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The snake venom protein botrocetin acts as a biological
brace to promote dysfunctional platelet aggregation

Koichi Fukudal, Teresa Doggett2’4, Ian J Laurenzi®*, Robert C Liddington1 & Thomas G Diacovo?

Botrocetin is a snake venom protein that enhances the affinity of the A1 domain of plasma von Willebrand factor (vWF) for the
platelet receptor glycoprotein Iba (GPIba), an event that contributes to bleeding and host death. Here we describe a kinetic

and crystallographic analysis of this interaction that reveals a novel mechanism of affinity enhancement. Using high-temporal-
resolution microscopy, we show that botrocetin decreases the GPlba off-rate two-fold in both human and mouse complexes
without affecting the on-rate. The key to this behavior is that, upon binding of GPlba to VWF-A1, botrocetin prebound to
VWEF-A1 makes no contacts initially with GPlba, but subsequently slides around the A1 surface to form a new interface. This two-
step mechanism and flexible coupling may prevent adverse alterations in on-rate of GPIba for vWF-A1, and permit adaptation to

structural differences in GPlba and vWF in several prey species.

The ability of platelets to tether transiently to the surface of injured
vessels before firm adhesion requires the rapid formation and breakage
of bonds formed between GPIbo: and the A1 domain of vWF!'=. This
process relies on the ability of vWF, a multidomain, multimeric plasma
protein, to form a bridge between platelets and the region of vascular
injury. Under physiological conditions, platelets and vVWF do not interact
appreciably in circulating blood, thus restricting adhesion to sites of
vascular damage. This tightly regulated interaction can be perturbed,
however, by botrocetin, a component of Bothrops jararaca venom that
promotes platelet-vWF agglutination in several mammalian species
under hemodynamic conditions that typically preclude this event from
occurring (such as low-flow states). The consequence of this enhance-
ment in adhesion, in conjunction with the activities of other procoagu-
lant factors contained within the venom, is the loss of VWF multimers
and a reduction in platelet counts, resulting in hemorrhage*-.

It has been proposed that botrocetin regulates the activity of vVWF
allosterically, by altering the structure of GPIba binding surface on
the A1 domain. This hypothesis is supported by the requirement of
botrocetin to first form a tight binary complex with the Al domain
to enhance its interaction with GPIbo. in stasis®”8. Further support is
provided by the ability of botrocetin to ‘reconstitute’ the binding activ-
ity of VWE-A1 containing loss-of-function mutations associated with
type 2M von Willebrand disease (vWD) in fluid-phase assays>!°. By
contrast, our previous analysis of the crystal structure of the human
vWE-Al-botrocetin binary complex did not indicate a conformational
change induced in A1 by the binding of botrocetin, leading us to sug-
gest that botrocetin enhances GPIba interactions by providing an addi-
tional binding surface!!. However, this could not be confirmed by simple

modeling of the ternary botrocetin~-vWF-A1-GPIbo complex based
on the botrocetin~vWF-A1 and vWF-A1-GPIbc'? binary complexes,
because no direct contacts are evident between GPIba and botrocetin.
Thus, the mechanism of affinity enhancement was unclear, as was the
mechanism by which botrocetin is able to perturb hemostasis in several
prey species*.

We therefore determined the crystal structures of the binary mouse
Al-botrocetin complex and the human ternary complex, and evaluated
kinetic properties of both species under hydrodynamic conditions. Our
data reveal a novel mechanism that provides the adaptability required
to recognize different species, and new insights into the mechanisms
by which the kinetics of the interaction between GPIbo and vVWEF-A1
can be altered.

RESULTS

Structure of the mouse A1-botrocetin binary complex

To shed light on the ability of botrocetin to ‘activate’ vVWF such that it
enhances its interaction with platelets, we first determined the crystal
structure of the mouse Al-botrocetin binary complex at a resolution of
2.7 A (Fig. 1) and compared it with the human binary complex already
determined (PDB entry 11JK)!'!. Mouse A1 is 86% identical to human,
and the sequence is highly conserved (81-90%) in the 26 other mam-
malian species that have been sequenced!?. The central B-sheets of the
Rossmann-like fold superimpose very closely (r.m.s. deviation, 0.33 A),
whereas the overall r.m.s. deviation is 0.75 A for the 194 equivalent Cot
atom pairs. Botrocetin engages helices 0.5 and 0.6 on one side of the A1
domain, and side chains that form the botrocetin-binding surface are
essentially invariant. However, differences in residues that define the
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Figure 2 Structure of the vVWF-A1-GPlba~

packing between these helices and the central B-sheet cause the helices
to pack 2.5 A closer together, whereas o5 changes its tilt. Botrocetin
compensates for these structural differences in several ways. First, the
bilobar lectin fold allows for a small quaternary change between the two
lobes to optimize packing with the A1 domain. Second, three tyrosines
at the heart of the interface alter side chain and main chain dihedral
angles. Third, some salt bridges are weakened or broken, whereas others
are strengthened or created. In these ways, the overall architecture of the
binary complex is well conserved between mouse and human, with an
r.m.s. deviation of 0.88 A for the 446 equivalent Co. atom pairs and a
similar buried surface (1,580 A2 versus ~1,600 A2). Given the high level
of sequence homology between mammalian species, it seems probable
that similar small alterations in the botrocetin structure would allow
tight complexes to be formed in most cases. It is also noteworthy that
the mouse and human complexes crystallize in different space groups
with very different crystal packing. Botrocetin
occupies an almost identical position in the two
binary complexes, suggesting that its location is
a true energy minimum in the binary complex,

botrocetin ternary complex. (a) Ribbon
representation of the ternary complex. vVWF-A1,
cyan; GPlba, green; botrocetin, red. (b) Location
of the GPIbo-botrocetin interface. The Al
domain, GPIba, and botrocetin are in space-
filling, green stick and red stick representations,
respectively. The GPlba-botrocetin interface is
shown as green and red transparent surfaces.
(c) Alignment of GPIbo. sequences from four
different species in the region involved in
botrocetin binding (C-terminal to the leucine-

rich repeat). The human receptor shares high Cc d
sequence identity with mouse (68%), canine - * —. —
(65%), and rat (69%). Secondary structure o ;g;” 0 m#ﬁ E}é;‘ ;.fg
elements are shown above the sequence Ra CBEELLYEAN %E%"%K“t 3 Wik
alignment. Residues directly involved in the

botrocetin interface are indicated by red circles. alls 0 olle

The tyrosine residues to be sulfated in human
GPIba are indicated by red arrows. Residues
conserved in all the sequences are boxed.

(d) Close-up of the GPIba-botrocetin interface 280
with backbone as ribbon and loop (GPIba, green;
botrocetin, pink), and selected side chains in
ball-and-stick. An intermolecular main chain
hydrogen bond is a dashed line.
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Figure 1 Structure and comparison of the mouse VWF-Al-botrocetin binary
complex. (a) Comparison of the binary Al-botrocetin human and mouse
complexes (A1, gray surface; botrocetin, gray and red Ca traces for the
human and mouse complexes, respectively). (b) Locations of the contact
residues of the mouse Al involved in botrocetin binding. Botrocetin is shown
in red coil models. (c) Sequence conservation of the A1 domain from four
different species in the region involved in botrocetin binding. The mouse Al
domain shares high sequence identity with human (86%), canine (89%),
and rat (89%). Residues involved in botrocetin binding are indicated by red
circles. Secondary structure elements are above the sequence alignment.

and that the shift of botrocetin observed in the ternary complex (see
below) is a consequence of GPIbo. binding rather than a different crystal
environment.

Structure of the human ternary complex

To determine the structure of the human ternary complex, we expressed
the vVWEF-A1 binding domain of GPIba using recombinant baculovirus
technology. Our initial fragment, residues 1-289, forms a robust ter-
nary complex!4 but did not diffract well enough for structural analysis.
We suspected that the anionic region beyond residue 267, which is dis-
organized in most structures of GPIbo., was impairing the formation of
high-quality cocrystals. Thus, a shorter construct, comprising residues
1-265, was generated, including the core leucine-rich repeat domain and
three intrachain disulfide bonds. This protein also forms a stable ternary
complex with a 1:1:1 stoichiometry with A1 and botrocetin, but crystal-
lized in a form suitable for high-resolution analysis. We determined its
structure at a resolution of 2.95 A by molecular replacement (Fig. 2).

Overview of the ternary complex

Comparison of the human ternary complex with the human Al-
botrocetin binary complex reveals a marked rigid-body slide and rota-
tion of botrocetin around the surface of the A1 protein such that it makes

b
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Figure 3 Structural changes on formation of ternary complex. (a) Overview showing the shift in botrocetin upon binding of GPIba.. Overlay is on the Al
domain. Botrocetin (Co. trace) is black and red in the binary and ternary complexes, respectively. GPIba (Co trace) is green, with a solvent-accessible surface
of Al in gray. Arrows show principal directions of motion. (b) Close-up of botrocetin in the binary (yellow coil) and ternary (cyan coil) complexes, with selected
side chains shown, and the A1 domain shown as a solvent accessible surface. (¢) Close-up comparison of botrocetin binary and ternary complexes in the
region of the GPIba-botrocetin interface (GPIbo shown as solvent-accessible surface).

anew interface with GPIbo. (Fig. 3). The shift in center of gravityis 3.7 A
in a direction toward GPIbo, with movements of individual Co atoms
of as much as 10 A at the N terminus of the B-chain. The location of
GPIba on the surface of Al is similar to that in the previously reported
Al1-GPIbo binary complex (PDB entry 1M10)!2, although there is a
~1 A rigid-body shift of GPIbo toward botrocetin.

The A1 domain in the ternary complex is essentially unchanged com-
pared with its structure in the unliganded state (PDB entry 1AUQ)">.
In particular, the N- and C-terminal arms are as well ordered as in the
uncomplexed Al domain, in contrast to the loss of order observed
in binary A1-GPIba complexes. We also did not observe a change in
conformation of a loop on the lower surface of the A1 domain, as was
reported in the wild-type binary complex (PDB entry 1SQ0)%; rather,
it is identical to that seen in the mutant complex!2. Thus, a botrocetin-
induced conformational change in the A1 domain does not seem to
contribute to its increased affinity for GPIba. This result is consistent
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with our previous findings showing that the effects of botrocetin and
type 2B vWD mutations (the latter is thought to destabilize the termi-
nal arms of the A1 domain) are additive, suggesting distinct molecular
mechanisms for affinity enhancement.

Changes in the A1-botrocetin interface

The rigid-body movement of botrocetin in the ternary complex involves
repacking of side chains at the Al-botrocetin interface (Fig. 3a,b). Two
out of five salt bridges (using a distance cutoff of 3.5 A) that occur
within this region are disrupted when GPIba binds, whereas in their
place four new polar interactions are formed (GIln628-Asp70, Arg632—
ThrfB114, Lys643—Leuc.110 and Arg663—AspP88). Substantial repacking
(shifts of 2-3 A) of hydrophobic residues at the center of the interface
also occurs. These changes actually lead to a higher shape correlation in
the Al-botrocetin interface upon binding to GPIba (0.52 versus 0.65).
Furthermore, the overall buried surface area changes very little (1,620
A2 versus ~1,600 A?), so that the energetic cost of the repacking may
be small enough that any loss can be recouped from the energetic gain
arising from the new botrocetin—-GPIbo. interaction.

The new GPlba-botrocetin interface

The new interface with GPIbo buries ~850 A2 of surface area (Figs. 2
and 3). It is smaller than the A1-GPIbo or Al-botrocetin interfaces,
and its shape correlation (0.48) is lower than those of the former (0.59)
and latter (0.65) in the ternary complex. This new interface provides a
rationale for the enhanced binding of GPIbat to vVWE-A1 (see below),
whereas its relatively small size provides a rationale for the lack of bind-

Figure 4 Requirement for botrocetin binding to the A1 domain. (a) The
percentage of platelets capable of binding to mutant or wild-type (WT)
vWF-A1 proteins in the absence or presence of botrocetin under static
conditions. Purified cells were allowed to settle onto the indicated surface-
immobilized protein substrates. After 10 min of contact, a wall shear stress
of 0.2 dyn cm=2 was applied for 1 min, and the percentage of platelets that
remained bound was determined (mean + s.d., n = 3). (bh) Accumulation

of platelets per unit area on surface-absorbed mutant or WT vWF-A1
substrates at wall shear rates ranging from 20 to 1,600 s~L. Error bar, s.d.
for the mean values of three experiments carried out in duplicate.
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ing observed between GPIbo and botrocetin in the absence of the Al
domain!”. Three loops from botrocetin engage a flat surface comprising
an o-helix and C-terminal strand that cap the C-terminal end of the
leucine-rich repeat of GPIbo. At its center are loops containing Phe116
and TrpP20 from botrocetin. TrpB20 packs against polar side chains
(Arg217 and GIn221), whereas Phef116 packs against a hydrophobic
side chain of Ala224. A third loop (residues 355-60) from botrocetin that
was disordered in the Al-botrocetin binary complex becomes ordered
upon formation of the ternary complex (Fig. 2d) and makes contact with
the C terminus. There are several long-range ionic interactions and one
main chain—main chain hydrogen bond, between the carbonyl oxygen of
GIn221 on GPIbo and the amide nitrogen of Phef3116 on botrocetin.

Four GPIba sequences are known: human!®, mouse!®, dog?® and rat
(NCBI entry XP_220573). They are 65-70% identical overall, less well
conserved than the A1 domains, but similar enough to ensure that they
@wiﬂ share a very similar three-dimensional structure. Within the region

@ of GPIbo adjacent to the botrocetin-binding site, there is good conser-
vation of buried residues (Fig. 2c), suggesting that the local main chain
architecture will be conserved. Although the GPIba interface residues
are not as well conserved as those at the Al-botrocetin interface, there
are no radical changes among the known mammalian GPIbo sequences,
consistent with the ability of botrocetin to bind to GPIba: sequences of
several species.

C-terminal to the leucine-rich repeat of GPIbo is an anionic region
that includes three sulfated tyrosines (at residues 276, 278 and 279)
in the human protein (not conserved in other species). Mutagenesis
experiments have suggested a role for this region in botrocetin-
dependent binding to human vWF2122 but definitive structural evi-
dence is lacking. Although the construct that we analyzed crystallo-
graphically lacks this region, simple modeling based on the structure

© 2005 Nature Publishing Group

Figure 6 The botrocetin-GPlba interface regulates the off-rate of the ternary
complex. (a) The effect of botrocetin on the tethering frequency (apparent
on-rate) of microspheres coated with low site densities of

VWF-AL. (b) Accumulation of microspheres coated with a high concentration
of VWF-A1 protein alone or in complex with botrocetin to surface-
immobilized platelet monolayer under flow conditions. Data represent the
mean = s.d. for three independent experiments. WT, wild type.

Platelet substrate

Platelet substrate
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Figure 5 The effect of botrocetin on the kinetics of
the GPlba~vWF-A1 tether bond. (a,b) Botrocetin

Human
does not enhance the cellular on-rate for either
Human the human or mouse GPlbo—vWF-A1 tether bond
Human as observed for the type 2B mutation 1546V. An
enhancement in cellular on-rate is denoted as an
Human increase in tethering frequency of protein-coated

beads. Data represent mean + s.d. for three

Human + mAb 6D1 independent experiments. WT, wild type.

Human

of this region observed in unliganded GPIbo
(PDB entry 1GWB)? is consistent with the
hypothesis that this region makes additional
contacts with botrocetin in the ternary com-
plex. We therefore measured the binding
kinetics of our short and long recombinant
GPIba proteins to the Al-botrocetin binary
complex using Biacore (data not shown). This
revealed a six-fold increase in affinity when
the anionic region was included. Thus, the
anionic region seems to have a role in stabi-
lizing the human ternary complex.

Mouse
Mouse

Prerequisite formation of the botrocetin~vWF-A1 complex

To show that botrocetin cannot form stable adhesions with platelets in
the absence of the A1 domain, we evaluated platelet binding to surface-
immobilized botrocetin under static conditions. After an incubation period
of 10 min, few platelets remained attached upon the application of flow
(Fig.4a). By contrast, >50% of platelets remained bound in the presence
of the botrocetin—vWE-A1 complex, but <5% remained bound when cells
were first incubated with the GPIbo function-blocking antibody 6D1. To
further show that botrocetin must form a complex with vVWF-AL1 to enhance
interactions with platelets, a mutation was introduced into the/Al domain
at the botrocetin interface that precludes the binding of this snake venom
protein (R663Q). Although this mutation prevented botrocetin from stabi-
lizing adhesion between the A1 protein and platelets either in stasis or under
low-flow conditions, it did support a similar level of platelet accumulation at
higher flow rates as compared with its wild-type counterpart (Fig.4a,b).
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Table 1 Off-rates as a function of wall shear stress

1.72+0.23 57! (mean + s.e.) for VWE-A1 coat-

ing concentrations of 5and 10 g ml~!, respec-

(Sdr;iagf:[g)s ® gv Eané ﬁl) \(/\5N Eané ﬁl) \(I\ll\i)F;L:An:rl) \(lgv EgMn/;\I}l ) \(’gv E;ngAl}l) tively, which are s.tatistically indistinguishable
+ botrocetin + botrocetin + botrocetin (P <0.01). Thus, in the absence of force, botro-

cetin increases the lifetime of the GPIbo—

kot R kit F2 kot R2 kot R kit R*  yWF-AI tether bond two-fold (Table 2). We

0.85 588 0.98 1.74 0.98 179 098 also evaluated the effect of botrocetin on
1.0 6.53 0.97 233 098 222 098 47 098 1.7 o0.9g tether bond formation between mouse vWF-
1.5 7.45 0.98 258 0.99 278 0.99 Al and mouse platelets. Notably, the results
2.0 8.07 0.97 2.79 0.99 299 0.99 were nearly identical to those observed for the
2.5 3.18 0.98 3.29 0.98 human binary complex, a ~2.5-fold reduction

Kinetics of dissociation of transiently tethered human (H) or mouse (M) Al-coated beads on surface-immobilized
human or mouse platelets, respectively in the absence or presence of botrocetin (1:1 molar complex). Representative
kot values obtained for each experiment (minimum of four) are shown as a function of increasing wall shear stress.

Kinetics of the VWF-A1-GPlba-botrocetin complex

We next analyzed the formation and dissociation of transient adhesive
events, known as tether bonds, formed between microspheres coated
with low site densities of vWF-A1 and surface-immobilized platelets.
Previously, we have demonstrated the ability of this specialized flow
system to elucidate the alteration in the intrinsic properties of the
GPIbo—~vWEF-ALl tether bond that occurs upon the incorporation of
function-enhancing mutations?4, obtaining results that were consis-
tent with observed changes in structure!2. By varying the bead coating
concentration of YWF-A1, we found that at site densities between ~30
(5 ug ml') and 52 (10 pg ml~") molecules pum=2, transient tether-
ing events are the predominant (>95%) adhesive interaction at wall
shear rates ranging from 10 to 300 s~!. Under these conditions, which
limit the possibility of multiple bond formation, botrocetin does not
increase the frequency of tether bond formation, indicating that botro-
cetin does not alter the on-rate?>2¢ (Fig. 5a). That is, the rate of asso-
ciation closely resembles the normal physiological interaction between
GPIboand the A1 domain of vVWE Identical results were found for the
mouse complex (Fig. 5b). This result is consistent with our structural
data and modeling, which indicated that botrocetin does not alter
the structure of the A1 domain and does not initially form contacts
with GPIbo. This contrasts with gain-of-function mutations associ-
ated with type 2B vWD, which increase the association rate owing
to structural changes that facilitate interactions between GPIbot and
vWE-A1 (refs. 2,12,24).

The effect of botrocetin on the dissociation rate constant of the
GPIbo—vWE-A1 tether bond was quantified by measurement of the
duration of transient tethering events. High-temporal-resolution video
analysis of the receptor-mediated bead-platelet interactions revealed
that the interaction time distribution was exponential, in accordance
with the hypothesis that a single GPIbo—vWF-A1 tether bond mediates
adhesion (see Methods). Moreover, statistical point estimates (SPEs) of
the tether bond dissociation constant (off-rate) k¢ were consistent for
all biological replicates (P < 0.01) at each wall shear stress. Graphically,
this is manifested as a straight line in an exponential probability plot of
the pause times (Table 1; see Supplementary Fig. 1 online)?’~2°.

To determine the intrinsic off-rate (that is, in the absence of an
applied force), we (i) fit the SPEs of kg to Bell’s model®?, kg (F) =
kg (0) exp(oF,/ kT), via linear regression, and (ii) fit the experimental
pause time distributions to a Bell model via the Monte Carlo (MC)
simulation method®>. Both fits were statistically significant (P < 0.05)
and returned statistically indistinguishable results for both the zero-
force off-rate k% (P < < 0.01) and ‘reactive compliance’ 6 (P < < 0.01)
when applied to the same data (Table 2; see Supplementary Fig. 2
online). Extrapolation to zero force yielded k% ¢ = 1.61 £ 0.21 s™! and

in the off-rate induced by botrocetin (Table 1,
see Supplementary Fig. 1 online). Thus, the
mechanism of affinity regulation seems to be
conserved across species.

The contribution of the botrocetin-GPIba interface

To determine whether the prolongation in bond lifetime is due to the
dissociation of the botrocetin-GPIbo interface, we evaluated the effect
of botrocetin on the A1 mutant, H563R, which produces extremely labile
interactions with GPIboi®!. His563 is located in the middle of the strand
C of the A1 domain, such that its side chain does not directly influence
formation of the intermolecular B-sheet. However, once formed, the
mutant complex may experience unfavorable ionic side chain interac-
tions between the arginine side chain and Lys231 on GPIba.. Consistent
with this, the mutation did not substantially alter the frequency of tether
bond formation under conditions that limit multiple bond formation
(bead coating concentrations <10 g ml™), but did result in a 2.5-
fold higher off-rate as compared with its wild-type counterpart in the
absence of botrocetin (Fig. 6a and Table 3; see Supplementary Fig. 3
online). In the presence of botrocetin, however, the binding of micro-
spheres to surface-immobilized platelets was augmented at low flow rates
(<20 s7') only when in a 1:1 molar ratio with high coating concentrations
of mutant A1 (100 g ml™"), as observed for the wild-type binary complex
(Fig. 6b). Evaluation of the impact of botrocetin on the frequency of
transient tethers formed at low site densities of mutant VWEF-A1 revealed
no enhancement in on-rate, consistent with its lack of allosteric effect on
this domain. It did, however, decrease the off-rate by five-fold to a value
identical to the wild type A1 in the presence of botrocetin (2.2 + 0.1 57!
versus 2.2 £ 0.2 s7!, mean = s.d.). These observations indicate that the
botrocetin-GPIbo interface, which would be relatively unperturbed in
the mutant protein, must account for the similarities in off-rate and thus
is rate-determining for the ternary complex (Fig.7). Moreover, our data
suggest that the motion of botrocetin around the A1 surface is relatively
fast compared with the inherent bond lifetime of GPIbo—vWEF-A1 inter-
face, permitting sufficient time for botrocetin to interact with GPIbo.

Table 2 Biophysical parameters of the binary versus ternary complex

KO (s71) o (nm)
vWF-A1 (without botrocetin)
SPE 3.21+0.15 0.018 + 0.002
MCR 3.45+0.37 0.016 + 0.002
vWF-A1 (with botrocetin)
SPE 1.62 £0.29 0.014 £ 0.005
MCR 1.61+0.21 0.015 + 0.003

Values for kO were determined from regressions of data obtained from two
independent analyses, MCR (Monte Carlo regression) and SPE. Pvalues based on a
two-tailed Student’s t-test revealed no statistically significant differences in MCR- or
SPE-derived values for k%, and reactive compliance known as 6 (a measure of a tether
bond’s sensitivity to force-driven dissociation); P> 0.1.
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Figure 7 Proposed schematic model for the two-step mechanism of
interaction between the botrocetin-vWF-A1 binary complex and GPlbo..

DISCUSSION

Although most toxins act by inhibiting biochemical processes, some are
activators, either through binding to conserved surfaces and acting as
allosteric effectors that stabilize one quaternary conformation of their
target®2, or by enzymatically modifying their targets®>. However, the
manner in which botrocetin enhances GPIbo—vWEF-A1 interactions,
by creating an additional interface, seems to be unprecedented. A priori,
such a mechanism places great demands on the positioning of botrocetin
on the Al surface (in contrast with steric inhibition of protein-protein
interactions, for which the structural requirements are much less severe).
Botrocetin achieves this using three elements. First, it binds to a con-
served surface on the A1 domain adjacent to but not interfering with the
GPIba-binding site, as shown by the unchanged on-rate for GPIbaand
consistent with model building based on the binary complexes. Second,
the inherent flexibility of the Al-botrocetin binding interface allows
botrocetin to slide rapidly over the Al surface to form a new interface
with GPIbo. Third, botrocetin presents a hydrophobic but not highly
specific interface for interaction with a conserved though not invariant
region of GPIba, which dictates the bond dissociation rate.

Why does botrocetin undergo such a slide, rather than initially assum-
ing its position in the ternary complex? One possibility is that a slid-
ing mechanism avoids steric crowding that occurs near the interface
where the three molecules must come into apposition. In particular,
this ‘trimolecular’ interface occurs at the base of the ‘B-switch’ region of
GPIbo, which undergoes a disorder-order transition from loop to a rigid
B-hairpin that forms the major part of the B-sheet interaction at the top
of the A1 domain. Indeed, it is known that the on-rate for binding to
the A1 domain is highly sensitive to mutations that affect the propensity
for B-strand formation in this region'2. We propose that the presence of
botrocetin at its ‘ternary’ location would adversely affect the ability of
the B-switch to undergo the necessary conformational changes required
to form a hairpin and sheet. By contrast, botrocetin’s subsequent slide

Table 3 The effect of botrocetin on kg for extremely labile tether
bonds

VWF-HAL (H563R)  vWF-HAL (H563R)

+ botrocetin

VWF-HAL (WT)
+ botrocetin

Shear stress

(dyn cm=2) Kot R? Kot R? ki R?

1.0 154 0.99 2.3 0.97 2.3 0.99

Kinetics of dissociation of transiently tethered mutant vWF-Al-coated beads on
surface-immobilized platelets in the absence or presence of botrocetin (1:1 molar
complex). Representative k. values obtained for each experiment (minimum of four)
are shown in comparison with wild-type (WT) vVWF-A1 that is in complex with botrocetin
at 1 dyn cm=2 of wall shear stress.
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is a simple rigid-body motion to form the new interface with GPIbo..
The two-step mechanism may also provide the adaptability necessary
to overcome structural differences in various mammalian species that
lead to subtle variations in the position and orientation of botrocetin on
the surface of vWF-A1 before binding GPIbo. Thus, we propose that the
two-step mechanism avoids an adverse effect on the on-rate that would
limit botrocetin’s effectiveness as a snake venom protein.

It may seem surprising that a two-fold decrease in the off-rate is suf-
ficient for the strong biological effect observed for botrocetin. However,
such subtle alterations in kinetics have been shown to have profound
effects in other cellular contexts. For example, it has been postulated
that the kinetics of T-cell receptor (TCR) binding to peptide-major
histocompatibility complexes (MHCs) must be maintained within an
extremely narrow range to promote T-cell activation. In fact, only a two-
fold difference in the lifetime of this interaction has been reported to
result in a marked alteration in T-cell responsiveness to a peptide-MHC
complex®. In regard to botrocetin, we believe that the observed two-fold
prolongation of bond lifetime is also sufficient to contribute to the clini-
cal phenotype that results from envenomation by B. jararaca®. This is
supported by the ability of botrocetin, in combination with high but not
limiting concentrations of A1 on beads, to augment binding in low-flow
states, a phenomenon we believe to rely on multiple bond formation??.
By prolonging the off-rate, the probability of forming more than one
GPIbo—vWF-AL interaction increases markedly, an event that would
favor stabilization of platelet-vWF aggregates. Moreover, because the
venom of B. jararaca contains several procoagulant proteins that would
augment the effects of botrocetin, a modest alteration in the dissociation
rate constant may be all that is required to achieve the desired pathologi-
cal effect, hemorrhage.

METHODS

Reagents and antibodies. Monoclonal antibodies (mAbs) used in experiments
included GPIbo blocking mAb 6D1, mAb 7E3 specific to human oyy,B5(from
B. Coller, Rockefeller University), mAb NAD-1 specific to mouse oy, 35 (ref. 36)
and mouse antibody to Hisg-tag. The generation of Fab fragments, recombinant
human and mouse vWF-A1 His-tagged proteins, coating of latex microspheres
(7-um diameter) and purification of botrocetin from the crude venom of B.
jararaca were carried out as described>®37-3,

Platelet adhesion in flow. Platelets purified from healthy donors were perfused
(5% 107 mI™}, Tyrode’s buffer, 0.25% (v/v) human serum albumin, pH 7.4) over
surface-immobilized vVWF-A1 proteins (100 ug ml~!) in a parallel plate flow
chamber at various wall shear rates (20—1,600 s~!) and their attachment recorded
as described?. For experiments involving botrocetin, A1 domain proteins were
incubated with the purified snake venom (1:1 molar ratio) for 30 min at room
temperature. Inhibition studies were done by incubating platelets with mAb 6D1
(20 ug ml™!) for 15 min at ambient temperature before adhesion studies. In
experiments involving the adhesion of platelets to botrocetin—vWF-A1 substrates
under stasis, platelets (2 X 107 ml™!) that had been initially perfused through a
parallel plate flow chamber at 0.5 dyn cm™2 for 30 s were allowed to remain in
close proximity with the substrate for 10 min before reinstatement of flow at
0.2 dyn cm2. The number of cells remaining bound after the application of flow
for 1 min was determined and expressed as the percentage of the original number
of platelets present in the field of view (0.32 mm?).

Microsphere tethering frequency. In flow experiments involving vVWF-A1-coated
microspheres, purified platelets pretreated with 10 mM sodium azide, 50 ng ml~!
prostaglandin E; and 10 uM indomethacin (Sigma) were immobilized on glass
plates coated with Fab 7E3 (for human) or Fab NAD-1 (for mouse) fragment as
described?. The frequency of tethering events between the platelet substrate and
microspheres coated with a low site density of vWF-A1 was measured by deter-
mining the number of beads that paused, but did not translocate, at shear rates
ranging from 20 to 500 s~! to ascertain any perturbations in cellular on-rate. This
value was then normalized by dividing the number of beads that formed tran-
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Table 4 Data collection and refinement statistics

Human A1-GPIba~—botrocetin Mouse Al-botrocetin

Data collection

Space group P4,2,2 P2,212,
Cell dimensions

a, b, c(h) 108.3, 108.3, 220.0 56.3,73.7,114.4
Resolution (A) 200-2.95 (3.0-2.95) 200-2.7 (2.75-2.7)
Rmerge 0.099 (0.347) 0.089 (0.284)
I/ol 16.7 (3.1) 16.1(2.5)
Completeness (%) 94.6 (87.9) 92.4 (79.6)
Redundancy 6.5(3.2) 4.2 (2.4)
Refinement
Resolution (A) 6.0-2.95 6.0-2.7
Number of reflections 23,643 11,310
Ruork ! Riree 0.213/0.276 0.218/0.288
No. atoms

Protein 5,864 3,689

Water 0 39
B-factors (A2)

Protein 48.79 41.10

Water - 35.56
R.m.s. deviations

Bond lengths (A) 0.007 0.008

Bond angles (°) 1.4 1.4

sient tethers by the number of noninteracting beads transported across the field
of view in the focal plane of the immobilized protein substrate. In experiments
involving botrocetin, vVWF-A1-coated beads (2 x 10 mI!) were incubated with
botrocetin (1:1 molar ratio) for 30 min with agitation at ambient temperature.
The amount of YWF-A1 coupled to beads was estimated as described?. The site
density of VWF-A1 on beads coated with 5 ftg ml~! of protein was estimated to
be ~30 sites um2.

Dissociation rate constants and mechanical strength of transient tethers. The
duration of transient tethers was estimated for vVWF-Al-coated microspheres
interacting with surface-immobilized platelets (a total platelet coverage of <10%)

one tethering event per bead was counted during the observation period. The
duration of these interactions was measured by recording images from a Nikon
X60 DIC objective (oil immersion) viewed at a frame rate of 235 frames s~'. We
recorded 30-50 interact pause times (duration of interactions) for each pool (at
least four) of surface-bound platelets and wall shear stress. If a single tether bond
mediates adhesion between beads and cells, its duration is exponentially distrib-
uted with mean 1/ kog, where kg is its dissociation rate constant*’. Moreover,
a plot of the cumulative distribution of pause times appears linear on semilog
axes. Hence, the SPE for kg was k g = <t>~!, where <t> is the average duration.
The force-dependence of k¢ was determined by linear regression of In(k,g) to
the force applied to the bond (F) in accordance with Bell’s model, where F,
is computed from T, as described®?%. The slope of the best-fit line is equal to
G / kT, where G is the ‘reactive compliance’ and the intercept is In(k%.¢). Results
are reported as mean * s.e.

r" at wall shear stresses ranging from 0.85 to 2.5 dyn cm™2, as described>?%. Only

Monte Carlo simulation. If multiple tether bonds mediate adhesion, the pause
time distribution depends on the rate of bond formation, k,,, and the surface
densities of adhesive ligands, in addition to the dissociation rate, k. Pause time
distributions resulting from both formation and dissociation of adhesive bonds
were stochastically simulated via Gillespie’s algorithm and optimized to fit the
experimental observations as described®?44!,

Statistical analysis. A Student’s t-test was used to determine the consistency
of biological replicates at each 1, the equality of Bell parameters (+ botroce-
tin), and the quality of the Bell fit to SPEs (hypotheses ¢ = 0 and R? = 0). The

adherence of the experimental pause time distributions to the ‘single bond’ and
‘multibond’ pause time distributions intrinsic to the SPE and MC approaches
was evaluated via the Kolmogorov-Smirnov test for each biological replicate and
wall shear stress. Values of P < 0.05 were considered significant for the rejection
of null hypotheses.

GPIba production and complex formation. Recombinant human GPIbo. pro-
tein (N21Q and N159Q) was expressed in baculovirus-infected insect cells. Briefly,
DNA encoding a Kozak sequence®?, the signal sequence and extracellular region
of GPIbo (residues —16 to 265)!8 followed by C-terminal thrombin cleavage site
and Hisg-tag was subcloned into pFastBacl (Life Technologies). Recombinant
baculovirus was generated using Bac-to-Bac system (Invitrogen) according to
the manufacturer’s instructions, and the virus was used to infect Sf9 insect cells
for expression of GPIba. Soluble secreted GPIbat was purified from the culture
supernatant using nickel affinity chromatography followed by RESOURCE PHE
hydrophobic chromatography (Amersham Biosciences). The protein was dialyzed
in 20 mM Tris-HCI, pH 8, and 150 mM NaCl, and the His-tag was cleaved by
bovine thrombin (Amersham Biosciences) at room temperature.

Limited proteolysis of the A1 proteins was carried out for crystallization exper-
iments as described!®. The human Al-botrocetin binary complex was generated
as described!! and incubated with GPIbo, in 20 mM Tris-HCI, pH 8, and 150 mM
NaCl for 30 min at room temperature. The ternary complex was purified by a
Superdex 200 column (Amersham Biosciences), which yielded a single peak at
a molecular mass of ~84 kDa, consistent with the total molecular mass of the
ternary complex. The mouse Al-botrocetin binary complex was generated and
purified as described for the human complex!!.

Crystallization and structure determination. Crystals of the ternary complex
(human A1-GPIbo—botrocetin) were grown at 4 °C in sitting drops by mix-
ing equal volumes of protein complex (11 mg ml™!) and reservoir consisting
of 0.1 M sodium HEPES, pH 7.5, 1.0 M sodium citrate and 20 mM L-cysteine.
X-ray diffraction data were collected at 100 K using a Rigaku RU300 generator
(L=1.5418 A) and R-AXIS IV image plate detector. The crystals belong to space
group P4,2,2, with one ternary complex per asymmetric unit. Crystals of the
binary complex (mouse Al-botrocetin) were grown at room temperature in
hanging drops by mixing equal volumes of protein complex (4.6 mg ml™!) and
reservoir solution consisting of 0.1 M sodium cacodylate, pH 6.5, 13% (w/v) PEG
5000 monomethyl ether and 0.2 M sodium sulfate. Data were collected at 100 K at
beamline 7-1 (A = 1.08 A) at Stanford Synchrotron Radiation Laboratory using a
MAR 345 image plate detector. The crystals belong to space group P2,2,2; with
one binary complex per asymmetric unit. All data were processed and scaled
using the HKL package*’ (Table 4).

The structures were solved by molecular replacement with AmoRe**. The
search models were the human Al-botrocetin complex (PDB entry 11JK)!! and
GPIba. (PDB entry 1M0Z)'? for the A1-GPIbo~botrocetin ternary complex;
the human A1 (PDB entry 1AUQ)'® and botrocetin (PDB entry 1IFVU)% for
the mouse Al-botrocetin complex. Model building was done using TURBO-
FRODO*. Initial models were subjected to rigid-body refinement followed by
positional and simulated-annealing refinements using CNS*’. Data collection and
refinement statistics are summarized in Table 4. Stereochemistry of the struc-
tures was assessed by PROCHECK®3. Shape correlation statistics were calculated
using Sc*. Figures were prepared using MolScript®, Raster3D>!, GRASP>? and
ALSCRIPT3.

Coordinates. The coordinates of the ternary complex (human vWF-Al-
GPIbo-botrocetin) and the binary complex (mouse vVWF-Al-botrocetin) have
been deposited in the Protein Data Bank (accession codes 1UON and 1U0O,
respectively).

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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