenging. Acyl-enzyme structures have been
reported for serine proteases using: (i) short peptide substrates
and low pH (44, 49), (ii) small ester substrates using flash cool-
ing (50, 51), (iii) small molecule inhibitors such as B-lactams
(52, 53), and (iv) small peptide substrates using pseudo-steady
state conditions (45).

We have found that viral proteases such as VP4, which essen-
tially cleave themselves out of the middle of a viral polyprotein,
are helpful in studying the acyl-enzyme intermediate stage of
serine protease catalysis in that the enzyme itself contains the
specificity residues for the C-terminal cleavage-site (Fig. 1).
Previously, we used an active site mutation in the IPNV VP4
protease to trap an intermolecular (trans) acyl-enzyme inter-
mediate (Fig. 4C) (27). Mutating the lysine general base to an
alanine and having the internal VP4 cleavage site available at
the C terminus of each VP4 molecule along with a high local
concentration within the crystallization drop helped to drive
the reaction backwards one step to generate the intermolecular
(trans) acyl-enzyme complex. The stabilization of this complex
was likely due to the lack of a general base that is required to
activate a deacylating water. In the work presented here we
have trapped the intramolecular (cis) acyl-enzyme complex for
the VP4/VP3 cleavage site in the TV-1 VP4 protease using a
wild-type active site. This directly demonstrates the ability of
VP4 to cleave in cis. The construct was designed such that the
C-terminal residue is the P1 residue of the VP4/VP3 cleavage
site. It is likely that a sulfate ion available from the optimized
crystallization condition and bound adjacent to Lys’”” has sta-
bilized the protonated positively charged state of the e-amino
group of the lysine general base (Lys”””), thus preventing it from
activating the deacylating water. The sulfate binding site could
potentially be utilized in inhibitor design.

Superposition of all structures of VP4 shows a significant
difference in the region corresponding to the sulfate binding
site in TV-1 VP4, particularly residues Asn””" to Leu’”?, which
form part of a loop that bridges B-strand 12 and a-helix 3 (Figs.
2and7).In TV-1 VP4, the side chain of Leu””” points away from
the enzyme surface. In IPNV and BSNV VP4, the correspond-
ing residues (11e®®® and Val”??, respectively) are pointing into

APRIL 8,2011+VOLUME 286+NUMBER 14

S738 1760

FIGURE 7. A sulfate binding site in TV-1VP4 protease. A, the molecular
surface for the sulfate binding site in TV-1 VP4 is shown (positive electrostatic
surface is shown in blue, negative in red) with the sulfate ion rendered in van
der Waals spheres (yellow). B, a superposition of VP4 structures (IPNV (blue,
acyl-enzyme; light blue, empty active site), BSNV (green) and TV-1(red)) show-
ing the residues that surround the TV-1 VP4 sulfate binding site. The position
for the sulfate is shown as a dotted surface.

the would-be sulfate binding site. Interestingly, the optimized
crystallization conditions for the IPNV VP4 intermolecular
(trans) acyl-enzyme structure also had sulfate present (0.4 M
Li,SO,) but no electron density was seen in the active site that
would correspond to a sulfate ion. Because the lysine general
base was mutated to an alanine in this IPNV VP4 construct,
there may not have been the necessary complementary charge
for the sulfate to bind. From the collection of VP4 structures
available so far, it does not appear that binding of the substrate
induces a change in the conformation that would facilitate sul-
fate binding. IPNV VP4 was solved in the presence and absence
of bound substrate yet in both cases the would-be sulfate bind-
ing site appears to be occluded by the side chain of 11e®*® (Fig. 7).

A low pH may have further stabilized the protonated state of
the TV-1 VP4 lysine general base thus preventing it from acti-
vating a deacylating water. The pH of the TV-1 VP4 crystalli-
zation drop is acidic (~pH 5.0). The pH of the crystallization
conditions for the previously solved VP4 structures (IPNV and
BSNV) were more basic (pH 8.5).

Conclusion

The structure of the TV-1 VP4 protease allows for the iden-
tification of the substrate binding pockets (S1 and S3) and a
structural rationalization of the cleavage site specificity. The
acyl-enzyme complex has allowed us to identify a potential
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deacylating water in the VP4 protease mechanism. A subsidiary
positively charged pocket adjacent to the active site has also
been identified. Despite low sequence identity, a comparison
with the IPNV and BSNV VP4 structures reveals that the pro-
tein architecture is conserved in this family of proteases. This is
the first structure of a Birnavirus VP4 in the form of an acyl-
enzyme complex with the Ser/Lys active site intact and also the
first to show intramolecular (cis) cleavage. Taken together, this
work provides structural insights for rational antiviral drug
design for birnaviruses, using VP4 protease as a target.
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