





Structure of a Viral Protease Intramolecular Acyl-enzyme
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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).
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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 = Spa 2 L(nKL) — (I(hkD)) 12,13, I,(hki), where I(kl) is the intensity of
an individual reflection, and (I(/1kl)) is the mean intensity of that reflection.

F.ac /2 Fops » where Fo and F, are the observed and

¢ —
Reryse = Zpiq Fobs — calc

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.
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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
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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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