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Alterations in the intrinsic properties of the GPIba—VWF tether bond define the
kinetics of the platelet-type von Willebrand disease mutation, Gly233Val

Teresa A. Doggett, Gaurav Girdhar, Avril Lawshe, Jonathan L. Miller, lan J. Laurenzi, Scott L. Diamond, and Thomas G. Diacovo

Platelet-type von Willebrand disease (PT-
VWD) is a bleeding disorder in which an
increase of function mutation in glycopro-
tein Iba (GPlba), with respect to binding
of von Willebrand factor (VWF), results in
a loss of circulating high melecular weight
VWF multimers together with a mild-
moderate thromboceytopenia. To better as-
certain the specific perturbations in adhe-
sion associated with this disease state,
we performed a detailed analysis of the
kinetic and mechanical properties of
tether bonds formed between PT-VWD
platelets and the A1-domain of VWF. Re-
sults indicate that the GPIba: mutation,

Gly233Val, promotes and stabilizes plate-
let adhesion to VWF at shear rates that do
not support binding between the native
receptor-ligand pair due to enhanced for-
mation and increased longevity of the
mutant tether bond (k% values for mu-
tant versus native complex of 0.67 = 0.11
s~1and 3.45 = 0.37 571, respectively). By
contrast, the sensitivity of this interaction
to an applied force, a measure of bond
strength, was similar to the wild-type (WT)
receptor. Although the observed alter-
ations in the intrinsic properties of the
GPIba—VWF tether bond are comparable
to those reported for the type 2B VWD,

distinet molecular mechanisms may be
responsible for these function-enhancing
bleeding disorders, as interactions be-
tween the mutant receptor and mutant
ligand resulted in a greater stability in
platelet adhesion. We speculate that the
enhanced cellular on-rate together with
the prolongation in the lifetime of the
mutant receptor-ligand bond contributes
to platelet aggregation in circulating blood
by permitting the formation of multiple
GPlba—VWF-A1 interactions. (Blood.
2003;102:152-160)
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Introduction

Effective hemostasis relies on the rapid deposition of circulating
platelets at sites of vascular injury. Critical to this process is the
ability of von Willebrand factor (VWF), a multimeric plasma
protein, to form a bridge between components of the subendothe-
lium and the platelet glycoprotein receptor GPIba.!"* Surface
immobilization of VWF appears to be a prerequisite for subsequent
interactions with platelets, as this multimeric protein does not bind
appreciably to these cells in the circulation. Once attached, platelets
begin to translocate on VWF through interactions with its Al
domain {VWF-A1) until they either encounter reactive substrates
such as collagen or are exposed to thrombin, events required for
integrin-mediated firm adhesion.**

Previously, it has been demonstrated that the ability of VWF to
promote both rapid and reversible attachment of platelets in flow,
and thus translocation of these cells, is a consequence of the
relatively high rate of bond formation and dissociation between the
Al domain and GPIba.” Interestingly, kinetic analysis of gain-of-
function mutations localized to the VWF-AL region, collectively
known as type 2B von Willebrand disease (VWD), revealed an
alteration in the intrinsic properties of these mutant bonds that may
account for the observed clinical phenotype. Function-enhancing
mutations, however, are not limited to VWF but have also been
associated with GPIbo and are termed platelet-type or “pseudo”
VWD (PT-VWD).!" They occupy a region in the carboxy-

terminal flank of this molecule defined as the B-switch that
encompasses amino acids 227 to 2411273 Incorporation of these
mutations is believed to stabilize the interaction with the Al
domain by a mechanism(s) distinet from those associated with type
2B VWD, but functional evidence is lacking to date. Despite these
differences, the clinical phenotype and laboratory abnormalities
associated with this disorder mimic those seen in type 2B VWD,
which include a prolonged bleeding time, borderline thrombocyto-
penia, and a decrease in the high molecular weight multimers of
VWFE.* Patients with either disorder have increased bleeding
tendencies that are believed to result from the spontaneous binding
of plasma VWF to circulating platelets and the subsequent
clearance of these hemostatic elements from blood.

Recently, a limited kinetic analysis of the interaction between a
recombinant N-terminal GPIbe fragment (residues 1 to 290) and
VWF-Al domain (residues 498 to 705) was performed.’® Results
from this study revealed a dissociation constant (K,) of about 30
nM for the native receptor-ligand complex, a value 100-fold lower
than previous reports.'>'® Interestingly, the alterations in affinity
associated with PT-VWD mutations were believed to be due
exclusively to changes in on-rate. Yet, functional studies evaluating
the interactions of GPIba either expressed on Chinese hamster
ovary (CHO) cells or bound to latex beads with surface-
immobilized VWF suggest that the off-rate may be altered as
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well.'71% This manifested as a reduction in rolling velocities of cells
or particles containing the PT-VWD mutation, Gly233Val, as
compared with the native complex. However, disparities in rolling
velocities of CHO cells expressing the identical PT-VWD mutation
have also been reported.!”!® Moreover, all experiments performed
to date have utilized densities of GPIba and VWF capable of
supporting multiple bond formation, which can mimic the effects
of increased strength and/or lifetime of the bond between this
receptor-ligand pair. Thus, it remains to be determined whether the
enhanced phenotype associated with PT-VWD, as compared with
the native receptor, is mediated by (1) the ability of mutant form of
GPIbe to promote the formation of a greater number of bonds, (2) a
prolongation in the lifetime of these bonds, or (3) a direct alteration
in the sensitivity of the bond to mechanical loading. Moreover, it
has not been demonstrated whether a distinct set of molecular
mechanisms can account for the enhanced function associated with
PT-VWD versus type 2B VWD.

To investigate the impact of the Gly233Val mutation on
GPIba-VWF interactions, we evaluated the kinetic and mechanical
properties of the interactions between PT-VWD platelets and
recombinant VWF-AL domain protein under conditions that limit
multiple bond formation. Our results indicate that the mutant form
of the receptor contributes to the stability of platelet-VWF interac-
tions by enhancing the rate of bond formation as well as prolonging
the duration of its lifetime. Importantly, we demonstrate for the first
time that distinet molecular mechanisims govern the increased
adhesive properties associated with PT versus type 2B VWD, as
interactions between the mutant receptor and mutant ligand re-
sulted in greater stability in platelet adhesion.

Materials and methods

Reagents

Monoclonal antibodies (mAbs) used in experiments included GPIba-—
blocking mAb 6D1 and anti-GPII/IITa mAb 7E3 (B. Coller, Rockefeller
University, New York, NY), mouse anti—6-HIS mAb (Research Diagnos-
tics, Flanders, NT), and anti-VWTF-A1 mAb AMD-1." The generation of
Fab fragments and recombinant VWF-AT histag proteins, as well as coating
of latex microspheres (Bangs Laboratories, Fishers, IN) were performed as
previously described.”

Laminar flow assays

Platelet-rich plasma was prepared by centrifugation of whole blood
obtained from either 5 healthy donors or 2 individuals (patients A and B)
with PT-VWD that express the GPTbe mutation Gly233Val.'®!! Approval
was obtained from the Washington University institutional review hoard for
these studies. Informed consent was provided according to the Declaration
of Helsinki. Platelets were washed twice in Tyrode buffer containing 0.25%
human serum albumin (HSA), pH 7.4, resuspended at a concentration of
5 % 107/mL and subsequently perfused over high concentrations of surface-
immobilized VWF-AT proteins (100 j1g/mL) or plasma VWF (25 pg/mL)
in a parallel plate flow chamber at various wall shear stresses (0.2 to 16
dyne cm?).” Platelet attachment and their subsequent forward motion,
termed translocation, were recorded on Hi-§ videotape using an inverted
Nikon microscope with a plan 104 or 203 objective, respectively.

In flow experiments involving VWF-Al—coated microspheres, purified
platelets treated with 10 mM sodium azide, 50 ng/mL prostaglandin E|, and
10 uM indomethacin (Sigma Immunochemicals, St Louis, M(Q) were
immobilized on glass plates coated with Fab 7E3 fragment.” Platelet
coverage of more than 90% of the glass surface area was used in
determining the frequency of attachment of VWF-Al—coated beads in flow
while a total platelet coverage of less than 10% was used for kinetic assays
to ensure bead interactions with only individual platelets. Estimation of the
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amount of VWF-A1 coupled to beads was determined using mAb AMD-1
and a calibrated microbead system (Flow Cytometry Standards, San Juan,
PR) following the manufacturer’s instructions. The site density of VWF-A1
on beads coated with 5 pg/mL protein was about 30 sites per
square micrometer.

Dissociation rate constants and mechanical strength of
transient tether bonds

The duration of tether bonds, the smallest unit of adhesion observable in
flow, was estimated for VWF-Al—coated microspheres interacting with
surface-immobilized platelets at wall shear stresses ranging from 0.5 to 2.0
dyne cm™ > The lowest coating concentrations of VWT-A1 capable of
supporting these brief adhesive events were determined by measuring the
percentage of beads (1 % 10%mL) that paused, but did not roll, on
antibody-immobilized platelet substrates in flow. Only one tethering event
per bead was counted during the observation period.

The dissociation rate constants of transient tethers were calculated for
coating concentrations of beads that only supported these transient interac-
tions. 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 per second (fps) (Speed Vision Technologies, San Diego, CA).
Dissociation rate constants were determined by plotting the natural log of
the number of VWF-Al—coated microspheres that interacted as a function
of time after the initiation of tethering.” The slope of the line = —k,; The
foree acting on the tether bond was calculated from force balance equations
(head radius of 3.5 jum) satisfied with a tether angle & of 57.2 degrees.”

Models of pause time distribution

Because platelets were obtained from patients heterozygous for the
mutation, we considered the possibility that adhesion could result from
either receptor. To this end, we evaluated the 3 most relevant and likely
models amenable to experimental and/or theoretical testing to ascertain the
relative roles of the wild-type and mutant GPIbe in our experiments. The
first of these presumed that all tether bonds formed were mediated by a
single mutant GPIb receptor on the surface-immobilized platelet interacting
with VWF-Al—coated beads (model 1). The second hypothesis also
presumed that all events were initiated by the formation of a single-tether
bond but also considered that a fraction of these were the result of
interactions between the native complex (model 2). The third and last
hypothesis (model 3) presumed that several tether honds of either the
wild-type or mutant variety can mediate platelet adhesion. Inasmuch as
these 3 hypotheses are mutually exclusive, statistical rejection of any 2
based upon experimental observations implicitly proves the third.

In this case of the first model, the pause time is the length of time
preceding the dissociation of the single mutant tether bond. Because
noncovalent interactions between a receptor-ligand pair can behave as a
one-step chemical reaction that occurs randomly in time, pause times will
also be distributed in a similar manner. In the case where there is only one
bond to break, the lifetime of the interaction is exponentially distributed
with an average duration of //k,z,.., where &,y . is the dissociation rate
constant for the bond.”* That is,

(1 PO = Fegr e X0 — K )AL

Because this equation (equation 1) exactly describes the hypothesis
underlying this model (model 1), it can be tested using standard statistical
techniques. First, k., must be estimated from a set of experimental pause
times at a given wall shear stress. To this end, we employ the statistically
robust method of maximum likelihood.”?! This results in the following
formula (equation 2) for the statistical point estimate (SPE) of ., from N
experimental pause times”:

1 !
(2 Kogpma = =5

L
E Ty
i=1

where (i} is the average of the pause times from a single experiment
conducted at a single wall shear stress 7,.. Once a statistical point estimate is
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made from the data, the hypothesis underlying model 1 can be assessed via
Kolmogorov-Smirnov (KS) testing of equation 1 with the SPE. The K& test
can only reject the hypothesis.

A similar procedure was employed for the second alternative hypothesis
(model 2) that the single-tether bond connecting the platelet to the surface
can be either a wild-type tether bond or a mutant. In this case, equation 2 is
the probability that the pause time will be of duration 7 given that the tether
bond is between a mutant GPIbae molecule and VWF. If a fraction ¢ of the
transient pauses are mediated by wild-type GPIba, the probability that
a pause is mediated by a single mutant receptor is (1 — ¢)kypme
exp( —kopmud)dt. Therefore, if this alternative hypothesis is true, the pause
time distribution is exactly

(3)  Pdr = ghypexo( — Kyt + (1 — @VpmXp( = Kyl

If equation 3 (model 2) is the actual pause time distribution for the
experimental results, the probability ¢ that the pause is mediated by a
wild-type GPIb receptor must be addressed. Although both the mutant and
wild-type receptors are assumed to be equally expressed, their association
rate constants with VWF-A1 (k,,) may differ. Consequently, ¢ would not
necessarily be 0.5.

As we have discussed for model 1, a maximum likelihood statistical
point estimate for &,y can be computed from experimental data. In this
case, its computation is iterative and must be performed using a computer,
according to equation 4:

@ >

i=1

{1-g) exp{~ Kot N~ Koppmads) B
g expl k) {1 @) expl ko madd)

In this process, the dissociation constant for the wild-type receptor (k)
was set to 3.5expfF, /&T) as previously obtained for normal platelets at
each wall shear stress.” Because the actual value of ¢ is unknown, a locus of
statistical point estimates was obtained for 20 values of ¢ spanning the
possible range (0-1). The best value was selected during the KS hypothesis
testing of equation 3 as the model that best fit the experimental results.

A third and final hypothesis can be considered (model 3), wherein
multiple tether bonds of either the mutant or wild-type (WT) GPTba can
form after the initiation of platelet adhesion. Unlike the previous hypoth-
eses, model 3 does not afford a simple expression for the pause time
distribution. However, the pause time distribution can be generated for this
model by Monte Carlo (MC) simulation.” We have included 2 bonding
and 2 dissociation steps: 2 for the on and off reaction of WT GPIba +
VWF-Al <= GPIba—VWF-Al and 2 for the on and off reaction of mutant
GPIba” + VWF-Al <> GPIba'=VWF-A1. In this analysis, the initial bond
was chosen randomly in accordance with the preset probability ¢, which
was varied from simulation to simulation. Using a set of association rate
constants (Ko konw) and dissociation rate constants (k,g.us Kop s
adhesion can be simulated from formation of the first bond to detachment of
the platelet. The time between these 2 events is the pause time. By
successive simulations, a distribution of pause times is generated at each
shear stress, which can be compared with experimental data via the KS test.
Therefore, by systematic variation of parameters entered into the MC
simulation and subsequent testing of the resulting distributions against
experimental data, the best set of rate constants can be obtained. Moreover,
this KS testing can reject the hypothesis of multiple bonding.

Statistical analysis

A Student 7 test was used for multiple comparisons. Statistical significance
was set at a P value less than .05.

Results

The impact of the GPlba mutation Gly233Val on
VWF-dependent platelet attachment and translocation

It is been established that successful bond formation between a
receptor-ligand pair in flow relies on a balance between the number
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of encounters that can occur over a defined time and the rate at
which a bond can form, parameters affected by shear rate,
association rate constant, and receptor-ligand concentrations.?>?
The Gly233Val mutation increased the rate of association of
GPIbw: platelets from 2 patients with this bleeding disorder readily
attached to and translocated (moved continuously in the direction
of flow at least | cell diameter) on surface-immobilized VWF-AL
substrate at wall shear rates {less than 100 $~') that did not promote
any interactions with healthy platelets (Figure LA). At arterial wall
shear rates of at least 1000 s°!, platelets expressing the mutant
receptor displayed a deficiency in adhesion to high surface density
of VWF-AT1 as compared with platelets from healthy individuals.
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Figure 1. The impact of the Gly233Val mutation on platelet attachment and
translocation velocities. (A) Platelets (5 » 107/mL) purified from 2 patients with
PT-WWD cr 5 healthy individuals were infused at the indicated wall shaar rates
through a parallel plate flow chamber apparatus for 5 minutes. The total number of
healthy platelets attached to either surface-immabilized plasma VWF (25 pg/mL) or
recombinant VWF-A1 protein (100 pg/mL) was determined and comparad with
PT-WVWD platslet interactions with VWF-A1 {(mean = SD; n = 5). The specificity of
the interaction was dstermined by the ability of the GPIbx-blacking antibaedy, mAb
8D1, to inhibit healthy platelet or PT-VWD platelet (not shown) to A1 substrate. (B)
Mean translocation velocities for healthy or PT-VWD platelets (n = 30 to 40 cells)
interacting with the immobilized VWF-A1 substrate were determined at the indicated
wall shear stresses. Data represent the mean = SD for 3 to 4 independent
gxperiments performed in duplicate.



BLOOD, 1 JULY 2003 - VOLUME 102, NUMBER 1

This suggests that the Gly233Val mutation may increase the
sensitivity of GPIba to mechanical loading at higher levels of
force. The specificity of this adhesive event was demonstrated by
the ability of the GPIba function-blocking mAb 6D1 to inhibit
PT-VWD platelets from binding to the WT recombinant protein
under all flow conditions tested. The effect of this inherited
mutation, however, was not restricted to an increase in the apparent
on-rate, because platelet translocation velocities were also reduced
by about 3- to 4-fold, suggesting a perturbation in the kinetics that
govern bond dissociation as well (Figure 1B).

The effect of the Gly233Val mutation on the rate of formation
and dissociation of the GPlba-VWF-A1 tether bond

The ability of PT-VWD platelets to attach and translocate at shear
rates unable to support healthy platelet interactions is suggestive of
enhanced formation and/or increased stability of the receptor-
ligand bond. However, stabilization of adhesion may result from
either the formation of a greater number of bonds than for the
native complex or from a prolongation in the lifetime of the
interaction between GPIbe VWF-A1.%* To more directly measure
these kinetic parameters, 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-Al and surface-immobilized platelets. Recently, we have
demonstrated the utility of using beads with a uniform size and
shape to permit determination of the relationship between wall
shear stress and the force directly acting on the GPIba VWF-AL
tether bond (F),? a parameter difficult to estimate for discoid-
shaped objects such as platelets. This also permits greater hydrody-
namic loading rates of bonds due to the projection of the larger
bead into a flow stream of higher velocity. Importantly, the use of
platelets as the immobilized substrate enables evaluation of GPThex
in its native form (ie, correct orientation and proper posttransla-
tional modification). In this system, the formation of a tether bond
is detected as an abrupt halt in the forward motion of a bead in flow,
and the lifetime of this quantal unit of adhesion can be determined
by measuring the duration that the VWF-AL coated microsphere
remains stationary before resuming a velocity equivalent to a
noninteracting particle. These transient adhesive events can be
observed over a wide range of wall shear stresses only if the
concentration of ligand or receptor is reduced so as to limit multiple
bond formation. Importantly, tether bonds also appear to follow
first-order kinetics and, as such, permit estimates of dissociation
rate constants in zero stress (k% as well as the sensitivity of this
transient unit of adhesion to the destabilizing effects of hydrody-
namic force. At bead coating concentrations of VWF-AL of 10
wg/mL or less, transient tether bond formation was the only type of
interaction observed on either healthy or PT-VWD platelet sub-
strates at wall shear rate tested (Figure 2). Consistent with the
dynamic behavior of the PT-VWD platelets perfused over a high
density of VWF-AL, the optimal frequency of transient tether bond
formation mediated by VWF-Al coated beads interacting with
mutant GPIba occurred at a shear rate corresponding to the lowest
tethering frequency for the WT complex. The specificity of this
adhesive event was demonstrated by the inability of microspheres
coated with VWF-A1 containing the type 2M mutation Gly561Ser
to interact with surface-immobilized platelets under all flow
conditions tested.

Given this difference in apparent cellular on-rates, we next
compared the dissociation kinetics of these transient adhesive
events. A coating concentration of VWF-AL was chosen (5 pg/mL
corresponding to 30 molecules/ium?®) that supported tether bond
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Figure 2. The cellular on-rate for PT-VWD platelets is higher than that of healthy
platelets. Microspheres coated with recombinant VWF-A1 pretein at a concentration
that did not suppert translecation were perfused over a cenfluent menclayer of
surface-immobilized healthy or PT-VWD platelets at wall shear rates ranging from 20
ta 300 s°7. The frequency of tether farmation was determined by quantifying the
number of beads that transiently attached to the substrate cver 1 minute and
subsequently dividing by the measured flux of beads near the wall over the same time
period.? Data represent the mean * SD of 4 independent experiments,

formation at wall shear stresses ranging from 0.5 to 2 dyne em™>.
Analysis of the distribution of interactions times between VWF-A1
coated beads and the platelet substrates indicates that more than
95% of all transient tether bonds events fit a straight line, the
regressed slope of which corresponded to a single &, (Figure 3).
Notably, the cellular off-rates of these quantal units of adhesion
were quite similar for the 2 patients but were 3- to 4-fold lower as
compared with the native receptor-ligand pair at all wall shear
stress tested (Figure 3B-C). Based on these results, it appears that
the higher kinetic stability of PT-VWD platelets with the VWF-Al
substrate is also mediated by an increase in the individual tether
bond lifetimes or, conversely, a decrease in the cellular dissociation
rate. In all cases, increases in wall shear stress resulted in a
progressive reduction in the duration of the tether bond lifetime as
indicated by the increases in &,

Estimation of the intrinsic kinetics of dissociation and
mechanical strength of tether bonds

Previous studies have demonstrated the utility of the Bell model in
describing the dissociation kinetics and mechanical properties of
adhesive bonds involved in selectin-dependent or GPTba mediated
attachment of leukocytes and platelets in flow, respectively. %2528
Bell proposed that the dissociation rate constant, k5 of a bond
under an applied force, Fg, could be given by the equation
kyy = Klypexp(oFy, 7 kT}, where £ ;s the dissociation rate constant
in the absence of force, kT is the thermal energy, and ¢ (reactive
compliance) is a biomechanical parameter that relates the sensitiv-
ity of bond off-rate to an applied force.” The larger the values for
#%,r and , the shorter the bond lifetime and the more prone the
receptor-ligand interaction is to force-driven dissociation (ie,
reduced mechanical stability), respectively. Thus, the Bell model
permits determination of bond properties that directly govern
receptor-ligand interactions in flow, parameters not obtainable by
affinity measurements (K ) alone. "

To obtain values for the intrinsic off-rate (k%) and o, it was first
necessary to demonstrate that our values obtained for the dissocia-
tion rate constants at various hydrodynamic forces fit the Bell
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Figure 3. Kinetics of dissociation of transient tethers. Representative graphs depicting the distributicn of interacticn times for mere than 35 individual transient attachment
events (known as tether bonds) that cccurred between micrespheres coated with VIWF-A1 (about 30 molecules per square micremster) and surface-immetilized platelsts
purified from healthy individuals (A} or 2 patients with PT-VWD (B-C). Dissociation rate constants were estimated at wall shear stresses of 0.5 to 2.0 dyne em™2; ko is the

negative slope of the linear regression through the experimental data.

madel. This was confirmed by Monte Carlo (MC) simulation and
statistical point estimate (SPE) analysis of the experimental data.
Importantly, regression of these analyses fit our data for the
dissociation rate constants determined at bond forees ranging from
36 pN to 145 pN (Figure 4, bottom panel). Strong agreement was
also observed between the 2 methods. In accordance with the Bell
maodel, dissociation rate constants varied exponentially as a func-
tion of force on the tether bond for both the native and mutant
complex but were 3- to 4-fold lower for the latter (Figure 4B).
Extrapolation of our data to zero force yielded &%, values for the
WT and mutant receptors of 3.45 = .37 s7! and 0.67 = 0.11 7/,
respectively. By contrast, there was an about 2-fold increase in the
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Figure 4. The effect of shear force on the kinetics and mechanical strength of
mutant tether bonds. Cellular dissociation rate censtants were obtained for
VWF-A1—coated beads interacting with a healthy er PT-VWD platelet substrates. The
ko results are plotted as a function of the calculated force on the tether bond, £y
(72.41 x wall shear stress)® The experimental data were fit to the Bell squation
based on Mante Carlo (MC) and statistical peint estimate (SPE) analyses. Table
shows values for k¢ as a function of applied force. Data represent the mean = SD for
5 independent experiments at each wall shear stress tested. *P < .05,

reactive compliance for the latter (0.016 == 0.002 nm [WT] versus
0.031 = 0.005 nm [mutant]), suggesting that mechanical stability
of the tether bond is not enhanced by the inclusion of the
Gly233Val mutation.

Determination of the theoretical model that best represents the
mutant GPlba—-VWF-A1 tether bond

Values for &,y as a function of wall shear stress, obtained from
statistical point estimates (SPEs) of the experimental data and their
subsequent fit to the Bell equation, are given in Table 1. As
discussed, all 3 models and their corresponding point estimates of
Koyrune were assessed for quantitative adequacy using the Kolmo-
gorov-Smirnov (KS) test.>! In 17 of the 20 experimental data sets (5
repeat experiments at each of 4 wall shear stresses), the null
hypothesis for model | could not be rejected (P > .01), suggesting
a good fit with the experimental data. Although 2 theoretical results
obtained at (.5 dyne/cm™? were rejected by KS testing (P <2 .01),
the model underlying equation | could not be rejected for 3
additional sets of data at that shear stress. Model | was supported
by KS testing of all other data sets at the remaining wall shear
stresses tested, as P values for the remaining 17 tests exceeded .05,
Thus, the hypothesis that all platelet adhesion observed was
mediated by single GPIbe tether bond could not be rejected. In
contrast, hypothesis testing of model 2 demonstrated that it was not
statistically supported by the experimental observations. In fact,
K& testing rejected this model for most of the 20 data sets (P <2 .01)
and for all ¢ except when ¢ = (}, a condition that corresponds to
madel 1.

The hypothesis that multiple wild-type or mutant GPTba
tether bonds are formed in our experiments (model 3) was
tested via Monte Carlo (MC) simulations as discussed. As
observed for model 2, the hypothesis underlying model 3 was
rejected by KS testing (P < .01 for all experimental data sets;
data not shown).

The pause time distributions generated by MC using the best set
of parameter estimates (]C{Jrg,fj‘jmul =0.674 + 010887 ), 0 = 0031 +
0.005 nm) agreed with the experimental pause time distributions at
all experimental conditions tested for model 1 but not for models 2
and 3. Based upon these results, we can reject the hypothesis that
the experimental pause time distribution is affected by the forma-
tion of multiple bonds between the platelet GPIbee and the
Al-coated beads as well as the hypothesis that both wild-type and
mutant receptors play a role in the adhesion of platelets from our
heterozygous patients.
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Table 1. Statistical analysis of molecular adhesion models
Madel 1 Model 2
g=101 g=02 g=103 g=04

W, Kot muts P, Kot mut P Kot mut: P Kot muts P, Ko mut, P,

dyne/em—2 571 1073 577 1072 571 1073 577 1073 571 1073
0.5 0.846 14.4 0.828 1.6* 0.810 2% 0.790 0* 0.768 0*
0.5 1.008 83.9 0.976 23.4 0.944 4.9* 0.911 7 0.877 A
0.5 0.788 1.9* 0777 2* 0.766 0* 0.752 0* 0.737 0*
0.5 0.682 2.7 0.670 2* 0.658 0* 0.645 0* 0.632 0*
0.5 0.853 198.9 0823 76.0 0.795 236 0.766 5.9 0.736 2+
10 1.144 274.9 1.099 111.4 1.057 035.0 1017 8.3 0.979 1.4*
10 1.048 51.3 1.016 125 0.985 2.3 0.954 3* 0.924 0*
10 1.136 33941 1.093 141.8 1.052 461 1.013 114 0.975 2.1+
1.0 0.957 54.21 0.935 9.9* 0.913 1.7* 0.890 2% 0.866 0*
1.0 0.964 53.9 0.943 114 0.922 1.7* 0.899 2% 0.876 0*
15 1.370 56.1 1.336 101 1.300 2.3 1.262 4* 1.222 A
15 1.826 840.1 1.731 655.4 1.636 4485 1.543 268.5 1450 139.6
15 1.473 140.5 1421 62.2 1.371 21.2 1.321 5.2 1.272 1.0*
15 1.175 78.1 1152 3.4* 1127 B* 1.101 0* 1072 0*
15 1.472 1357 1423 55.1 1.373 188 1.321 5.3 1.268 1.2*
2.0 1.894 67.6 1822 251 1752 7.6 1.682 1.8* 1.609 3
2.0 2.313 969.2 2177 934.7 2.043 877.6 1.911 7818 1.782 604.3
2.0 2.315 992.6 2180 965.0 2.048 8818 1.918 736.0 1.791 553.8
2.0 1.890 2011 1813 78.9 1.738 243 1.664 5.7 1.590 1.0*
2.0 1.785 566.4 1.704 316.0 1628 139.0 1.555 454 1.484 11.1*

“When P values correspanding to tests of madels are less than 10 = 1073, the

model fails the KS test. The best madel is madel 1, which neglects the contribution of

wild-type bonding te the pause time of platelets from the heterozygous patient. Model 2 explicitly acceunts for the possibility of tether bend fermation via mutant and wild-type
interacticns. However, as the probability of wild-type bonding is increased, the quality of the model deteriorates. Hypothesis testing demanstrates that model 1 is the best medel

of adhesion of the platelets from the heterczygous patients.

Discussion

By studying the interactions between platelets and VWF under
conditions of controlled flow and concentrations of protein that
limit multiple bond formation, we have better defined the specific
alterations in the kinetics of the GPIba. VWF-AL tether bond that
may contribute to the clinical phenotype associated with PT-VWD.
Specifically, we observed an enhancement in the apparent cellular
on-rate as well as a prolongation in the lifetime of the interaction,
features known to be critical for stabilizing binding between
adhesion receptors and their respective ligands. The higher cellular
on-rate manifested as a greater efficiency in attachment of PT-
VWD platelets to surface-immobilized Al protein at flow rates that
did not support interactions with normal cells {ie, WT GPIbw). This
observation was further confirmed by analysis of the frequency of
tether bond formation, a measure of association rate, between
microspheres coated with low site densities of Al protein (about 30
molecules per square micrometer) and the platelet substrates. By
contrast, a 5-fold decrease in the intrinsic dissociation rate constant
was noted for platelets expressing the Gly233Val mutation as
compared with the native receptor-ligand pair (&%, values of
0.67 = 0.11 s versus 3.5 = 0.37 s ). This prolongation in tether
bond lifetime is consistent with the 3- to 4-fold reduction in platelet
and microsphere translocation velocities observed for the mutant
receptor. Thus, enhanced bond formation alone does not fully
account for the profoundly stronger rolling interactions.” Interest-
ingly, the reactive compliance () of the mutant tether bond was
about 2-fold higher than for native complex (0.031 = 0.005 nm
versus (L016 = 0.002 nim, respectively), suggesting that the interac-
tion between GPIba and VWF-AL in PT-VWD may be slightly
more prone to dissociate upon application of hydrodynamic force
and may be expected to be distinguishable only at higher arterial
shear stresses. Thus, altered intrinsic kinetic properties of this

adhesive interaction and clearly not greater mechanical stability of
the tether bond is the defining feature of this bleeding disorder.

Recently, we have evaluated the kinetics of normal platelet
interactions with the type 2B mutation [le346Val using identical
methodologies.” Remarkably, the number of healthy platelets that
accumulated on the mutant substrate and the frequency of type 2B
VWF-Al coated bead tethering to a healthy platelet substrate were
comparable to those observed for PT-WWD platelet interactions
with WT VWF-AL (Figure 3A-B). Importantly, the dissociation
rate constants were statistically similar at forces ranging from 36.2
to 144.8 pN (Figure 5, bottom panel; P > .1). Comparisons of
values for ko at zero force and the reactive compliance as
determined by the Bell model are shown in Table 2. Our results
suggest that these 2 genetically distinet disease states may resemble
one another from a clinical perspective due to similar alterations in
rate of tether bond formation and dissociation.

How would an enhanced rate of association and prolongation in
the lifetime of these mutant tether bonds explain the clinical
phenotype associated with PT-VWD and type 2B VWD? We
hypothesize that in the disease states, random collisions between
platelets and globular VWF in the circulation could result in a
longer-lived GPIbox VWF-AL bond than for the WT receptor-
ligand pair. The rapid disseciation kinetics of the native complex,
however, may preclude additional bonds from forming, thus
preventing resting platelets from spontaneously aggregating with
plasma VWF in flowing blood. This is supported by previous
studies demonstrating that the fast dissociation kinetics of the
adhesion molecule T-selectin, a constitutively functional adhesion
receptor expressed on leukocytes, are important in preventing the
formation of white blood cell aggregates in the circulation through
interactions with its ligand, PSGL-1 that is also expressed on these
cells. 3273 In the case of PT-VWD and type 2B VWD, the enhanced
cellular on-rate and prolongation of receptor-ligand interactions
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Figure 5. Comparison of the kinetics of the GPlbx—VWF-A1 tether bond for
PT-VWD versus type 2B VWD. (A} Platelet accumulation on WT versus type 2B
mutant VWF-A1 substrate at the indicated wall shear rates. (B) The frequency of
tether bond formation and cellular off-rates (Table 2) for beads coated with either YWT
or type 2B VWF-A1 protein (5 pg/mL) interacting with the indicated platelet substrate
was perfarmed as described in panel A. Data represent the mean = SD for 5
independent experiments at each wall shear stress tested. *P > 1.

would favor multiple bond formation, thus stabilizing platelet-
VWF interactions. This would permit not only multiple platelet
interactions with a single high molecular weight VWF molecule,
which contains numerous Al domains, but also the coalescence of
the newly formed platelet-VWF aggregates. Depletion of this high
melecular species of VWF would effectively reduce the number of

Table 2. Intrinsic dissociation rates and reactive compliance values for the
GPlbe—VWF-A1 tether bond

Koog 570 o, nm R2

VWF-A1, WT

SPE 321 =015 0.018 = 0.002 0.97

MCR 3.45 + 037 0.016 + 0.002
Type 2B, lle546Val

SPE 0.56 + 0.02 0.026 + 0.001

MCR 0.55 £ 0.03 0.029 + 0.004 099
PT-VWD, Gly233Val

SPE 0.55 = 0.02 0.029 = 0.001

MCR 067 =011 0.031 = 0.005 098

Values for k% and o were determined fram regressions of data obtained from 2
independent analyses, MC simulation (MCR) and statistical point estimate (SPE). P
values based on a 2-tailed Student f test revealed no statistically significant
differences in MCR- or SPE-derived values for k% and o as well as for intrinsic
off-rates (MCR) for PT and type 2B VWD (P = 1).
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Figure 6. The impact of the type 2B mutant A1, lle546Val, on PT-VWD platelet
attachment and tether bond formation in flow. (A) Platelets (5 > 107/mL) purified
from 2 patients with PT-VWD ar 2 healthy individuals on 3 consecutive days were
infused at the indicated wall shear rates through a parallel platelet flow for 5 minutes.
The total number of platelets that attached to surface-immabilized recombinant type
2B mutant pratein (100 g/mL) was determined and compared {(mean = SD; n = 6).
(B) Frequency of tether bands formed between beads coated with a low density of
type 2B mutant VIWF-A1 and healthy or PT-VWD platelet substrates as a function of
wall shear rate (s '), (C) Representative graph depicting the distribution of interaction
times for more than 35 individual transient attachment events that cccurred between
micraspheres coated with WT er type 2B VWF-A1 and surface-immebilized platelets
purified frem healthy individuals cor patient A with PT-VWD. Dissociation rate
constants were estimated at wall shear stress of 1.0 dyne cm~2, kg is the negative
slope of the lingar regression through the experimental data.

Al molecules available for multiple bonding, thus limiting the
disease process. This, in part, may explain the selective loss of the
highest molecular weight multimers of VWF and modest, but
self-limiting, thrombocytopenia. Activation of other adhesion
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Figure 7. The combination of PT and type 2B mutations significantly reduces
translocation velocities. (A) Mean translocation velacities for interacting healthy or
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perfarmed in duplicate.

receptors such as GPIIWIIa on platelets as a consequence of multiple
GPIbee VWF interactions may also play a role in aggregate
formation if bonds are sufficiently stressed by hydrodynamic forces
Are the kinetic and biomechanical effects of these genetically
distinet mutations on platelet-VWF interactions the result of 2
independent molecular processes? Recently, it has been hypoth-
esized that 2 separate conformation-dependent mechanisms may be
responsible for the function-enhancing abilities of mutations asso-
ciated with either GPTha or the VWF-AL"* This was based on
analysis of the crystal structure of this receptor-ligand pair that
contained the clinically relevant residues, but the significance of
the small structural changes associated with the mutant Al domain
remains to be determined.*>® To evaluate the possibility that these
genetically distinet mutations can function independently from one
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another, platelet attachment, microsphere tethering frequency, and
translocation velocities were evaluated as described above using
the combination of mutations. Interestingly, PT-VWD platelet
attachment to VWF-AL containing the Tle546Val mutation did not
have a profound impact on the quantity of cells bound as compared
with either mutation alone (Figure 6A). This lack of further
enhancement in attachment was also reflected in the similar level of
tether bond formation of microspheres coated with quantities of
mutant VWF-A1 insufficient to promote translocation (Figure 6B).
Thus, within the limits of our system, this combination of
mutations does not result in a greater ability of platelets to initiate
interactions with VWF-A1 in flow, a process most influenced by
the k., of the interaction. By contrast, we provide the first evidence
that that the GPIba mutation Gly233Val in combination the type
2B mutation Tle346Val does augment the phenotype associated
with either PT-VWD or type 2B VWD, as analysis of pause times
for the combination of mutations revealed an about 2-fold increase
in bond lifetime as compared with the single mutation alone
(Figure 6C). This was further confirmed by the reduction in
translocation velocities of both PT-VWD platelets on immobilized
type 2B substrate and mutant VWF-AL coated microspheres on
surface-bound mutant GPIbw platelets (Figure 7). For instance, an
about 15-fold difference in mean translocation velocities of healthy
versus PT-VWD platelets (3.12 = 0.85 pm s~ versus 0.21 = 0.06
wm s~ 1, respectively) on type 2B VWF-AL was observed at a wall
shear stress of 32 dyne em™2 corresponding to an estimated upper
limit of force of about 150 pN (Figure 8). In comparison, an about
4-fold reduction in translocation velocities was observed for type
2B VWF-ALl coated microspheres interacting with PT-VWD plate-
lets at the maximal wall shear stress capable of supporting rolling
adhesions (8 dyne em™? corresponding to a force of 316 pN). The
differences in velocities between platelets and microspheres can be
attributed to the reduced forces experienced by the former. Current
studies are focused on estimating the degree of alteration in the
lifetime of the double mutanttether bond as a function of an applied
hydrodynamic force.

Overall, we have identified specific alterations in the property of
the GPIba VWF-Al tether bond that may account for clinical
phenotype observed for PT-VWD. The higher rate of tether bond
formation and prolonged duration of the interaction between
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Figure 8. Schematic model depicting the hydrodynamic forces encountered by
surface-interacting platelets versus microspheres. The force (F,) acting cn a
platelet and a 7-jum bead in shear flow is depicted. Representative hard spheres with
diameters proportional to the thickness (A) or volume of a discoid platelet (B) are also
shown, The equations of Galdman (F, = 6wRhCr 1, T, — 4nRCr 1) were used to
gstimate the foerees (Fy) acting on a platelet or bead based on a motienless hard
sphere in shear flow near a wall, where ~ is the shear stress, R is the sphere radius, h
is the distance frem the center of the sphere to the wall, and Cr and Cr represent
numerical factors that depend on WR.37 For the case where a cell is tethered to the
wall, h = R, Cr = 1.7005, and Ct = 0.943 99. Because the geometry of a resting
platelet is discoid and net spherical, a lew and high estimate of the shear force was
determined for spheres with either a diameter (1 wm) or a volume (8 fL) equal to that
of a platelet.
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GPIbe and the Al domain of VWF work in concert to promote
stability between this receptor-ligand pair and subsequent clear-
ance of the largest multimers of VWE. Moreover, the phenotype
associated with the disease state in the heterozygous patient
appears to be exclusively mediated by the mutant GPIba as
supported by rigorous statistical analysis of 3 possible tether bond
madels. The present study extends our previcus findings that link
an alteration in the intrinsic properties of tether bonds with a
genetically distinct bleeding disorder, namely type 2B VWD. Our
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results also suggest that the mechanical properties of the GPIba
VWF-ALl tether bond are not enhanced as reflected in the moderately
increased values for reactive compliance, a measure of the susceptibility
of a receptor-ligand pair to breakage in the presence of an applied force.
Lastly, we demonstrate that these clinically relevant mutants alter the
kinetics of this interaction through distinet molecular mechanisms that
are partially “additive™ as indicated by both a further reduction in &,y-and
a near-zero translocation velocity of the Gly233Val mutant platelets on
the type 2B mutant VWF-A1 substrate.
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