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ABSTRACT: Convulxin (CVX) is a C-type lectin-like protein from the venom of the South American
rattlesnake that functions as a potent agonist of the platelet collagen receptor glycoprotein VI (GPVI).
Although CVX is widely used as a platelet agonist, the molecular basis for its extremely high potency is
not clear. In order to delineate possible mechanisms for CVX-induced GPVI activation, we used analytical
ultracentrifugation to determine the assembly state of CVX in solution and surface plasmon resonance in
order to understand the affinity, kinetics, and stoichiometry of GPVI binding to CVX. We show here that
CVX exists in solution as a dimer of R4�4 rings, yielding eight potential binding sites for GPVI. Binding
studies confirm that all eight sites are able to bind GPVI tightly, each with high picomolar or low nanomolar
affinity. Reanalysis of previously determined crystal structures of CVX revealed the dimer in both structures.
The dimeric nature of CVX and its ability to bind eight GPVI molecules suggest that it might be capable
of binding to GPVI expressed on two opposing surfaces. Agglutination assays using GPVI-coated beads
confirm that CVX is able to bridge distinct GPVI-coated surfaces and indicate that CVX agglutination of
platelets is dependent on GPVI binding. Thus, in addition to clustering up to eight GPVI receptors, CVX
may facilitate platelet activation by bridging platelets directly.

Platelet activation in response to collagen requires glyco-
protein VI (GPVI)1 (1, 2), a multichain immune-type receptor
(3). Although the physiological ligand for GPVI is fibrous
collagen, collagen-related peptides (CRP) and various snake
venom proteins are capable of triggering platelet activation
via GPVI (4-6). The best characterized GPVI agonist from
snake venom is CVX, a C-type lectin-like protein (CLP) from
the venom of the South American rattlesnake Crotalus
durissus terrificus that forms a disulfide-linked R4�4 hete-
rooctameric ring (7-12). CVX is a very potent platelet
activator, with an effective dose (ED50) of only 200 pM (13).
It is assumed that the potent agonist activity of CVX is due
to some combination of its high affinity for GPVI and/or its
stoichiometry of interaction with GPVI, but detailed quan-
titative analyses of the affinity and kinetics of binding at a
single site or receptor stoichiometry are lacking. Here we
use a combination of analytical ultracentrifugation and
surface plasmon resonance to show that CVX exists in
solution as a dimer of R4�4 rings, that CVX has eight distinct
GPVI binding sites, and that each site binds with very high
(picomolar to low nanomolar) affinity. Furthermore, bead

agglutination assays show that the presence of two distinct
GPVI-binding surfaces on the (R4�4)2 CVX dimer allows
CVX to both cluster GPVI on a single cell and to cross-link
target cells via GPVI.

EXPERIMENTAL PROCEDURES

Expression and Purification of GPVI, GPVI-FcR, and
CVX. The collagen-binding domain (CBD) of human GPVI
was expressed, refolded, and purified as described (14). The
GPVI-FcR fusion construct was made by subcloning the
GPVI CBD into a pcDNA3 expression vector containing a
human IgA1-Fc fragment (15), with an intervening (Gly-
Ser)3 linker. The construct included a rat IgG2b secretion
signal and a C-terminal factor Xa cleavage site and hexa-
histidine tag. COS-7 cells were grown to confluence and
transiently transfected with the GPVI-FcR vector. Secreted
GPVI-FcR fusion protein was purified from media by Ni-
NTA and gel filtration chromatography as described for the
parent IgA1-Fc protein (15).

Approximately 250 mg of freeze-dried venom from C.
durissus terrificus (Miami Serpentarium) was resuspended
in 5 mL of TBS (20 mM Tris-HCl, pH 7.4, 150 mM NaCl)
with complete protease inhibitor cocktail tablet (Roche) and
spun down at 10000 rpm for 20 min. The supernatant was
passed through a HiTrap benzamidine FF (high sub) 5 mL
column (GE Healthcare) to remove serine proteases and
further purified by gel filtration using a HiLoad Superdex
200 16/60 (GE Helthcare) column. All proteins were judged
to be >95% pure by SDS-PAGE. Extinction coefficients
were calculated based on sequence using the ProtParam tool
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on the Expasy server (http://expasy.org) to be 33140 M-1

for GPVI, 151080 M-1 for dimeric GPVI-FcR, and 373560
M-1 (i.e., 93390 M-1 for R� heterodimer) for the R4�4

heterooctamer of CVX.
Analytical Ultracentrifugation. Sedimentation velocity and

equilibrium experiments were carried out using absorbance
optics on a Beckman XL-I analytical ultracentrifuge. For
sedimentation velocity experiments, 400 µL samples of CVX
in TBS at concentrations ranging from 104.8 to 582 nM
(molar units are listed for the R4�4 heterooctamer) were spun
overnight at 36000 rpm at 20 °C (14, 16). The sedimentation
coefficient distribution was determined using the program
SEDFIT (17). Mixing GPVI with CVX at neutral pH resulted
in massive aggregation of the complex, which precluded
analysis under these conditions. For sedimentation equilib-
rium experiments, CVX samples in phosphate-buffered saline
(PBS) at 5.4, 26.7, and 134 nM were spun at 10000, 12000,
14000, and 20000 rpm until equilibrium was reached. The
use of PBS allowed us to maximize sensitivity and scan at
low wavelengths of 210, 230, and 280 nm. Equilibrium data
were trimmed using WinREEDIT and globally analyzed with
the program WinNONLIN (http://www.rasmb.bbri.org/), and
experimental molecular mass was determined as described
(16, 18) (Table 1). Although CVX is potentially O-glyco-
sylated (7), the predicted glycosylation would only contribute
∼1% of the total mass and was thus assumed to be negligible
when calculating the partial specific volume and experimental
molecular mass.

Surface Plasmon Resonance Spectroscopy. Kinetic and
equilibrium binding experiments were carried out using a
Biacore 3000 surface plasmon resonance (SPR) instrument.
CVX was covalently coupled to research grade CM5 chips
using standard random amine coupling, with coupling
densities ranging from 60 to 8000 response units (RUs).
Serial 2-fold dilutions of GPVI from 200 nM down to 195
pM in TBS with 0.005% P-20 were injected at a flow rate
of 30 µL/min. Kinetic data measured at 0.1, 0.15, 0.3, and
1 M NaCl were analyzed with the program ClampXP (19)
using single-site, bivalent ligand, and tetravalent ligand
binding models. The data were best described by the bivalent

ligand model, indicating that two classes of binding sites
exist on CVX. The data collected at lower NaCl concentra-
tions showed strong evidence of mass transport-limited
binding. Thus, the kinetic data were analyzed using a bivalent
ligand model with mass transport; the rate of diffusion was
fixed at 1.75 × 108 s-1 (20). The apparent kinetic rate
constants reported by ClampXP were corrected by appropri-
ate statistical factors (i.e., the corrected value kon1 )
0.5kon,app1 as derived from ClampXP; corrected koff2 )
0.5koff,app2), as described (15, 16). Steady-state binding curves
were generated by injecting GPVI at a low flow rate of 5
µL/min for long time periods (3000 s) in order to reach
equilibrium. The flat plateaus of each binding curve at
equilibrium were averaged; these equilibrium binding iso-
therms were fitted to a two-site binding model using the
program Scientist (Micromath, Salt Lake City, UT) with the
equation:

where Req is the equilibrium binding response at a given free
analyte concentration x, Rmax is the maximum binding
response (i.e., RU value for full saturation), and K1 and K2

are the association equilibrium constants (i.e., 1/KD1 and
1/KD2) for the first and second binding events, respectively.
For determination of the electrostatic contribution of binding,
the logarithm of the association equilibrium constant (i.e.,
1/KD) was plotted versus the logarithm of NaCl concentra-
tion. The slope of this plot yields SKobs, the net number of
Na+ and Cl- ions bound or released upon complex formation
(23). The magnitude of this slope is an indicator of the extent
to which electrostatics dominate a binding reaction. The
association equilibrium constants measured at each NaCl
concentration (see Table 2) were converted to ∆G values
according to the relation ∆G ) -RT ln K. ∆G values
determined at 150 mM and 1 M NaCl were compared in
order to determine the contribution of electrostatics to the
free energy of binding.

Table 1: Sedimentation Analysis of the CVX Dimer in Solution

sedimentation velocity analysis sedimentation equilibrium analysis

species s* (S) f/f0 Mapp (g/mol) σa (cm-2) dimer Msequence (g/mol) Mexptl (g/mol)

dimer (R4�4)2 9.79 1.47 253800 ( 14900 2.922 245085 237300 (226700-248300)b

a σ is the experimental reduced buoyant molecular mass, reported at 10000 rpm. b Values in parentheses represent the 95% confidence interval.

Table 2: SPR Kinetic and Equilibrium Binding Parameters

[NaCl] (M) kMT (s-1) kon1 (M-1 s-1)a koff1 (s-1) kon2 (M-1 s-1) koff2 (s-1)a KD1 (nM) KD2 (nM)

Kinetic Analysis at 100 µL/min; Global Fit of Three Flow Cells (28 Curves) with Bivalent Ligand Model

0.3 n/a 6.10 × 105 7.15 × 10-4 5.81 × 105 5.40 × 10-3 1.18 ( 0.01 9.31 ( 0.07

Kinetic Analysis at 30 µL/min; Bivalent Ligand with Mass Transport Model

0.1 1.75 × 108 4.36 × 105 2.68 × 10-4 1.25 × 107 1.62 × 10-2 0.616 ( 0.004 1.29 ( 0.07
0.15 1.75 × 108 6.30 × 105 5.09 × 10-4 2.11 × 106 6.90 × 10-3 0.807 ( 0.004 3.27 ( 0.05
0.3 1.75 × 108 4.00 × 105 7.09 × 10-4 7.76 × 105 8.15 × 10-3 1.78 ( 0.005 10.5 ( 0.1
1 1.75 × 108 2.28 × 105 6.75 × 10-4 2.02 × 105 5.60 × 10-3 2.97 ( 0.01 27.7 ( 0.4

Equilibrium Analysis of Steady-State Data Using a Two-Site Binding Model

0.3 1.07 ( 0.05 17.0 ( 2.1
1 1.73 ( 0.04 48.1 ( 3.6

a Rate constants kon1 and koff2 have been corrected by statistical factors, as described in Experimental Procedures. Kinetic rate constants were
determined using the program ClampXP. Equilibrium constants derived for steady-state data were determined using the program Scientist.

Req )
Rmax(K1x + K2x + 2K1K2x

2)
2(1 + K1x + K2x + K1K2x

2)
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Dynabead Agglutination Assays. Co-NTA-coated Dyna-
beads (50 µL) with 1 µM diameter (Invitrogen) were
incubated with 15 µg of GPVI-FcR overnight at 4 °C. After
resuspending in TBS, GPVI-FcR-coated beads were incu-
bated with 3-fold dilutions of CVX ranging from 10.3 pM
to 67.5 nM and visualized in a 96-well plate using an
Olympus SZ60 stereoscope equipped with an Olympus
C5050z digital camera. Bead agglutination was quantitated
using the Java program ImageJ (http://rsb.info.nih.gov/ij/
index.html). The Subtract Background command was applied
to each image using a sliding paraboloid with apex curvature
equivalent to a sphere with a radius of 255 pixels. Each image
was inverted, and the Otsu threshold plugin (http://www.
uhnresearch.ca/facilities/wcif/fdownload.html) was used to
select the bead aggregates, followed by quantitation using
the Analyze Particles command.

RESULTS

CVX Forms a Dimer of R4�4 Rings in Solution. Purified
CVX migrated as a doublet of bands at 13-14 kDa by
reducing SDS-PAGE, and a single band at ∼110 kDa by
nonreducing SDS-PAGE, as previously described (10, 11).
The ∼110 kDa size is consistent with the R4�4 heterooc-
tameric assembly revealed in two independent crystal
structures of CVX (8, 9). However, when we characterized
its hydrodynamic behavior in solution by analytical ultra-
centrifugation (AUC), sedimentation velocity experiments
revealed that CVX sedimented at 9.8 S, with an estimated
molecular mass of approximately 245 kDa (Figure 1A, Table
1). The sedimentation velocity results suggested that CVX
was likely sedimenting as a dimer of R4�4 rings in solution.
Additional minor peaks were observed at 6.4 and 14.2 S that
likely correspond to a single R4�4 ring or a higher order
oligomer, respectively; however, each of these peaks was
less than 1.5% of the height of the major peak. Additional
velocity runs at lower concentrations showed both 6.4 and
9.8 S peaks at similar ratios but did not exhibit the putative
higher order oligomer at 14.2 S. To verify the assembly state
of CVX, we carried out sedimentation equilibrium experi-
ments using loading concentrations ranging from 5.4 to 134
nM, which upon equilibration resulted in experimental
concentrations between 1 nM and 3 µM. The data could be
fitted by a single species with a molecular mass of 237 kDa,
corresponding to an (R4�4)2 dimer (Figure 1B, Table 1). Upon
further analysis of the two independent crystal structures of
CVX, both showed that CVX formed a back-back dimer of
R4�4 rings in the asymmetric unit, consistent with our result
in solution (Figure 1C) (8, 9). Our results represent the first
demonstration that CVX forms a dimer in solution even at
very low nanomolar concentrations, which is in the same
concentration regime over which CVX activates platelets
(13).

CVX Binds GPVI at Multiple Sites, Each with High
Affinity. In order to determine the affinity, kinetics, and
stoichiometry of the interaction between GPVI and CVX,
we performed SPR analyses of the binding of soluble GPVI
ectodomain to CVX. The experimental orientation used, with
the multivalent protein (CVX) coupled to the chip and the
monomeric protein (GPVI) flowed over, yields the most
accurate equilibrium constants for individual binding events,
without the complication of avidity effects (15, 16). Kinetic

and equilibrium analyses were carried out; in both cases the
data were best described by two classes of binding sites with
different KDs (Figure 2). Data collected at lower NaCl
concentrations at 30 µL/min showed evidence of mass

FIGURE 1: CVX exists in solution as an (R4�4)2 dimer. (A)
Sedimentation coefficient distribution of CVX from a sedimentation
velocity AUC experiment. CVX was spun at 36000 rpm at 20 °C
in a Beckman XL-I analytical ultracentrifuge and analyzed using
the c(s) model in Sedfit. After fitting the frictional ratio, the c(M)
model was used to estimate the molecular mass. CVX sediments
as a single species with an estimated molecular mass consistent
with a dimer. (B) Representative curves and associated residuals
from a sedimentation equilibrium AUC experiment. A total of 12
data curves from three loading concentrations (5.4-134 nM) and
four speeds (10K, 12K, 14K, and 20K rpm) were globally fitted
using the program WinNONLIN. The data described a single
dimeric species with an experimental molecular mass of 237 kDa.
(C) Structure of the CVX dimer taken from PDB 1UMR (8). One
R4�4 ring is shown in shades of light brown, with R and � subunits
colored differently. The second R4�4 ring is shown in green.
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transport (21). This occurs when the on-rates for protein-
protein interaction are fast enough to deplete the region above
the chip of analyte faster than it is replenished by bulk flow.
These data were therefore fitted using a mass transport-linked
bivalent ligand model; for comparison, data were collected
at 300 mM NaCl at a flow rate of 100 µL/min, where mass
transport was minimal (Figure 2A). The kinetic rate constants
and derived equilibrium constants were similar in both cases
(Table 2). The on-rates for binding of GPVI to CVX were
fast (4.6 × 105 to 1.3 × 106 M-1 s-1 for the first binding
event), with relatively slow dissociation kinetics (2.7 × 10-4

to 7.2 × 10-4 s-1 for the first binding event). Each individual
GPVI receptor bound tightly, with affinities of 0.807 and
3.27 nM for the first and second binding events at 150 mM
NaCl. Equilibrium affinity constants determined by steady-
state analyses confirmed the equilibrium constants derived
from kinetic data under the same conditions (Figure 2C,D,
Table 2).

The Role of Electrostatics in the GPVI-CVX Interaction.
The crystal structure of CVX revealed a negatively charged

patch on its surface in a region likely to contain the GPVI-
binding site, based on related C-type lectin-like proteins
(CLP) such as factor X-binding protein (22). Furthermore,
the structure of GPVI exhibits a positively charged region
surrounding the putative collagen-binding groove, consisting
of residues K41, K59, R60, and R169 (14). It was suggested
that charge complementarity may play a role in the binding
of GPVI to CVX (9). To address the importance of
electrostatics in the GPVI-CVX complex, we analyzed the
NaCl dependence of binding. The binding of GPVI to CVX
became weaker at higher NaCl concentrations; plotting the
logarithms of the association equilibrium constants (KA )
1/KD) versus log [NaCl] yielded values for the slope (called
SKobs) of -0.70 or -1.3 for the higher and lower affinity
classes of binding sites, respectively (Figure 3A). SKobs

corresponds to the net gain or loss of Na+ and Cl- ions when
GPVI binds CVX; the magnitude of SKobs is correlated to
the electrostatic component of binding (23). These results
indicate that although electrostatics do play a role in the
interaction, the majority of the free energy of binding is

FIGURE 2: GPVI binds individual sites on CVX with very high affinity. (A) Representative kinetic SPR data from injections of soluble
GPVI over CVX coupled to a CM5 chip, carried out at 300 mM NaCl. Data were fitted to a mass transport-limited bivalent ligand model
(i.e., two classes of binding sites on CVX) using the program ClampXP, with the resulting kinetic and equilibrium constants listed in Table
2. Raw data curves are shown in color according to the injected GPVI concentrations; fits to the two-site model are shown in black. (B)
The same raw data shown in panel A but fitted instead to a mass transport-limited single-site binding model. The poor fits to the data
indicate that two classes of binding sites must be incorporated into the binding model (as in panel A) in order to accurately describe the
data. (C) Representative steady-state SPR data from long injections of GPVI over CVX at a 5 µL/min flow rate. The equilibrium binding
response was calculated by averaging the response over a 60 s time period at the plateau. The range of data used for the averaging procedure
is illustrated by the vertical gray stripe and highlighted by the black arrow. (D) Equilibrium SPR binding isotherms for soluble GPVI
injected over CVX. Average binding responses at steady state from panel C were plotted as a function of injected GPVI concentration. The
continuous blue line shows the fit using a two-site model in the program Scientist, yielding affinities similar to those determined by kinetic
experiments. The gray dashed line shows the fit using a single-site model for comparison.
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derived from other sources, such as hydrogen bonding, van
der Waals interactions, and burial of hydrophobic surfaces.
Comparison of the free energy of binding (∆G) at 150 mM
versus 1 M NaCl (where electrostatic interactions are
negligible due to screening by the salt (24)) reveals that only
7-11% of the total binding free energy is due to electrostatic
contributions.

Eight GPVI Molecules Bind Each (R4�4)2 CVX Dimer.
Given that each R4�4 CVX ring has 4-fold symmetry and
that our data reveal that CVX forms a stacked dimer in
solution, it is of significant interest to understand the
stoichiometry of the GPVI-CVX interaction. It has been
assumed that four GPVI receptors bind to each R4�4 ring,
but no experimental evidence has been presented to verify
this. In SPR, the response units (RUs) observed are propor-
tional to the mass of injected analyte bound to the ligand on
the chip surface. Using the known molecular masses of the
CVX dimer and GPVI, combined with the coupling density
of CVX, the stoichiometry of binding can be determined.
The GPVI binding responses at four different CVX coupling
densities were plotted as moles of bound GPVI per moles
of coupled CVX (Figure 3B). After averaging, the stoichi-
ometry of the complex is between eight and nine GPVI

molecules bound per CVX (R4�4)2 dimer. Thus, these results
are consistent with the binding of four GPVI receptors to
each R4�4 CVX ring, yielding at least eight GPVI receptor
sites on the CVX dimer, each of which exhibits high
picomolar to low nanomolar affinity. It should be noted that
AUC experiments to verify the stoichiometry were precluded
due to pronounced aggregation of the GPVI-CVX complex
when mixed in a stoichiometric ratio, even at concentrations
less than 0.1 mg/mL. This phenomenon suggests that the
interaction of soluble GPVI with CVX leads to higher order
assembly of the complex, to the extent that little remains in
solution. It is possible that this higher order assembly might
involve the binding of additional GPVI molecules with lower
affinity to yield even higher stoichiometries.

CVX Can Bridge GPVI on Opposing Surfaces. The dimeric
nature of CVX and its ability to bind eight GPVI receptors
simultaneously suggest that CVX should be capable of
agglutination of platelets via GPVI interactions. CVX-
mediated agglutination of fixed platelets has previously been
shown to occur at 2 µg/mL CVX (equivalent to 8 nM dimeric
CVX) (25) but not at lower concentrations sufficient to
induce activation (10). Furthermore, it is not yet clear
whether CVX-mediated agglutination is due to interaction
with GPVI or GPIbR. To assay the concentration dependence
of CVX-mediated agglutination and to avoid experimental
complications of cell activation or alternate receptors for
CVX, we carried out a GPVI-coated bead agglutination
assay. Cobalt-NTA-coated polystyrene beads (Dynabeads)
were coated with a hexahistidine-tagged GPVI-FcR fusion
protein. Upon incubation with varying concentrations of
CVX, beads showed appreciable agglutination at CVX
concentrations above 833 pM, and agglutination became
pronounced at nanomolar concentrations. The CVX concen-
tration range over which agglutination occurs coincides with
the KD values for individual sites determined in this study
(Figure 4). The agglutination results confirm the hypothesis
that CVX is able to simultaneously bind to GPVI molecules
on two distinct surfaces and could thus bridge platelets.

DISCUSSION

Due to its potent agonism (10, 13), CVX has become the
de facto gold standard for measuring platelet activation. Both
fibrous collagen and CVX trigger platelet activation by
initiating clustering of GPVI and the associated FcR γ-chain
signaling coreceptor. However, there are significant differ-
ences in the degree and kinetics of activation. Previous work
by the Kahn laboratory showed that RBL cells transfected
with GPVI could be activated by CVX but required a
receptor surface density approximating that found on platelets
in order to be activated by collagen (27, 28). This phenom-
enon may be due to GPVI dimerization at sufficient receptor
densities that increases its affinity for collagen (14, 29, 30).
In contrast, Tomlinson et al. found no threshold effect for
collagen signaling through GPVI when using a transfected
DT40 model B-cell line (26). Their data revealed that
collagen induces a delayed low-level activation response that
persists for an extended period, which may be important for
platelet spreading on a collagen substrate. In contrast, CVX
triggers rapid and strong but transient activation (26). The
inhibitory collagen receptor LAIR-1, which is expressed on
RBL cells but not DT40 cells (and not on platelets), was
shown to inhibit collagen-mediated activation via GPVI,

FIGURE 3: Analysis of the electrostatic component and stoichiometry
of the GPVI-CVX interaction. (A) Logarithmic plot of the
association equilibrium constants derived from kinetic experiments
versus NaCl concentration. The slope of this plot, SKobs, is an
indicator of the degree to which electrostatics govern the binding
interaction. Diamonds and squares illustrate the first and second
binding events, with SKobs values of -0.70 and -1.3, respectively.
Only ∼10% of the free energy of binding is contributed by
electrostatic interactions. (B) Plot of the number of moles of GPVI
bound per mole of CVX dimer. The data from four experiments
spanning a range of coupling densities were averaged. The data
are consistent with four GPVI molecules binding to each R4�4 ring,
for a total of eight per CVX dimer.
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possibly explaining the threshold effect of collagen signaling
in RBL cells. Regardless of the differences between cell lines,
it is clear that collagen and CVX trigger very different
responses via the same GPVI receptor.

The underlying differences between the activation of
platelets by collagen and CVX likely result from differences

in the way each ligand interacts with GPVI. In particular,
these factors include (1) affinity and kinetics of binding to
GPVI, (2) orientation of the activated receptor cluster upon
ligand binding, and (3) stoichiometry of the GPVI-ligand
complexes. It has been clear for many years that CVX binds
GPVI with high macroscopic affinity, based on studies of
radiolabeled or fluorescently labeled CVX binding to
platelets (10, 13, 31). The macroscopic affinity results from
the multivalent interaction of multiple GPVI molecules with
CVX as opposed to the interaction of GPVI with individual
sites on CVX (32). Our results indicate that even when
comparing the affinity of a single GPVI receptor for the
ligand, CVX has a much higher GPVI-binding affinity than
collagen or CRP. At 150 mM NaCl, we find that a single
GPVI binds CVX with a KD of 0.8-3 nM, compared to a 5
µM KD for soluble CRP (14). Binding of monomeric GPVI
to fibrous collagen is essentially undetectable, although a
dimeric GPVI-Fc construct binds immobilized collagen with
a KD of 576 nM (33). Thus, GPVI binds to CVX 200-6000-
fold more tightly than to collagen or CRP. Our kinetic
analyses reveal that individual GPVI molecules bind to CVX
with fast on-rates and slow off-rates, consistent with the high
affinity of binding. The on-rate for GPVI binding CVX is
30-100-fold faster than the association of GPVI with
collagen or CRP (33), and the dissociation was 50-100 times
slower than dissociation from CRP and about 10 times slower
than dissociation from collagen. Based on our observation
that four GPVI molecules bind per R4�4 CVX ring, combined
with the high affinity, rapid association, and slow dissociation
of GPVI, CVX would be very efficient at inducing a GPVI
signaling cluster.

The nature of the GPVI cluster induced by CVX and
collagen is necessarily quite different. Based on other C-type
lectin-like snake venom proteins (i.e., factor X-binding
protein bound to the Gla domain of factor X (22)), the
boundary between the R and � CVX subunits is likely to
contain the GPVI-binding site. To better understand potential
configurations of a CVX-induced GPVI cluster, we used the
ClusPro server (http://nrc.bu.edu/cluster/) (34) to dock GPVI
onto CVX. Several solutions essentially superimposed and
were consistent with published data (i.e., showing D1 and
the D1/D2 linker of GPVI (35) bound in the cleft between
the R and � subunits of CVX) (Figure 5). The putative
binding sites for GPVI on CVX are quite widely separated

FIGURE 4: Concentration-dependent agglutination of GPVI-coated
Dynabeads by CVX. Hexahistidine-tagged GPVI-FcR was captured
on the surface of Co-NTA-coated Dynabeads with 1 µm diameter.
Addition of CVX to GPVI-Dynabeads induced agglutination at
CVX concentrations in the high picomolar and nanomolar range.
Clustering became noticeable at 833 pM and increased at nanomolar
CVX concentrations. These values correspond to the KD values
reported here for GPVI binding to individual sites on CVX.
Unmodified Dynabeads (i.e., without captured GPVI) showed no
agglutination even at the highest CVX concentration. The bar graph
shows the mean intensities of the bead clusters on an arbitrary scale
as quantitated by ImageJ after subtracting the intensity value for
the beads in the absence of CVX.

FIGURE 5: Model for GPVI binding to the CVX dimer based on computational docking. The ClusPro server was used to dock GPVI onto
a CVX R� heterodimer, and symmetry operators were applied to generate the full model of the GPVI-CVX complex. CVX rings are
shown in tan and green and docked GPVI molecules in blue and purple. For clarity, one copy of GPVI on each CVX face is illustrated with
transparent spheres. Several top solutions resulted in binding topologies similar to that illustrated here, in which the N-terminal domain
(D1) and the D1-D2 interface of GPVI are bound in the cleft between R and � subunits of CVX. In this model, the C-termini of adjacent
GPVI receptors are ∼75 Å apart.
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(∼110 Å), and our docking analysis suggests that the
C-termini of the bound GPVI receptors would be separated
by ∼75 Å, which may not allow for tight clustering of GPVI.
However, we observed dramatic aggregation and precipita-
tion when CVX was mixed with soluble GPVI, suggesting
that CVX forms very large higher order assembly states in
the presence of soluble GPVI. If such higher order assembly
occurs at the cell surface, it could be important in platelet
activation, given that large clusters of CVX/GPVI complexes
linked together would likely be extremely efficient at
triggering a signaling cascade.

In addition to clustering GPVI on a single cell, the dimeric
nature of CVX and its ability to bind eight GPVI molecules
suggest that CVX could bridge GPVI receptors on adjacent
platelets, as confirmed by our Dynabead agglutination assays.
This suggests that the extreme potency of CVX as a platelet
agonist may result not only from its high affinity for GPVI
and its ability to induce GPVI clustering on a single cell but
also in its ability to cross-link platelets directly. This would
increase the efficiency of platelet aggregation via RIIb�3

binding to fibrinogen; furthermore, the close proximity of
cross-linked platelets would facilitate platelet activation via
secondary mediators released from dense granules. Platelet
agglutination has also been observed with other snake venom
CLPs (6), although those bridge platelets via GPIbR, whereas
we demonstrate that interactions with GPVI are responsible
for agglutination by CVX. However, CVX also binds GPIbR
(36), which most likely further potentiates the interaction
between GPVI and CVX by helping to localize CVX at the
platelet surface.

In contrast to the expected 4-fold symmetry of GPVI when
bound to CVX, GPVI has been shown to recognize discrete
hydroxyproline-containing motifs scattered infrequently
throughout the collagen sequence (37). However, the three-
dimensional architecture of the intact collagen fiber reveals
that adjacent collagen triple helices occur in parallel with
the same register, such that the GPVI-binding sequences
predominantly form “stripes” that run perpendicular to the
main axis of the collagen fiber (38, 39). Thus, GPVI clusters
induced by fibrous collagen are likely to be linear arrays
rather than 4-fold clusters. We hypothesize that the orienta-
tion and degree of clustering of GPVI induced by CVX
versus collagen are responsible for the differences in the
degree and time course of downstream signaling events.
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