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ABSTRACT: The binding of von Willebrand factor (VWF) to the platelet receptor, glycoprotein (GP) Ib-
IX-V complex, has a key role in the initiation of thrombus formation and is regulated by interactions with
extracellular matrix components under the influence of hemodynamic forces. To a certain extent, these
effects can be mimicked in vitro by two nonphysiologic modulators, ristocetin and botrocetin. The latter,
isolated from the venom of the snaBethrops jararacais a 31-kDa heterodimeric protein that forms a
soluble complex with VWF. As an initial step toward understanding the mechanisms that regulate vVWF
function, we have solved the crystal structure of botrocetin at 1.8 A resolution. Botrocetin exhibits homology
with other snake proteins, but contains only one metal binding site as compared to two in Factor IX
binding protein and Factor IX/X binding protein and none in flavocetin. A distinctive feature of botrocetin

is the presence of a negatively charged surface that may play a role in the association with the vVWF Al
domain.

Botrocetin, initially described as venom coagglutini, ( of distinct, albeit possibly related, molecules. The specific
is a protein that causes platelet agglutination and aggregatiorbinding site for two-chain botrocetin has been identified in
with the involvement of von Willebrand factor (VWFs a the VWF Al domain %, 8) and appears to be formed by
necessary cofactor. In this process, botrocetin and vVWF formresidues in discontinuous sequenég (

a bimolecular complex that is then capable of binding No measurable interaction occurs between normal human
specifically to glycoprotein (GP) Wb (2—4), a component ~ vVWEF in solution and platelet GP Ib-I1X-V unless exogenous
of the GP Ib-IX-V complex on the platelet membrari. ( modulators, such as botrocetin and ristocetfif), (L1), are
The venoms of several snake species in the g8utisrops added or shear stress is appliéd)( In conditions that mimic
and at least one species in the geBiis contain an activity more closely pathophysiologic events in circulating blood,
with the properties ascribed to botrocetit),(but detailed immobilized vVWF is sufficient, and strictly required at higher
studies have been conducted mostly with the protein isolatedshear rates, to mediate rapid and efficient tethering of
from Bothrops jararacg6, 7). Two chemically distinct forms  platelets to reactive surfaced3 14). This interaction

of botrocetin have been described to date, a disulfide-linked between vWF and GP tbis transient and by itself can only
heterodimer of two homologous but distinct polypeptides and support platelet rolling at low velocity, but by promoting an
a single-chain molecules( 7). The former binds to VWF initial arrest it allows the formation of synergistic bonds
with considerably greater affinity than the latter, but the involving other receptors that rapidly establish permanent
resulting complexes bind equally well to GRull§6). Thus, platelet adhesiorld). Botrocetin influences this process and,
the variable levels of botrocetin-like activity detected in the when complexed to VWF, permits firm platelet adhesion
venoms of different snakeg)(are likely to be the attribute  mediated only by GP i (15). The ability to stabilize the
bond between VWF A1l domain and GRumakes botrocetin
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Ficure 1: A 2Fo—Fc map of a representative portion of botrocetin. Residues322of the B-chain are shown, and some are identified
with the one-letter notation for amino acids. The map is contoured at tlel@/&l. Produced by Bobscrip27).

Table 1: Data Collection and Refinement Statistics

Data Collection

sSpace group P212:2;
maximum resolution (A) 1.8
no. of measured reflections 192 473
no. of unique reflections 43 228
completeness overall (%) 97.8
completeness in the highest shell 1-838 A (%) 85.4
Reym (%) 45
I/o at the highest shell 3.0
Structure Refinement

resolution range 501.8
reflections

F=> 20 38784

all reflections 43 228
no. of protein atoms 4162
no. of water molecules 603
Mg?* ion 2
R factor (%)

F=>20 19.9 (21.8)

all reflections 21.8(23.9)
rmsd from ideal bond lengths (A) 0.006
rmsd from ideal bond angles (deg) 1.4

aValues in parentheses are f@ee

solution containing 8% poly(ethylene glycol) (PEG) 4000,
14% PEG 400, and 100 mM Mgg£in 100 mM Tris-HCI
buffer, pH 8.5. Crystals appeared within-2 days. The
crystals belonged to space grot2;2,2;, with unit cell
dimensionsa = 64.8,b = 69.7, andc = 103.5 A. The
asymmetric unit contained two heterodimeric molecules of
botrocetin, withV, = 1.98 corresponding to a solvent content
of 35%.

Data Collection. Crystals were frozen in a stream of
nitrogen (Oxford Cryosystem) at 100 K after a brief soaking
in 30% PEG 400 as cryoprotectant. Diffraction data to a
resolution of 1.8 A were collected at the Stanford Synchro-
tron Radiation Laboratory, beamline BL9-2 using an ADSC
CCD detector with a crystal-to-detector distance of 220 cm
at a wavelength of 0.98 A. One hundred and thirty-five
images were collected with & totation for each frame. The
data were processed using the programs Deds) &nd
Scalepack17). There was a total of 43 228 unique reflec-
tions, with an overallRsy, of 4.5% and completeness of
97.8% at a resolution of 1.8 A (Table 1).

Structure SolutionThe structure was solved by molecular
replacement using the program AmoRE)(implemented
in the Collaborative Computational Project Number 4 (CCP4)
suite of programs19). The A-chain of coagulation factor
IX-binding protein (IX-BP; PDB entry 1BJ3) and the B-chain
of coagulation factor IX/X binding protein (IX/X-BP; PDB
entry 11XX) were chosen as search models based on higher
sequence homology and better resolution. A common feature
among these proteins is the existence of a long loop
comprising about 25 residues involved in loop swapping
dimerization R0). As this loop exhibits conformational
flexibility, it was deleted from the search models. Initial
rotation and translational searches for the A-chain yielded
several solutions with a similar correlation coefficient and
R factor. The two correct solutions, however, could only be
identified after rigid body refinements. After positioning the
two A-chains in the unit cell, the two B-chains were located
by similar procedures, and the packing of the four polypep-
tides in the unit cell was inspected graphically. The correla-
tion coefficient and R factor at this stage were 37.4 and
48.7%, respectively, for data in the resolution range of 15
to 3.5 A.

RefinementAll crystallographic refinements were carried
out using the program CNS2{), and the progress of
refinement was monitored by calculating the valueRef.
from a randomly selected set containing 5% of the total
reflections. Aoa-weighted 2Fo|—|Fc| electron density map
at 3.5 A was calculated, and some preliminary adjustments
in the model were carried out. The resolution of the map
was extended gradually to 2.5 A using the maximum
likelihood method as implemented in CNS. After two cycles
of positional refinements, followed by model building, the
R factor dropped to 40%Rgee = 43%). Several cycles of
positional refinements and model building were then per-
formed, progressively increasing the resolution at each step
to include all data at 1.8 A, with an R factor of 34.6%R{.
= 37.1%). The electron density map at this stage revealed
the positions of most of the residues in the long loop that
were deleted from the search models. All amino acid residues
from both chains were built into the density, with the
exception of four residues (A¥p-Tyr®?) of the B-chain that
were not visible. One MAJ ion bound to the B-chain of each
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Ficure 2: Stereoview of the botrocetin molecule. The A-chain is shown in green, the B-chain is shown in orange?aris $figwn in
cyan. Disulfide bridges are shown as ball-and-stick. There are six intrachain disulfide bridggsQ@g8, Cys0—Cys!?8 Cyst03—Cys!20
in the A-chain; Cy3—Cys!?, Cys0—Cys'?L Cy$%—Cys'!2in the B-chain) and one interchain disulfide bridge (&ysf the A-chain and
Cys’® of the B-chain). Produced by Bobscrif@7j.

hydrogen bond with a protein atom. The final mddehs
refined to an R factor of 19.9%Rfec = 22.1%) for data
between 50 and 1.8 A. The stereochemistry of the final model
was examined by PROCHECK. The statistics of refinement
are listed in Table 1.

RESULTS AND DISCUSSION

Overall Architecture. A representative portion of the
electron density (Figure 1) demonstrates the quality of the
three-dimensional model of botrocetin obtained with these

] ! . ) X-ray crystallography studies. The electron density for
FiGURe 3: Stereoview of botrocetin tetramers as seen in the crystal id ASH—Tvre! of the B-chain. h f
lattice. One dimer is shown by a surface representation, the other'€Sidues Asp—Tyr®* of the B-chain, however, was of poor

is shown by a wire model with the A-chain in yellow and the quality, possibly because of high conformational flexibility,
B-chain in green. Produced by GRASES, and these residues have not been included in the final model.

The most favored region of the Ramachandran plot contains
molecule also became apparent. Individual B factor refine- 91% non-glycine and non-proline residues, with the rest in
ments reduced the R factor to 23.9%{. = 26.2%). Water additionally allowed regions. The root-mean-square (rms)
molecules were added to the model using the program deviations for bond length and bond angles are 0.006 A and
WATERPICK implemented in the CNS suite of programs. 1.4C, respectively, with average B factor for protein and
The criteria used to assign a water molecule were that it had
electron density greater than 8 the Fo-Fc map, and more 2The atomic coordinates of the model have been deposited with
than I in 2Fo—Fc map, in addition to forming at least one the PDB under the accession number 1FVU.
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Ficure 5: Superposition of the B-chains of coagulation factor IX/X-BP, coagulation factor IX-BP, and flavocetin with that of botrocetin.
Botrocetin is shown in red, flavocetin is shown in green, coagulation factor IX/X-BP is shown in blue, and coagulation factor IX-BP is
shown in sky blue. The interchain disulfide bond of botrocetin is shown in orange. Produced by Insight (release 95.0; Biosym/Molecular
Simulations Inc.).

water of 33.9 and 41.8 Arespectively. The average error easily occur in solution. The two molecules have exactly
in the coordinates of the model, as estimated from Cruick- the same conformation, and the main chain @oms
shank’s formula 22), is 0.24 A. The overall three- superpose with an rms deviation of 1.0 A.
dimensional fold of botrocetin is very similar to that of Comparison with Other Heterodimers in the C-Type Lectin
several other snake venom proteins that belong to the C-typeSuperfamily.Both chains of botrocetin are homologous to
lectin super family, which includes coagulation factor IX- carbohydrate recognition domains (CRD) of C-type lectin
BP, coagulation factor IX/X-BP, and flavocetin. Despite a superfamily members. In the C-type lectins, the long loop
similar fold, these proteins have varied functions and folds back to the globular domain, while in botrocetin it
specificities. extends to the adjoining domain to form a loop swapping
Botrocetin is a disulfide-linked heterodimer composed of dimer as seen in IX/X-BP20). The loop of the A-chain is
two homologous chains, A and B (Figure 2). The botrocetin thus involved in extensive interactions with the globular
heterodimer is an elongated molecule with overall dimensions domain of the B-chain and vice versa. It has been proposed
of ~75 x 35 x 35 A. Each subunit has a compact globular that loop swapping leads to loss of carbohydrate-binding
unit and an extended long loop. The globular domain consistsactivity (20). Botrocetin is structurally similar to three other
of two a-helices and five majof-strands. The long loop  heterodimeric proteins of the C-type lectin superfamily, i.e.,
protrudes from this globular unit and is involved in extensive coagulation factor IX/X-BP, coagulation factor X-BP, and
interactions with the globular domain of the other subunit the GP Ib-binding protein, flavocetin. All these proteins share
to form a loop-exchange dimer. Gférom the A-chain and a high degree of sequence similarity (Figure 4). A compari-
Cys’® from the B-chain form an interchain disulfide bridge son of the three-dimensional structures of both A and B
(Figure 2). The botrocetin dimer has a concave surface in chains of botrocetin with the respective chains of the other
the middle, thus two dimers can associate tightly in the form three proteins reveals that only minor local differences exist
of a cross and this efficient packing contributes to the low among them, which are mainly due to insertions/deletion of
solvent content (35%). Indeed, the asymmetric unit contains residues. Despite the close similarity of the individual chains,
two molecules that associate in the crystal lattice to form a the relative orientation between the two chains is different
tetramer (Figure 3). Upon association, 10% of the surface in botrocetin as compared to the other three proteins, a fact
area of the dimer gets buried at the interface. The associatiorthat can be appreciated when the B-chains are superposed
in the crystal lattice is primarily driven by hydrophilic  (Figure 5). The position of the interchain disulfide bond acts
interactions, hence separation into individual dimers can as a pivot point about which the A-chain moves. The
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Ficure 6: Metal ion coordination sites. (a) Metal ion coordination in the B-chain of botrocetin. (b) Superposition of the metal ion coordination
site in A-chain of coagulation factor IX/X BP (in green) with the corresponding site in botrocetin (in magenta), which does not bind metal.
Metal ion is shown in blue. Produced by Bobscrip?)

B-chains of coagulation factor IX/X-BP and coagulation For example, rhodocetin, a platelet aggregation inhib&8y, (
factor X-BP are identical in sequence, while the B-chain of can dimerize even though it lacks an interchain disulfide
botrocetin is markedly different. The homology of the A bridge.
chain with the other three proteins i%61%, while that of Metal Binding SiteOne divalent metal binding site in the
the B chain is only~52%. The greater degree of variability B-chain of botrocetin (Figure 6, panel a) is similar to that
in the sequence suggests that the B-chain may be primarilyseen in both coagulation factor IX/X-BP and coagulation
responsible for the unique functional specificity of botrocetin. factor 1X-BP. As discussed in Experimental Procedures,
Indeed, as dicussed below, our results indicate that thecrystals of botrocetin were obtained in the presence of 100
B-chain is the major contributor to the proposed VWF A1 mM MgCls. In addition, the electron density and coordination
domain binding surface. geometry of the metal present in botrocetin corresponded to
Intersubunit InterfaceDimerization is accomplished through  those of a M@" ion; therefore, the assignment was unam-
loop swapping, and it is dominated by hydrophobic inter- biguous. The side chains of residues*GesIn*3, Glu*’, and
actions between the swapped loop and the globular unit. Glu'?? in the B-chain coordinate with the Mg ion. At
Residues involved in these hydrophobic interactions are variance with the metal ion binding site in coagulation factor
highly conserved among members of the C-type lectin IX-BP, we found no water molecule within the Nfgion
superfamily. This interface is known as the C-interface. The coordination sphere; instead, botDand @2 atoms of
A and B chains are linked through a disulfide bridge, but Glu*” coordinate with the Mg ion in botrocetin. There is
the association is driven by interactions at the C-interface. no bound divalent metal ion in the A-chain of botrocetin,



Structure of Botrocetin Biochemistry, Vol. 40, No. 2, 2001351

The Acidic Surface of Botrocetin in Relation to Binding
of the yWWF Al Domain.A comparison of the surface
potential of botrocetin with that of coagulation factor IX/
X-BP and coagulation factor IX-BP shows some interesting
differences that may explain the distinct functional properties
of each molecule. The two coagulation factor-binding
proteins exhibit a positively charged patch near their concave
surface that is thought to be required for interaction with
the y-carboxyl glutamic acid (Gla) residues in factors IX/
X-BP and IX-BP @0). In botrocetin, this positive charge is
changed due to the substitution of three Arg residues with
Trp, lle, and Thr. On the other hand, polar residues
considered as possible candidates for GP Ib binding in
flavocetin @5) are not the same in botrocetin. The latter has
a very markedly acidic surface (Figure 7), comprising mainly
residues in the B-chain, located near the concave face of
the molecule and connected to the metal binding site. The
20 acidic residues (14 from the B-chain and 6 from the
A-chain) that form the negatively charged cleft in botrocetin
(Figure 7) are substituted in the other three proteins mostly
by nonacidic, polar and noncharged residues (Figure 4). In
coagulation factor IX/X-BP and IX-BP, seven of them are
retained as acidic residues and one is switched to a basic
FIGURE 7: Representation of the botrocetin heterodimer showing esidue. In flavocetin, 10 remain acidic and three change to
the surface charge distribution. The position of magnesium is shown basic residues. This negative surface in botrocetin is likely
as o(white). The acidic surface of the molecule is shown in red. to be involved in binding to a positive region of the VWF
Produced by GRASP26). Al domain, since recent studies have identified A1 domain

residues Arff°, Arg®3? Arg®® and Ly$®” as putative binding
unlike in the homologous chains of coagulation factor 1/ Sit€s for botrocetin26). Apart from the concentration of
X-BP and coagulation factor IX-BP. The loss of this metal N€dative charges, another feature that makes botrocetin
ion binding site in botrocetin is due to specific amino acid distinct from the other three proteins is the change in the
substitutions (Figure 4 and Figure 6, panel b). Residues Shape of the binding surface. This is caused mainly by a
corresponding to S&rand GIW” of coagulation factor I/~ change in the relative orientation between A and B chains
X-BP and coagulation factor IX-BP are conserved (residues and by the Insertion of fe_s'd”? 45in the A-chain and re_5|dues
Serf! and GId#® of botrocetin), but residues corresponding 89 and 90 in the B—chaln (Figure 4). Thellatter are in the
to Gl and GIU28 in the former two proteins are replaced extended loop and contribute to the negative charge on the
by Lys*® and Ly$2°in botrocetin, giving rise to a positive surface.
charge instead of a negative (_:harge. With these changes, th%CKNOWLEDGMENT
overall charge-charge interactions in the absence of divalent
metal ion are maintained (Figure 6, panel b). In botrocetin, We thank Jerry Ware for helpful discussion and Rachel
the NZ atom of Lys$?° is spatially close to the position Braithwaite for secretarial assistance.
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