HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

Alterations in the intrinsic properties of the GRI/WF 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 (GPIba), with respect to binding
of von Willebrand factor (VWF), results in
aloss of circulating high molecular weight
VWF multimers together with a mild-
moderate thrombocytopenia. 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 Al-domain of VWF. Re-
sults indicate that the GPlIba 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~land 3.45 + 0.37 s~1, 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
GPlba—VWEF tether bond are comparable
to those reported for the type 2B VWD,

distinct 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 circulatirtgrminal flank of this molecule defined as tlgeswitch that
platelets at sites of vascular injury. Critical to this process is thencompasses amino acids 227 to 24%.Incorporation of these
ability of von Willebrand factor (VWF), a multimeric plasmamutations is believed to stabilize the interaction with the Al
protein, to form a bridge between components of the subendotli®main by a mechanism(s) distinct from those associated with type
lium and the platelet glycoprotein receptor GRM® Surface 2B VWD, but functional evidence is lacking to date. Despite these
immobilization of VWF appears to be a prerequisite for subsequettifferences, the clinical phenotype and laboratory abnormalities
interactions with platelets, as this multimeric protein does not birassociated with this disorder mimic those seen in type 2B VWD,
appreciably to these cells in the circulation. Once attached, plateletsich include a prolonged bleeding time, borderline thrombocyto-
begin to translocate on VWF through interactions with its Apenia, and a decrease in the high molecular weight multimers of
domain (VWF-A1) until they either encounter reactive substratd8/VF.1* Patients with either disorder have increased bleeding
such as collagen or are exposed to thrombin, events required tiandencies that are believed to result from the spontaneous binding
integrin-mediated firm adhesidrt. of plasma VWF to circulating platelets and the subsequent
Previously, it has been demonstrated that the ability of VWF tdearance of these hemostatic elements from blood.
promote both rapid and reversible attachment of platelets in flow, Recently, a limited kinetic analysis of the interaction between a
and thus translocation of these cells, is a consequence of teeombinant N-terminal GPtbfragment (residues 1 to 290) and
relatively high rate of bond formation and dissociation between th&VF-A1l domain (residues 498 to 705) was performeResults
Al domain and GPIb.° Interestingly, kinetic analysis of gain-of- from this study revealed a dissociation constaqj) (©f about 30
function mutations localized to the VWF-AL1 region, collectivelynM for the native receptor-ligand complex, a value 100-fold lower
known as type 2B von Willebrand disease (VWD), revealed ahan previous report$:16 Interestingly, the alterations in affinity
alteration in the intrinsic properties of these mutant bonds that magsociated with PT-VWD mutations were believed to be due
account for the observed clinical phenotype. Function-enhanciagclusively to changes in on-rate. Yet, functional studies evaluating
mutations, however, are not limited to VWF but have also bedhe interactions of GPlb either expressed on Chinese hamster
associated with GPtband are termed platelet-type or “pseudo’dvary (CHO) cells or bound to latex beads with surface-
VWD (PT-VWD).1%11 They occupy a region in the carboxy-immobilized VWF suggest that the off-rate may be altered as
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well. 119 This manifested asareductionin rolling velocities of cells
or particles containing the PT-VWD mutation, Gly233Val, as
compared with the native complex. However, disparitiesin rolling
velocities of CHO cells expressing the identical PT-VWD mutation
have also been reported.1”18 Moreover, all experiments performed
to date have utilized densities of GPlba 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
GPlba to promote the formation of agreater number of bonds, (2) a
prolongation in the lifetime of these bonds, or (3) adirect ateration
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 versustype 2B VWD.

To investigate the impact of the Gly233Va mutation on
GPlba-VWF interactions, we evaluated the kinetic and mechanical
properties of the interactions between PT-VWD platelets and
recombinant VWF-A1 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 aswell as prolonging
theduration of itslifetime. Importantly, we demonstrate for thefirst
time that distinct molecular mechanisms 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 GPlba—
blocking mAb 6D1 and anti-GPIIb/lIlla mAb 7E3 (B. Coller, Rockefeller
University, New York, NY), mouse anti—6-HIS mAb (Research Diagnos-
tics, Flanders, NJ), and anti-VWF-A1 mAb AMD-1.° The generation of
Fab fragments and recombinant VWF-A1 histag proteins, aswell 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 GPlba mutation Gly233Val.1%1! Approval
was obtained from the Washington University institutional review board for
these studies. Informed consent was provided according to the Declaration
of Helsinki. Platel ets were washed twice in Tyrode buffer containing 0.25%
human serum albumin (HSA), pH 7.4, resuspended at a concentration of
5 X 107/mL and subsequently perfused over high concentrations of surface-
immobilized VWF-A1 proteins (100 pg/mL) or plasma VWF (25 pg/mL)
in a parallel plate flow chamber at various wall shear stresses (0.2 to 16
dyne cm~2).% Platelet attachment and their subsequent forward motion,
termed translocation, were recorded on Hi-8 videotape using an inverted
Nikon microscope with aplan 10X or 20X objective, respectively.

In flow experiments involving VWF-A 1—-coated microspheres, purified
platelets treated with 20 mM sodium azide, 50 ng/mL prostaglandin E;, and
10 pM indomethacin (Sigma Immunochemicals, St Louis, MO) 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-A 1—coated beadsin flow
while atotal 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’sinstructions. The site density of VWF-A1
on beads coated with 5 pg/mL protein was about 30 sites per
sguare 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~2. The lowest coating concentrations of VWF-A1 capable of
supporting these brief adhesive events were determined by measuring the
percentage of beads (1 X 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-A1-coated microspheres that interacted as a function
of time after the initiation of tethering.® The slope of the line = —kyt. The
force acting on the tether bond was cal culated from force balance equations
(bead radius of 3.5 wm) satisfied with atether angle 6 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 GPlba in our experiments. The
first of these presumed that al tether bonds formed were mediated by a
single mutant GPIb receptor on the surface-immobilized platel et 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 bonds 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 observationsimplicitly provesthe 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 1/Kgt mut, Where Kogt myt 1S the dissociation rate
constant for the bond.®2 That is,

(€] PO)dt = Koitm €XP( — Kofrmut)dlt.

Because this equation (equation 1) exactly describes the hypothesis
underlying this model (model 1), it can be tested using standard statistical
techniques. First, Ko myt 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 Kot mut from N
experimental pause times®:

(2) koff.mut = i i

it T

where (t) is the average of the pause times from a single experiment
conducted at asinglewall shear stressT,,. Once astatistical point estimateis
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made from the data, the hypothesis underlying model 1 can be assessed via
Kolmogorov-Smirnov (K S) testing of equation 1 with the SPE. The KS 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 awild-type tether bond or amutant. In this case, equation 2 is
the probability that the pause time will be of duration t given that the tether
bond is between a mutant GPIba molecule and VWEF. If afraction q of the
transient pauses are mediated by wild-type GPIba, the probability that
a pause is mediated by a single mutant receptor is (1 — of)Koffmut
exp(— ket muat)dt. Therefore, if this alternative hypothesis is true, the pause
time distribution is exactly

(3)  PMdt = aKortuw®XP( — Koftunt)dt + (1 — Q)KofrmuXP( — Kofrmurt)clt.

If equation 3 (model 2) is the actual pause time distribution for the
experimental results, the probability g 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 (ko) may differ. Consequently, g would not
necessarily be 0.5.

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

N
(1—Q) exp(_koff muttl)(l - koff mutt\)
4 , :
@ 2 et + (0 = ) Pl —kogra)

-0

In this process, the dissociation constant for the wild-type receptor (Kot wi)
was set to 3.5exp(oFp / KT) as previously obtained for normal platelets at
each wall shear stress.® Because the actual value of g isunknown, alocus of
statistical point estimates was obtained for 20 values of g spanning the
possible range (0-1). The best value was selected during the KS hypothesis
testing of equation 3 asthe 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) GPlba 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 GPlba +
VWF-A1 <> GPIbo—VWF-A1 and 2 for the on and off reaction of mutant
GPlba' + VWF-Al < GPlba'-VWF-AL. Inthisanaysis, the initial bond
was chosen randomly in accordance with the preset probability g, which
was varied from simulation to simulation. Using a set of association rate
constants (Konmut, Konwt) @nd dissociation rate constants (Kot mut, Koffwt),
adhesion can be simulated from formation of thefirst 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 dataviathe KStest.
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 KStesting can reject the hypothesis of multiple bonding.

Statistical analysis

A Student t test was used for multiple comparisons. Statistical significance
was set at aP 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 abalance 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.?223
The Gly233Val mutation increased the rate of association of
GPlba: platelets from 2 patients with this bleeding disorder readily
attached to and translocated (moved continuously in the direction
of flow at least 1 cell diameter) on surface-immobilized VWF-A1
substrate at wall shear rates (lessthan 100 s~1) that did not promote
any interactions with healthy platelets (Figure 1A). 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-A1 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 X 107/mL) purified from 2 patients with
PT-VWD or 5 healthy individuals were infused at the indicated wall shear rates
through a parallel plate flow chamber apparatus for 5 minutes. The total number of
healthy platelets attached to either surface-immobilized plasma VWF (25 pg/mL) or
recombinant VWF-A1 protein (100 pg/mL) was determined and compared with
PT-VWD platelet interactions with VWF-A1 (mean + SD; n = 5). The specificity of
the interaction was determined by the ability of the GPlba-blocking antibody, mAb
6D1, to inhibit healthy platelet or PT-VWD platelet (not shown) to Al substrate. (B)
Mean translocation velocities for healthy or PT-VWD platelets (n = 30 to 40 cells)
interacting with the immobilized VWF-AL substrate were determined at the indicated
wall shear stresses. Data represent the mean = SD for 3 to 4 independent
experiments performed in duplicate.
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This suggests that the Gly233Val mutation may increase the
sensitivity of GPlba 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 aswell (Figure 1B).

The effect of the Gly233Val mutation on the rate of formation
and dissociation of the GPIba—VWF-AL1 tether bond

The ability of PT-VWD platelets to attach and translocate at shear
rates unable to support healthy platelet interactionsis 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 GPlba—VWF-A1.2* 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-A1l 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 GPlba—VWF-A1
tether bond (Fy,),° 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 GPlba
in its native form (ie, correct orientation and proper posttransla-
tional modification). In this system, the formation of a tether bond
isdetected as an abrupt halt in the forward motion of abead in flow,
and the lifetime of this quantal unit of adhesion can be determined
by measuring the duration that the VWF-A1l—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 isreduced so asto 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-A1 of 10
pa/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-A1, the optimal frequency of transient tether bond
formation mediated by VWF-Al—coated beads interacting with
mutant GPlba 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-AL1 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-A1 was chosen (5 p.g/mL
corresponding to 30 molecules/um?) 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 protein at a concentration
that did not support translocation were perfused over a confluent monolayer of
surface-immobilized healthy or PT-VWD platelets at wall shear rates ranging from 20
to 300 s~1. The frequency of tether formation was determined by quantifying the
number of beads that transiently attached to the substrate over 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.
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formation at wall shear stresses ranging from 0.5 to 2 dyne cm=2,
Analysisof thedistribution of interactionstimes between VWF-A1—
coated beads and the platelet substrates indicates that more than
95% of al transient tether bonds events fit a straight line, the
regressed slope of which corresponded to a single ky (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-A1
substrate is also mediated by an increase in the individual tether
bond lifetimes or, conversely, adecrease 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 increasesin kq.

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 bondsinvolved in selectin-dependent or GPIba—mediated
attachment of leukocytes and platelets in flow, respectively.®2528
Bell proposed that the dissociation rate constant, ky, of a bond
under an applied force, Fy, could be given by the equation
Kot = Koqirexp(aFy, / KT), where ko is 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
K% and o, 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 (Ky) alone.®

To obtain valuesfor theintrinsic off-rate (k%) and o, it wasfirst
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 distribution of interaction times for more than 35 individual transient attachment
events (known as tether bonds) that occurred between microspheres coated with VWF-A1 (about 30 molecules per square micrometer) and surface-immobilized platelets
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 cm~2; ko is the

negative slope of the linear regression through the experimental data.

model. This was confirmed by Monte Carlo (MC) simulation and
statistical point estimate (SPE) analysis of the experimental data.
Importantly, regression of these anayses fit our data for the
dissociation rate constants determined at bond forces 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
model, 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 K values for the
WT and mutant receptors of 3.45 = 0.37 s 1 and 0.67 = 0.11 s 1,
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 constants were obtained for
VWF-Al-coated beads interacting with a healthy or PT-VWD platelet substrates. The
koit results are plotted as a function of the calculated force on the tether bond, Fy
(72.41 x wall shear stress).® The experimental data were fit to the Bell equation
based on Monte Carlo (MC) and statistical point estimate (SPE) analyses. Table
shows values for Ky 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
Gly233Vval mutation.

Determination of the theoretical model that best represents the
mutant GPIba—VWF-AL1 tether bond

Values for Ky as a function of wall shear stress, obtained from
statistical point estimates (SPESs) 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
Kot mut Were assessed for quantitative adequacy using the Kolmo-
gorov-Smirnov (K S) test.3! In 17 of the 20 experimental data sets (5
repeat experiments at each of 4 wall shear stresses), the null
hypothesis for model 1 could not be rejected (P > .01), suggesting
agood fit with the experimental data. Although 2 theoretical results
obtained at 0.5 dyne/cm~2 were rejected by KS testing (P < .01),
the model underlying equation 1 could not be rejected for 3
additional sets of data at that shear stress. Model 1 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 GPlba tether bond could not be rejected. In
contrast, hypothesistesting of model 2 demonstrated that it was not
statistically supported by the experimental observations. In fact,
K Stesting rejected thismodel for most of the 20 data sets (P < .01)
and for all g except when g = 0, a condition that corresponds to
model 1.

The hypothesis that multiple wild-type or mutant GPlba
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 (K my: = 0.674 = 0.108 571, 0 = 0.031 =
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 GPIba— and the
Al-coated beads as well as the hypothesis that both wild-type and
mutant receptors play arole in the adhesion of platelets from our
heterozygous patients.
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Table 1. Statistical analysis of molecular adhesion models
Model 1 Model 2
q=01 qg=02 q=03 q=04

w, koff‘muty P, koﬂ,mulv P, koff‘muty P, koﬂ,muh P, koff‘muty P,

dyne/cm—2 st 1073 s1 1073 st 103 s1 1073 st 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 0.976 234 0.944 4.9% 0.911 T 0.877 A
0.5 0.788 1.9* 0.777 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 0.823 76.0 0.795 23.6 0.766 5.9* 0.736 a2
1.0 1.144 274.9 1.099 111.4 1.057 035.0 1.017 8.3* 0.979 1.4%
1.0 1.048 51.3 1.016 12.5 0.985 2.3* 0.954 3 0.924 .0*
1.0 1.136 339.1 1.093 141.8 1.052 46.1 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 10.1 1.300 2.3% 1.262 4 1.222 A
15 1.826 840.1 1.731 655.4 1.636 448.5 1.543 268.5 1.450 139.6
15 1.473 140.5 1.421 62.2 1.371 21.2 1.321 5.2* 1.272 1.0*
1.5 1.175 78.1 1.152 3.4 1.127 5* 1.101 .0* 1.072 .0*
15 1.472 135.7 1.423 55.1 1.373 18.8 1.321 5.3* 1.268 1.2*
2.0 1.894 67.6 1.822 25.1 1.752 7.6* 1.682 1.8* 1.609 .3
2.0 2.313 969.2 2.177 934.7 2.043 877.6 1.911 781.8 1.782 604.3
2.0 2.315 992.6 2.180 965.0 2.048 881.8 1.918 736.0 1.791 553.8
2.0 1.890 2011 1.813 78.9 1.738 24.3 1.664 5.7 1.590 1.0*
2.0 1.785 566.4 1.704 316.0 1.628 139.0 1.555 45.4 1.484 11.1*

*When P values corresponding to tests of models are less than 10 X 103, the model fails the KS test. The best model is model 1, which neglects the contribution of
wild-type bonding to the pause time of platelets from the heterozygous patient. Model 2 explicitly accounts for the possibility of tether bond formation via mutant and wild-type
interactions. However, as the probability of wild-type bonding is increased, the quality of the model deteriorates. Hypothesis testing demonstrates that model 1 is the best model

of adhesion of the platelets from the heterozygous 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
aterations in the kinetics of the GPIba—VWF-A1 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 A1 protein at flow rates that
did not support interactions with normal cells (ie, WT GPIba). 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 A1 protein (about 30
molecules per square micrometer) and the platelet substrates. By
contrast, a5-fold decrease in the intrinsic dissociation rate constant
was noted for platelets expressing the Gly233Va mutation as
compared with the native receptor-ligand pair (K% values of
0.67 = 0.11 s ' versus 3.5 + 0.37 s71). This prolongation in tether
bond lifetime is consistent with the 3- to 4-fold reduction in platel et
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 (o) of the mutant tether bond was
about 2-fold higher than for native complex (0.031 = 0.005 nm
versus0.016 + 0.002 nm, respectively), suggesting that the interac-
tion between GPIba and VWF-AL in PT-VWD may be dlightly
more prone to dissociate upon application of hydrodynamic force
and may be expected to be distinguishable only at higher arterial
shear stresses. Thus, atered 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 11e546Val using identical
methodologies.® Remarkably, the number of healthy platelets that
accumulated on the mutant substrate and the frequency of type 2B
VWEF-A1—coated bead tethering to a healthy platelet substrate were
comparable to those observed for PT-VWD platelet interactions
with WT VWF-A1 (Figure 5A-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 ky 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 distinct disease states may resemble
one another from aclinical perspective dueto similar alterationsin
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 clinica
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 GPlba—VWF-A1 bond than for the WT receptor-
ligand pair. The rapid dissociation 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 L-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 itsligand, PSGL-1 that is also expressed on these
cells.3233 | n 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 GPlba—VWF-A1 tether bond for
PT-VWD versus type 2B VWD. (A) Platelet accumulation on WT versus type 2B
mutant VWF-AL 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 WT
or type 2B VWF-A1 protein (5 pg/mL) interacting with the indicated platelet substrate
was performed 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-
VWEF interactions. This would permit not only multiple platelet
interactions with a single high molecular weight VWF molecule,
which contains numerous A1 domains, but aso the coalescence of
the newly formed platel et-VWF aggregates. Depletion of this high
molecular species of VWF would effectively reduce the number of

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

kO, 571 o, nm R2

VWF-A1, WT

SPE 3.21 £ 0.15 0.018 = 0.002

MCR 3.45 + 0.37 0.016 = 0.002 0.7
Type 2B, lle546Val

SPE 0.56 + 0.02 0.026 = 0.001

MCR 0.55 + 0.03 0.029 * 0.004 0-99
PT-VWD, Gly233Vval

SPE 0.55 + 0.02 0.029 = 0.001 0.98

MCR 0.67 = 0.11 0.031 * 0.005

Values for k% and o were determined from regressions of data obtained from 2
independent analyses, MC simulation (MCR) and statistical point estimate (SPE). P
values based on a 2-tailed Student t test revealed no statistically significant
differences in MCR- or SPE-derived values for k9% and o as well as for intrinsic
off-rates (MCR) for PT and type 2B VWD (P > .1).

No. of bead tethering events (In) )

Time (s)
Kote 2
platelet substrate  infused beads " R
© Healthy WT VWF-A1 654 0.97
O Patient A WT VWF-A1 142 097
O Patient A Type 2B (I546V) 077 0.98

Figure 6. The impact of the type 2B mutant Al, lle546Val, on PT-VWD platelet
attachment and tether bond formation in flow. (A) Platelets (5 X 107/mL) purified
from 2 patients with PT-VWD or 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-immobilized recombinant type
2B mutant protein (100 pg/mL) was determined and compared (mean * SD; n = 6).
(B) Frequency of tether bonds formed between beads coated with a low density of
type 2B mutant VWF-A1 and healthy or PT-VWD platelet substrates as a function of
wall shear rate (s~1). (C) Representative graph depicting the distribution of interaction
times for more than 35 individual transient attachment events that occurred between
microspheres coated with WT or type 2B VWF-A1 and surface-immobilized platelets
purified from healthy individuals or patient A with PT-VWD. Dissociation rate
constants were estimated at wall shear stress of 1.0 dyne cm~2. kq is the negative
slope of the linear regression through the experimental data.

A1l 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



BLOOD, 1 JULY 2003 - VOLUME 102, NUMBER 1

oEEER—R———H
0 10 20 30 40
Wall shear stress (dyn cm‘2)

——— .
0 8 16 24 gpheight(ipm)

Translocation velocity (m s'1) >

71 7 1+ 1 7 1 volume (8fi)
0 43 98 147 196

Forces acting on platelet (pN)

protein substrate infused platelets
—&—  WT VWF-A1 Healthy
—O—  Type 2B (i546V) Healthy
—m—  Type 2B (i546V) Patient A
—&—  Type 2B (I546V) Patient B

Translocation velocity (ums™1y 00
>
1

0 2 4 6 8 10
Wall shear stress (dyn cm'z)

r—rr~r 111
0 79 158 237 316 395
Forces acting on bead (pN)

platefets substrate  infused beads
—— Healthy WT VWF-A1
—0— Healthy Type 2B (1546V)
—— Patient A Type 2B (1546V)
—&— Patient B Type 2B (1546V)

Figure 7. The combination of PT and type 2B mutations significantly reduces
translocation velocities. (A) Mean translocation velocities for interacting healthy or
PT-VWD platelets (n =30 to 40 cells) on the indicated VWF-Al substrates
(100 pg/mL). Data represent the mean = SD for 3 to 4 independent experiments
performed in duplicate. (B) Translocation velocities of WT or type 2B—coated beads
(100 pg/mL) on the indicated platelet substrates. Beads that had accumulated on
surface-immobilized platelets were subjected to incremental increases in wall shear
stress and rolling velocities calculated for a minimum of 50 beads over 10-second
intervals. Data represent the mean = SD for 3 to 4 independent experiments
performed in duplicate.

receptors such as GPI1b/Il1a on platelets as a consequence of multiple
GPlba—VWEF interactions may also play a role in aggregate
formation if bonds are sufficiently stressed by hydrodynamic forces.3
Are the kinetic and biomechanical effects of these genetically
distinct mutations on platelet-VWEF 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 GPlba or the VWF-A1.13 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 A1 domain
remains to be determined.®53 To evaluate the possibility that these
genetically distinct 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-A1 containing the I1e546Va 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 al so 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 plateletsto initiate
interactions with VWF-A1 in flow, a process most influenced by
the ko, of the interaction. By contrast, we provide the first evidence
that that the GPIba mutation Gly233Val in combination the type
2B mutation Ile546Val 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 aone
(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 GPlba platelets (Figure 7). For instance, an
about 15-fold difference in mean translocation vel ocities of healthy
versus PT-VWD platelets (3.12 = 0.85 um st versus 0.21 + 0.06
wm s, respectively) on type 2B VWF-A1 was observed at awall
shear stress of 32 dyne cm~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-A1-coated microspheresinteracting with PT-VWD plate-
lets at the maximal wall shear stress capable of supporting rolling
adhesions (8 dyne cm~2 corresponding to a force of 316 pN). The
differencesin velocities between platel ets and microspheres can be
attributed to the reduced forces experienced by the former. Current
studies are focused on estimating the degree of ateration in the
lifetime of the double mutant tether bond as afunction of an applied
hydrodynamic force.

Overall, we haveidentified specific aterationsin the property of
the GPIba—VWF-A1 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

Ts, microsphere x

IIG

Fluid velocity profile

Sphere with an Sphere with an Microsphere with a
equivalent platelet  equivalent platelet radius of 7 ym
thickness (1 ym) volume (8 fL) Fe=395xt
Fs=08 xt Fs=49xt

Figure 8. Schematic model depicting the hydrodynamic forces encountered by
surface-interacting platelets versus microspheres. The force (Fs) acting on a
platelet and a 7-um 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 Goldman (Fs = 6mRhCE 1; Ts = 4wR3Ck 1) were used to
estimate the forces (Fs) acting on a platelet or bead based on a motionless hard
sphere in shear flow near a wall, where 7 is the shear stress, R is the sphere radius, h
is the distance from the center of the sphere to the wall, and Cr and Ct represent
numerical factors that depend on h/R.37 For the case where a cell is tethered to the
wall, h = R, Cg = 1.7005, and Cy = 0.943 99. Because the geometry of a resting
platelet is discoid and not spherical, a low and high estimate of the shear force was
determined for spheres with either a diameter (1 um) or a volume (8 fL) equal to that
of a platelet.
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GPlba and the A1 domain of VWF work in concert to promote
stability between this receptor-ligand pair and subsequent clear-
ance of the largest multimers of VWF. Moreover, the phenotype
associated with the disease state in the heterozygous patient
appears to be exclusively mediated by the mutant GPlba as
supported by rigorous statistical analysis of 3 possible tether bond
models. The present study extends our previous findings that link
an ateration 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 GPlba—
VWF-A1 tether bond are not enhanced as reflected in the moderately
increased va uesfor reactive compliance, amessure of the susceptibility
of areceptor-ligand pair to breakage in the presence of an applied force.
Lastly, we demongtrate that these clinically relevant mutants dter the
kinetics of this interaction through distinct molecular mechanisms thet
arepartidly “additive’ asindicated by both afurther reductionin kq and
a near-zero trandocation velocity of the Gly233Va mutant platelets on
the type 2B mutant VWF-A1 subdtrate.
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