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The baculovirus-expressed core protein VP7 of African horse sickness virus serotype 4 (AHSV-4) has been
purified to homogeneity and crystallized in the presence of 2.8 M urea. The X-ray structure has been solved to
a 2.3-A (1 A = 0.1 nm) resolution with an R, of 19.8%. The structure of AHSV VP7 reveals that during
crystallization, the two-domain protein is cleaved and only the top domain remains. A similar problem was
encountered previously with bluetongue virus (BTV) VP7 (whose structure has been reported), showing that
the connections between the top and the bottom domains are rather weak for these two distinct orbiviruses.
The top domains of both BTV and AHSV VP7 are trimeric and structurally very similar. The electron density
maps show that they both possess an extra electron density feature along their molecular threefold axes, which
is most likely due to an unidentified ion. The characteristics of the molecular surface of BTV and AHSV
VP7 suggest why AHSV VP7 is much less soluble than BTV VP7 and indicate the possibility of attachment
to the cell via attachment of an Arg-Gly-Asp (RGD) motif in the top domain of VP7 to a cellular integrin for

both of these orbiviruses.

African horse sickness (AHS) is a gnat (Culicoides sp.)-
transmitted disease of horses and is endemic in sub-Saharan
Africa. Other animals, such as donkeys and goats, are also sus-
ceptible. Recently (1988 to 1990) outbreaks of AHS in Mo-
rocco, Spain, and Portugal have caused a large number of
horse deaths (33, 39). Although nine different serotypes of the
AHS virus (AHSV) have been identified in different parts of
the world (16, 37), a single serotype, AHSV-4, appears to be
responsible for the recent epidemics in Spain and Portugal
(28). AHSV belongs to the Orbivirus genus of the Reoviridae
family. The prototype orbivirus of sheep, bluetongue virus
(BTV), which is also gnat transmitted, has been studied exten-
sively (51, 52, 54), while limited molecular and genetic infor-
mation on another gnat-transmitted orbivirus, epizootic hem-
orrhagic disease virus (EHDV), is also available (18, 52).

AHSV virions contain 10 double-stranded RNA segments cod-
ing for seven structural proteins (VP1 to VP7) and three non-
structural proteins (NS1 to NS3). The morphology of purified
AHSYV particles is essentially identical to that of BTV particles
(5, 42). The two viruses have a similar overall structure with a
double capsid with a diameter of about 850 A (1 A = 0.1 nm)
and icosahedral symmetry. Their inner capsid (the core) con-
sists of the viral genome and the major structural proteins VP3
and VP7 along with the minor proteins VP1, VP4, and VP6.
The core is surrounded by the outer capsid, consisting of two
proteins, VP2 and VPS5, which is removed when the virus
passes through the cell membrane. Certain cell types can also
be infected by cores (41). Electron cryomicroscopy studies at
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about a 25-A resolution have shown that the BTV core, which
is approximately 700 A in diameter, is divided into two con-
centric layers (47): the outer layer, composed of 260 trimers of
VP7 forming a T=13 lattice; and the inner layer, composed
of a much smaller number of molecules of VP3. In BTV, VP7
trimers form capsomers which are visible in negatively stained
images of core particles. Similarly in AHSV, VP7 capsomers
can be clearly seen in negatively stained core particles (40a).

AHSYV VP7 has 350 residues. Its sequence is highly hydro-
phobic, having a large number of alanines, methionines, and
prolines (53). It can aggregate in infected cells in small flat
hexagonal crystals with a maximum dimension of about 6 pm
(5, 7). Such crystals have so far never been observed for other
orbiviruses. We have recently determined the crystal structure
of BTV-10 VP7 at a 2.6-A resolution (15). The structure is
trimeric and fits extremely well in the electron cryomicroscopy
maps of the core (15). BTV VP7 has two domains: the bottom
domain (residues 1 to 120 and 250 to 349), which has an all «
topology and whose base interacts with VP3 in cores; and the
top domain (residues 121 to 249), which is an anti-parallel
B-sandwich. In order to compare the three-dimensional struc-
tures of the VP7 proteins of BTV and AHSV, we have syn-
thesized a recombinant baculovirus harboring the AHSV VP7
gene (7), purified the protein to homogeneity, and grown crys-
tals in the presence of urea to resolve problems of solubility.
Unfortunately, the protein was cleaved during the crystalliza-
tion process, and only the top domain was crystallized. How-
ever, this structure gives interesting information about the
regions of BTV and AHSV VP7 which might interact with the
cell membrane when cells are infected by cores. It also high-
lights patches on the molecular surface with differences in
hydrophilicity between BTV and AHSV VP7.

MATERIALS AND METHODS

Synthesis and purification of the protein. The full-length cDNA of the AHSV-
4 double-stranded RNA segment 7 (S7) encoding the VP7 protein has been



3798 BASAK ET AL.

Mw 1 2 3 4 5 6 7 8
(kD) g

180 s
116

FIG. 1. Analysis of recombinant AHSV-4 VP7 protein by SDS-PAGE (10%
polyacrylamide). Lanes: 1, marker; 2, protein after the first step of purification in
a sucrose gradient; 3 to 8, fractions of pure protein after the second step of
sucrose gradient. MW, molecular mass.

cloned, sequenced, and expressed in a baculovirus vector (7). Insect cells (Spo-
doptera frugiperda) were infected with the recombinant baculovirus AcAHSV-
4.7, which synthesizes the AHSV-4 VP7 protein. The infected cells were har-
vested after an incubation period of 72 h at 28°C, pelleted by centrifugation at
320 X g at 4°C, and rinsed in phosphate-buffered saline. The cells were then lysed
at 6 X 107 cells per ml in lysis buffer (10 mM Tris-HCI [pH 7.8] buffer, 150 mM
NaCl containing 5 mM EDTA and 0.5% Nonidet P-40) and incubated on ice for
15 min. Cell nuclei were removed from the cell lysate by centrifugation at 160 X
g for 10 min. In order to recover the maximum amount of crude protein, the pro-
cess of cell lysis and extraction of cytoplasmic fraction was repeated three or four
times. The extract was then loaded onto a 20 to 80% (wt/vol) continuous sucrose
gradient in 0.2 M Tris-HCI (pH 7.5). The gradients were centrifuged at 116,000 X g
for 3 h at 4°C in an SW41 (Beckman) rotor, and 1-ml fractions were collected.
The fractions containing the protein were pooled and diluted (1:2) with 0.2 M
Tris-HCI (pH 7.5) and recentrifuged on a 40 to 80% (wt/vol) step gradient in the
same buffer at 116,000 X g for another 3 h at 4°C. The fractions containing the
AHSV-4 VP7 were pooled and dialyzed overnight at 4°C in 10 mM Tris-HCI (pH
7.5). The purity of the protein was finally checked using by sodium dodecyl
sulfate-10% polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1).

Crystallization. The solubility of AHSV VP7 in the dialyzed fractions was
limited to 0.2 to 0.4 mg/ml. A number of detergents were added to the protein
in an effort to improve its solubility, but without success. Finally, the solubility
was improved by dialyzing the protein fractions at 4°C against 10 mM Tris-HCl
(pH 7.5), containing increasing amounts of urea. The urea concentration was
increased stepwise, in steps of 0.5 M, to a final concentration of 2.8 M. The
protein could then be concentrated with a Centricon concentrator (with a 10-
kDa exclusion membrane) to a final concentration of 6 to 8 mg/ml.

Crystallization conditions were first screened by the broad screening method
of Jancarik and Kim (19). The conditions were then refined, and good-quality
crystals were grown at 20°C by the sitting drop vapor diffusion method (38). The
precipitant solution in the reservoir was a 45 to 48% saturated ammonium sulfate
in 10 mM Tris-HCI (pH 7.8). The protein was mixed with the well buffer in a ratio
of 1:1 and left to equilibrate with the reservoir solution. Crystals appeared within
a period of 2 to 3 weeks. The number of nucleation sites was controlled by using
2 to 4% dioxane as an additive. The largest crystals achieved a size of 0.8 by 0.5
by 0.5 mm? over a period of 8 to 12 weeks (Fig. 2).

X-ray analysis. The crystals were tested first with an in-house 18-cm-diameter
Marresearch imaging plate mounted on a Rigaku RU200H rotating anode X-ray
generator operating at 60 kV (70 mA). The crystals diffracted beyond 2.6 A, and
a native data set to a resolution of 3.0 A was collected as a series of images, each
spanning a 0.5° rotation. Data were analyzed with the programs XDS (22, 23)
and MOSFLM (31), indicating that the space group was I4 with unit cell param-
etersofa =b = 157.2 A, ¢ = 57.7A, a = B = y = 90°. Data processing statistics
are presented in Table 1.

A self-rotation function calculated with the program X-PLOR (4) showed a
strong feature on the k = 180° section, consistent with the presence of two
molecules in the asymmetric unit related by a noncrystallographic twofold axis.
This would correspond to a solvent content of 53% in the crystal with two
monomers in the asymmetric unit (36). This was surprising, since the VP7
molecule is trimeric (15); however, it seemed possible that the presence of urea
in the solution had caused dissociation of the molecule during crystallization.
Subsequently, a native data set to a resolution of 2.3A was collected at the
Photon Factory, KEK, Tsukuba, Japan, on station BL-6A2 by using the Sakabe
Weissenberg camera (56, 57). The crystal-to-detector distance, coupling con-
stant, exposure time, and oscillation step were 430 mm, 0.8° mm ™!, 160 s, and 4°,
respectively. Diffraction patterns were recorded on a detection surface formed by
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pairs of 200-by-400-mm? Fuji BAS-III imaging plates and data readout was
carried out off-line with a Fuji BA100 IP scanner. The data were processed with
the program package DENZO (45) (Table 1). A final set of reflections was
obtained by merging the unique set of in-house data with the Photon Factory
data by using the programs ROTAVATA and AGROVATA of the CCP4 suite
(5a) (Table 1).

Phasing and molecular replacement. We first attempted to solve the structure
by molecular replacement by using the in-house X-ray diffraction data and the
BTV VP7 structure previously determined (15). The two sequences show an iden-
tity of 43% (Fig. 3), and hence we would expect the root-mean-squared (rms)
deviation in C positions to be less than 1 A (6). The program AMoRe (43) was
used, but no convincing solution could be found with either the complete BTV
VP7 monomer or either of the two domains of the monomer. It was supposed
that this might be due to some structural changes caused by the presence of 2.8
M urea, and it was decided to solve the structure by using heavy atom methods.
AHSYV VP17 crystals were soaked in a variety of gold, lead, mercury, platinum, or
uranium compounds. Data were collected in-house to a 3.5-A resolution. The
positions of the heavy atoms were found with GROPAT (21) and refined with
MLPHARE (44). The best results were obtained with an ethyl mercury chloride
derivative, and it was decided to attempt a single isomorphous replacement
analysis (Table 1). Six heavy atom positions per asymmetric unit were detected,
and solvent flattening was performed with the GAP program (15a) and the CCP4
programs (7a). This process converged to give a reciprocal space correlation coeffi-
cient of 0.95 and an Ry, of 17% between observed data and data obtained by
inversion of the solvent-flattened map. Inspection of this map on a graphics
workstation revealed a threefold axis relating domains rich in B-strands. It was
immediately apparent that only the top domain of the protein had been crystal-
lized and that crystals contained one top trimer fragment per asymmetric unit.
On this basis, the solvent content of the crystals was calculated to be about 64%.

Molecular replacement was performed again with AMoRe, by using the BTV
VP7 trimer top domain as a model and deleting side chain atoms beyond Cg. A
solution was obtained with an Ry, . of 44% to a 4-A resolution. This solution
agreed well with the map obtained by single isomorphous replacement, and it
was found subsequently that the heavy atom sites corresponded to two mercury
atoms per subunit bound to the sulfur atoms of residues Cys-161 and Cys-195,
respectively.

Structure refinement. Refinement was performed with the program X-PLOR
(4), initially with noncrystallographic constraints, and reflections with Bragg
spacings of between 15 and 3 A and with F > 2 (oF). Side chains were positioned
in the 2F,-F ., electron density maps with the graphics program TURBO-
FRODO (50). After several cycles of simulated annealing and positional refine-
ment, a model with an Ry, of 22% between 15 and 3 A was obtained. The
electron density suggested that the fragment started at Gly-127 and ended at
Tyr-250. At this stage, the merged set of in-house and Photon Factory data was
used to extend the refinement to a 2.3-A resolution. Positional refinement was
carried out with the new set of data, but it converged with a rather high Ry,cor
of 27% for data with F > 2(oF) in the range 15 to 2.3 A. At this stage, it became
clear from the electron density that the noncrystallographic threefold axis was
not strictly obeyed and noncrystallographic symmetry (NCS) restraints were
applied instead of strict constraints, allowing a decrease in the Ry, ., but only to
25%. The refinement was therefore performed with the three subunits refined
independently, producing a drop in the Ry, to 22%. In the absence of non-
crystallographic restraints, there were three observations per degree of freedom,
so the refinement was still well conditioned. Water molecules were added grad-
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FIG. 2. Crystals of the AHSV VP7 fragment.
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ually, and a final model was obtained with 61 water molecules per monomer, an
Ry, cior 0f 19.8% for data with F > 2 (oF) between 15 and 2.3 A (the Ry,eior 15 21%
for all data), and good geometry (Table 2). An error in the sequence was
revealed during the refinement of the structure. It was not possible to position
the segment Ala-208-Pro-209-Gly-210, which was supposed to be an insertion in
AHSV compared with the sequence of BTV, in the electron density maps. In
fact, this segment was simply an erroneous duplication of the preceding Ala-
Pro-Gly tripeptide. The corrected AHSV VP7 sequence is presented in Fig. 3.

Other programs used in the study of the structure of the fragment. The
determination of the secondary structure of the AHSV VP7 fragment was carried
out with the program DSSP (24). Superposition analyses were performed with
TURBO-FRODO. Studies of the molecular surface and cavities were done with
the program VOIDOO, with a probe-accessible radius of 1.4 A (25); and the
program MS, available in the TURBO-FRODO package (8). An analysis of the
difference in hydrophilicities between BTV and AHSV VP7 surfaces was made
as follows. (i) The hydrophilicities of corresponding residues in BTV and AHSV
VP7 were calculated with the algorithm of Kyte and Doolittle (27), which is
based on the amino acid sequence. (ii) The difference in hydrophilicity between
BTV and AHSV VP7 was calculated with respect to each BTV VP7 residue. (ii/i{
The accessible surface of BTV VP7 was computed with a probe radius of 2.5
by the MS program and displayed on the graphics station. (iv) The resulting
surface was colored according to the difference in hydrophilicity between BTV
and AHSV VP7.

Nucleotide sequence accession numbers. The coordinates of the AHSV VP7
fragment and the observed structure factors have been deposited in the protein
data bank under the codes 1ahs and rlahssf, respectively.

RESULTS AND DISCUSSION

AHSYV VP7 general structure and superposition with BTV
VP7. The building block for the AHSV VP7 crystals is a tri-
meric fragment of the trimeric molecule (Fig. 4) containing
three subunits named A, B, and C. Each subunit shares the
jelly roll topology of the BTV VP7 top domain (15) (Fig. 5) and
contains the homologous residues. The whole trimeric AHSV
VP7 fragment can be packed into a parallelepiped with the
dimensions 55 by 55 by 40 A, the last dimension being along the
molecular pseudo-threefold axis. 2F -F ;. maps contoured at
1o above the mean electron density indicate that monomer A
starts at Gly-127 and ends at Thr-251. The segment from Arg-
177 to Ala-181 (segment 177-181) does not appear in the elec-
tron density maps and has not been modelled. Subunit B starts
at Thr-126 and ends at Tyr-250. This fragment is continuous,
but only the backbone of segment 177-180 has been modelled.
Subunit C starts at Gly-127 and ends at Tyr-250. The segment
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Pro-176 to Ala-181 has not been modelled. The problematic
segment, 176-181, is located at the protein surface in the same
region as the N and C termini (Fig. 4). Since there is consid-
erable disorder in this region, the electron density maps cannot
be relied upon to give the exact number of residues in the
fragment. There is nothing unusual either in the electron den-
sity maps or in the protein geometry which can be attributed to
the presence of urea in the crystallization solution.

The A, B, and C subunits can be superimposed upon each
other with an rms deviation of 0.3 A between C, atoms. This
value is similar to the estimation of the mean error on atomic
positions obtained from a Luzatti plot (34), and the relative
rotation relating adjacent subunits is almost exactly 120°. How-
ever, the drop in the Ry, ., when the three subunits are refined
independently shows that the three subunits are not related by
a true molecular threefold axis. The deviation from exact sym-
metry is particularly clear in differences in electron density
between segment 176181 in subunit B and those in subunits A
and C. The analysis of the crystal packing given in the next
section explains why the 176-181 segment is less disordered in
subunit B than in subunits A and C.

The AHSV and BTV VP7 top domains can be superimposed
with an rms deviation of 1.2 A between all equivalent C_, atoms
(Fig. 6). The C, traces of the two domains differ mainly at their
molecular surface near zones of inclusion or deletion in the
sequence (Table 3). Strand BA of subunit A, which is parallel
to strand BD of subunit C in BTV VP7, is not found in AHSV
VP7, and the helix m,, which is a short 3,, helix in BTV VP7,
is more like the a helix in AHSV VP7. These structural dif-
ferences are, however, very minor, and we have no doubt that
the bottom domains of AHSV and BTV VP7 are also ex-
tremely similar.

Molecular contacts in AHSV VP7 crystals. There is a con-
siderable amount of solvent in the AHSV VP7 crystals (64%),
and large channels with diameters of 70 and 20 A are found
along the crystallographic ¢ axis. This is likely to explain the
relatively high mean By, of the fragment (37 A?). One
AHSV VP7 fragment is in contact with four other fragments,
and two types of crystallographic interfaces can be described
(Table 4; Fig. 7): interface I, which relates subunits B via con-

TABLE 1. Processing statistics

. Collected Unique Phasing power Runis on
Data set Data ({(')llectlon Resolﬁ- reflections Cor?plete- 1>3a() reflections D merge on centrics centrics
site tion (A) (no.) ness (%) (%) (no.) (%) (%) (acentrics)”  (acentrics)
Native
1 In house, 1993 30-3.0 51,063 95 82 13,535 10.0
2 Photon Factory, 1993 30-2.3 63,616 87 69 27,140 5.1
Merged 30-2.3 93 71 29,456 8.9
EMC derivative  In house, 1994 30-3.5 22,679 92 81 8,220 9.5 1.1 (1.5) 0.6 (0.2)

“ Rym and Ry,¢.ec Were determined by the equation

R = E E O Ty = D) D/E Elh,d_/

Wl

W

where £, k, and / are the indices for unique reflections and j is the index for symmetry redundant reflections. Ry, is accordingly the R, for symmetrically related
reflections of a single data set, and Ry,crge 1S the Ryqyy for the merged data set. I are the collected intensities. Intensities (I ) and structure factors (F) are related by

the equation I = F2.

® Phasing power is the rms value of the heavy atom structure factor amplitude (FH) divided by the rms lack of closure error.

€ R.uniis Was calculated by the equation

Ranis = 2| FPH@,, — KCFPHl,|/ ) (FPH T,

hkl

where FPH is the derivative structure factor amplitude and & is a scale factor.

hkl
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FIG. 3. Alignment of three sequences of protein VP7 of orbiviruses taken from the SWISSPROT bank (3). AHSV had 43% identity with BTV VP7; the sequence
of the crystallized fragment is delimited with bold vertical lines at positions Gly-127 and Tyr-250. EHDV had 64% identity with BTV VP7. Residues conserved in all
three of the sequences are boxed, those conserved in at least two sequences are in boldface, and the RGD tripeptide is boxed in black (see text section 5). C, atoms
of AHSV VP7 and BTV VP7 separated by a large distance after superposition with TURBO-FRODO are in italic (Table 3 and Fig. 5). The first line shows the
secondary structure of BTV VP7 as calculated with DSSP (24). o Helices are indicated by spirals,  strands are indicated by arrows, 3, helices are indicated by output
signs, and B turns are indicated by boldface T. Conserved cysteines are indicated by solid triangles drawn below the EHDV sequence. Some structural properties of
BTV VP7 are given below the sequence alignment. Access, solvent accessibility per residue for the whole trimer calculated with DSSP. Accessibility in the range 70
to 100 A2 is indicated by O, that in the range 100 to 130 A2 is indicated by O, and that above 130 A2 is indicated by @. Bfactor, residues with an average Bi, o, in the
range 30 to 40 A2 are indicated by O, those in the range 40 to 50 A2 are indicated by O, and those above 50 A? are indicated by @. Contacts, minimum atomic distance
between two residues of adjacent subunits. Minimum distances in the range 4 t0 3.4 A are indicated by O, those in the range 3.4 to 2.8 A are indicated by O, and those
below 2.8 A are indicated by @. Cavities, residues lining the biggest cavities in the trimer after calculation with VOIDOO (Fig. 8). Residues lining only the second biggest
cavity are indicated by O, those lining only the biggest cavity are indicated by O, and those lining both of these cavities are indicated by @.
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TABLE 2. Structure statistics

Parameter Value
ReSOIUON TANZE (A) .orvvvvvvveveeresessssneeeeeeeessssssssssssssssssssesseeessssssssnes 15-2.3
No. of reflections with F>20(F) .. .
ComPIEtenEss (20) ....ouevevriimiviiriiiiiiiiiiiicss s
No. of non-hydrogen atoms per trimer ........coecceeeueveuererverercrenuenene 2,728
Risctor” oo . 198
Mean Bi,,o; 0N main chain (A%)...................ccoverern . 34
rms deviation from ideality on bond lengths (A)?. . 0.018
rms deviation from ideality on bond angles (°)°........cccoovrrrennnn. 22

“ Riactor Was determined by the equation

Risor = 2 [Fony Faa |/ X F ],
hkl hkl

where k is a scale factor.
> Parameters for energy minimization are taken from file “parhcsdx.pro,”
courtesy of R. Engh and R. Huber, and are included in the X-PLOR package.

tacts between the 178-182 and 226-228 loops and the CHEF
sheet, and interface II which relates subunits A and C via
contacts between their CHEF sheets. On this basis, we con-
clude that crystallographic contacts stabilize the flexible seg-
ment 176-182 of subunit B, while in subunits A and C, this loop
is completely exposed to the solvent (Fig. 7, bottom), explain-
ing the observed differences in the electron density maps de-
scribed above.

The crystallographic interfaces I and II are mostly made by
hydrophobic contacts. It has been reported for the crystalliza-
tion of the core of human immunodeficiency virus type 1 in-
tegrase that the replacement of a single hydrophobic residue
by a hydrophilic one can dramatically increase the solubility of
the protein and render the material suitable for crystallization
(9). A similar approach for the highly hydrophobic AHSV VP7
might allow urea to be eliminated from the crystallization
medium. Making the reasonable assumption that the hydro-
phobic residues involved in the crystallographic contacts con-
tribute to the tendency of the protein to aggregate, we suggest
two AHSV VP7 residues that could be mutated to increase
solubility: Ala-167 and Phe-209 (which replace BTV VP7 Arg-
168 and Thr-209, respectively). These residues are found in
both interfaces I and II and increase the hydrophobicity of
AHSV VP7 compared with that of BTV VP7.

Properties of the molecular surface and cavities. In order to
understand the difference in solubilities between AHSV and
BTV VP7, we have analyzed the difference in hydrophobicities
between the molecular surfaces of the two trimers, using the
complete sequence of BTV and AHSV VP7 to calculate a differ-
ence of hydrophobicity between the two proteins (see Materi-
als and Methods). Figure 8 shows the result, essentially a dif-
ence hydrophobicity plot, mapped to the solvent-accessible sur-
face of the molecule. Since the orientation of the VP7 trimer in
the mature core has been determined by correlation of the X-
ray and electron cryomicroscopy analyses (15), we can analyze
the changes in terms of the functions of the various surfaces.
According to Fig. 8, the base of BTV VP7, which is in contact
with VP3 in the virus, is more hydrophobic, while its upper
part, which is in contact with the VP2/VP5 outer capsid in the
virus, seems slightly more hydrophilic. We assume that these
changes reflect complementary changes on the other proteins
involved in these interactions. More interestingly, a large hy-
drophilic area comprising both strand C and helix n, of subunit
A and C-terminal helix 9 of subunit B is seen running down the
edge of BTV VP7. Since most of this region is not involved in
protein-protein interactions in the core particle, it is not clear
what the biological significance of these changes is. One pos-
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sible role is in interaction with a cellular receptor for the core.
This is discussed below. Arg-168, whose equivalent, AHSV
VP7 Ala-167, is a candidate for a solubility mutation, is part of
this hydrophilic area. An Ala-167-Arg change is therefore a
strong candidate for increasing the solubility of AHSV VP7.

BTV VP7 contains two major cavities lying along the mo-
lecular threefold axis: the first, with a volume of 1,950 A3,
extends from the upper part of the bottom domain to one-half
of the top domain; and the second, with a volume of 750 A3, is
surrounded by helices of the bottom domain (Fig. 9). The
cleavage of the top domain in the AHS VP7 fragment occurs at
about halfway down the biggest cavity, at a point at which the
cavity surface approaches to within 5 A of the outer surface of
the molecular envelope. Further discussion of the cleavage site
is presented in the next section.

An unidentified atom. Among the 61 water molecules posi-
tioned in the fragment, one located along the threefold mo-
lecular axis and also found in BTV VP7 is worthy of note. This
molecule, named Watl (Fig. 4 and 10), has six electrostatic
contacts with the nitrogen atoms of surrounding arginines and
glutamines. These characteristics suggest an anion, whereas
the observed octahedral geometry is similar to the coordina-
tion of Mg** by proteins (30). Furthermore, Wat1 refines to a
Biaeror Of 2 A2, while surrounding residues have an average
By cior Of about 20 A2, suggesting that there are actually con-
siderably more electrons present than are found in a single
water molecule. The program ASSAM was used to see if the
unusual constellation of residues observed around Watl has
been observed in other proteins (1a). Several proteins in which
a phosphate or a sulfate is bound to a group of three arginines
were detected. However, both phosphate and sulfate ions are

FIG. 4. VP7 chimera represented with the coordinates of BTV VP7 for the
bottom domain and of the crystallized fragment of AHSV VP7 for the top
domain. Monomer B of the fragment is drawn in a ribbon mode, highlighting its
secondary structure. Coils are in orange, strands are in green, and helices are in
cyan. The rest of the chimera is represented by a C, trace, with a different color
for each monomer (red, green, and blue). The colors of the top domain are paler
than the colors of the bottom domain. Wat1, which is discussed in the text, is a
molecule located along the molecular threefold axis. The figure was drawn with
MOLSCRIPT (26) as modified by R. Esnouf and rendered with RASTER3D (40).
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FIG. 5. Hydrogen bonding diagram of the jelly roll of BTV VP7. NH-CO bonds are indicated with arrows. The RGD tripeptide, which may be crucial for an
attachment of the protein with a cell receptor, is boxed in black (see text section 5). Figure was drawn with HERA (17).

too big to fit in the Watl site. A fluoride (F_) would be
electronically sensible and refines to a By, of 8 A% However,
it is unlikely that in the virus each VP7 protein contains a
fluoride ion. A chloride (Cl™) does increase the By, ., of Watl
but also, unfortunately, slightly increases the R, of the
model. Perhaps the most likely explanation is that Watl is
usually a hydroxyl but is partially replaced by a chloride ion in
the crystal. Indeed, in the EMC derivative, the extra density in
Watl disappears, while three extra densities appear nearby,
which correspond to mercury atoms bound to the cysteine 195
of each subunit, demonstrating that diffusion of molecules in

FIG. 6. Superimposition of the C, traces of the monomer B of the AHSV
VP7 fragment (medium lines) and of a monomer of the BTV VP7 top domain
(thin lines). Zones of maximum deviation between the two traces are highlighted
by thick lines (Table 3). The stereo view was drawn with MOLSCRIPT.

and out of this site is possible. While the biological significance
of this ion, if any, remains unclear, ions (albeit usually cations)
have been observed frequently on symmetry axes in virions and
have been implicated in the assembly-disassembly processes
(48). The nature and role of this ion therefore warrant further
investigation.

The cleavage site. In addition to the structure of the intact
BTV VP7 previously reported (15), we have also determined
the structure of a trimeric fragment of the top domain of BTV
VP7 protein (14). This cleavage at the junction between the
two domains bedeviled our initial analysis of the VP7 structure
(3a, 14), but we were able to solve the problem by adding a
cocktail of protease inhibitors to the crystallization solution.
AHSV VP7 crystals were also grown in presence of inhibitors;
however, this did not solve the problem. The BTV fragment
appears to start at Gly-127 and end at Tyr-250; i.e., it is essen-
tially the same fragment as that observed for AHSV. Although
we cannot be sure of the exact sites of cleavage, it is interesting

TABLE 3. Zones of maximum deviation between
AHSV VP7 and BTV VP7

VP7 zone of maximum

Characteristic deviation (A)

AHSV BTV
B-Turn 131-133 131-133
Deletion in AHSV VP7 146
Insertion in AHSV VP7 174-180 175-180
B-Turn 205-206 205-206
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FIG. 7. Position of the crystallographic interfaces around one fragment. (See Table 4 for a list of the interatomic distances between monomers related through the
crystallographic symmetry.) (Top) Interfaces, with one fragment highlighted by a C,_ trace (bold lines). (Bottom) Interfaces, with monomers A, B, and C highlighted
by thin, thick, and medium lines, respectively. The positions of the 175-182 flexible loop and of the tripeptides Ala-167-Gly-168-GIn-169 and Arg-178-Gly-179-Asp-180
are indicated (see text section 5).
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TABLE 4. Crystal contacts between fragments to a distance of 4 A

Interface Subunit Residue Subunit Residue No. of contacts
1 B Arg-178 B Asn-216 3
B Gly-179 B Phe-209 7
B Gly-179 B Thr-211 1
B Ala-181 B Phe-209 1
B Val-182 B Gly-165 1
B Val-182 B Ala-166 1
B Val-182 B Pro-236 5
B Asn-226 B Pro-236 2
B Tle-228 B Pro-236 1
B Tle-228 B Gly-207 1
B Ile-228 B Pro-236 1
2 A Arg-147 C Asp-163 8
A Arg-147 C Ala-164 3
A Arg-147 C Gly-165 1
A Gly-165 C Ala-166 1
A Gly-165 C Ala-167 5
A Ala-166 C Gly-165 3
A Ala-166 C Ala-167 3
A Ala-167 C Gly-165 5
A Ala-167 C Ala-166 1
A Ala-167 C Ala-167 1
A Ala-167 C Pro-236 1
A Gly-168 C Pro-236 3
A GIn-169 C Pro-236 1
A Phe-209 C Asn-232 2
A Gly-214 C Asn-216 6
A Asn-216 C Gly-214 3
A Asn-232 C Phe-209 3

that Gly-127 and Tyr-250 are strictly conserved among orbivi-
ruses (Fig. 3). A mechanism of autoproteolysis has been pro-
posed as a maturation mechanism for other viral proteins (49,
58), and it is possible that a similar process occurs in VP7,

FIG. 8. Difference in hydrophilicities at the solvent-accessible surface be-
tween BTV and AHSV VP7. A color scale is given on the figure, going from blue
(BTV VP7 strongly more hydrophilic) to red (BTV VP7 strongly more hydro-
phobic). In the virus, the top of VP7 is in contact with the VP2/VP5 layer while
the bottom is in contact with the VP3 layer. Figure was drawn with TURBO-
FRODO (for more details, see Materials and Methods).

J. VIROL.

FIG. 9. Slice of the solvent accessibility map of BTV VP7 showing the inter-
nal cavities and the narrowing at the cleavage zone. The C, trace of one mono-
mer is drawn in grey, with the extremities of the top domain fragment, Gly-127
and Tyr-250, in red. Lys-255 is a residue which seems important for assembly of
the virus (61). The solvent map was calculated with MS with a probe radius of 2.5
A and rendered with TURBO-FRODO.

triggered in this case by the crystal growth. An automatic
search performed among orbivirus sequences against those in
the PROSITE database (45) detected no motif for the pro-
tease site in the cleavage region of VP7. Gly-127 and Tyr-250
are separated by more than 5 A, which is rather distant for a
concerted mechanism. Inspection of the environment of the
cleavage sites in the context of the intact BTV VP7 gives no
real clue as to the mechanism at work, and the sites are not
readily accessible to proteases. The implication is that the
provision of flexibility in this region is a functional imperative.
Further work is required to identify a particular biological role
for this flexibility or for the cleavage of VP7.

The RGD motif. Ala-167, Gly-168, and GIn-169 replace the
BTV VP7 segment Arg-168-Gly-169-Asp-170 (RGD), which
has been suggested as a possible determinant for attachment of
BTV VP7 to a cell surface receptor (15). Indeed, it is known
that BTV cores are able to pass through the cell membrane
and can compete against foot and mouth disease virus for its
cellular receptor, an integrin (7b). The RGD motif is involved
in the attachment of foot and mouth disease virus to integrins
(11, 32, 35) as well as for the attachment of other biological
systems to cells (46, 55). The crystal structure of an integrin I
domain has recently been determined at a 1.7-A resolution
(30). This structure revealed an accessible divalent cation site,
as had been proposed earlier (1), which is thought to play a key
role in protein binding. Indeed, completion of the coordination
sphere of an integrin-bound Mg>* by a carboxylate oxygen of
the aspartic acid of the RGD motif is likely to be a key event
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FIG. 10. Residues surrounding the singular molecule Watl. The 2F-F .. electron density map is also represented at a 1o level at 2.3-A resolution. The stereo

view was drawn with MOLSCRIPT and TURBO-FRODO.

in the integrin-ligand recognition. Since in cases in which a
motif other than RGD is used for integrin recognition an acid
residue has always been implicated (20), we feel that the AGQ
sequence of AHSV is unlikely to play the same role as that
proposed for the RGD sequence in BTV. However, we note
that AHSV VP7 does have an RGD motif, in a slightly differ-
ent position (residues 178 to 180) on the highly flexible loop,
segment 175-180 (Fig. 4, 6, and 7, bottom). This loop is located
at the lower part of the top domain and is likely to be some-
what less accessible to integrins than the AGQ 167-169 seg-
ment. To see if the interaction of an AHSV core with the
integrin domain is feasible in the context of the whole core, we
have performed a modelling exercise. The BTV and AHSV
VP7 structures and the structure of the AHSV VP7 chimera
have been fitted to the cryomicroscopy electron density maps
of BTV cores, and the structure of the integrin domain has
been docked onto this model for the virus core with a graphics
workstation. Since the I domain represents only a small frac-
tion of the complete integrin, these results must be interpreted
with caution. In the case of BTV, the RGD is positioned such
that docking is straightforward, with the I domain facing into
large channels on the core surface, so that a much larger
molecule could be accommodated. Since the RGD of AHSV
VP7 lies somewhat deeper into the core, the modelling is more
constrained; however, the rearrangement of this region ob-
served in the structure in AHSV allows plausible docking.
There is a consensus that integrin-binding RGD motifs often
occur on flexible loops (32), and the RGD loop is certainly one
of the most flexible parts of the AHSV VP7 domains.
Conclusion. This study shows that the VP7 molecules of
orbiviruses remain trimeric in relatively high concentrations of
urea, and the structure of the protein is not significantly per-
turbed. This may be a generally useful way of studying the struc-
tures of relatively insoluble viral coat proteins. The structures
of VP7 molecules are, as expected, highly conserved across re-
lated orbiviruses. We suggest that Ala-167 may contribute sig-
nificantly to the insolubility of AHSV VP7 and that mutation
of this residue may improve the solubility of the protein. This
residue is also of particular biological interest, since Ala-167
replaces BTV Arg-168, which is a part of the RGD motif in

BTV. RGD domains in biological systems are very often in-
volved in the binding of molecules to the cell membrane. The
assembly of recombinant VP3 and VP7 molecules into core-
like particles and of VP2, VP3, VPS5, and VP7 into virus-like
particles (12, 13) provides a vehicle with which to investigate
mutated VP7—particularly the function of the RGD motif in
VP7. The report that VP7 in the virus is accessible to antibodies
(10) suggests the presence of holes in the surface of the outer
capsid. The structural data to date are consistent with RGD-
integrin recognition being a common feature of an early stage
of orbivirus infection, at least of insect cells, with different
members of the genus presenting the recognition sequence in
different structural contexts, perhaps modulating the integrin
specificity. In the longer term, a study of core-like particles and
virus-like particles with mutated VP7 may provide direct
insight into the orbivirus host cell attachment and entry
process.
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