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Transport Regulation of Two-Dimensional Receptor-Ligand Association
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ABSTRACT The impact of flow disturbances on platelet adhesion is complex and incompletely understood. At the molecular
scale, platelet glycoprotein Iba (GPIba) must associate with the von Willebrand factor A1 domain (VWF-A1) with a rapid on-rate
under high hemodynamic forces, as occurs in arterial thrombosis, where various transport mechanisms are at work. Here, we
theoretically modeled the coupled transport-reaction process of the two-dimensional (2D) receptor-ligand association kinetics in
a biomembrane force probe to explicitly account for the effects of molecular length, confinement stiffness, medium viscosity,
surface curvature, and separation distance. We experimentally verified the theoretical approach by visualizing association
and dissociation of individual VWF-A1-GPlba bonds in a real-time thermal fluctuation assay. The apparent on-rate, reciprocal
of the average time intervals between sequential bonds, decreased with the increasing gap distance between A1- and GPlba-
bearing surfaces with an 80-nm threshold (beyond which bond formation became prohibitive) identified as the combined contour
length of the receptor and ligand molecules. The biomembrane force probe spring constant and diffusivity of the protein-bearing
beads also significantly influenced the apparent on-rate, in accordance with the proposed transport mechanisms. The global
agreement between the experimental data and the model predictions supports the hypothesis that receptor-ligand association
behaves distinctly in the transport- and reaction-limited scenarios. To our knowledge, our results represent the first detailed
quantification of physical regulation of the 2D on-rate that allows platelets to sense and respond to local changes in their hemo-
dynamic environment. In addition, they provide an approach for determining the intrinsic kinetic parameters that employs simul-
taneous experimental measurements and theoretical modeling of bond association in a single assay. The 2D intrinsic forward

rate for VWF-A1-GPIba association was determined from the measurements to be (3.5 + 0.67) x 10~* um®s

INTRODUCTION

Many biological processes involve biophysically and bio-
chemically regulated reversible binding and unbinding be-
tween specific receptors and ligands on cell surfaces. An
important example is the interaction of the platelet glyco-
protein Iba (GPIba) with von Willebrand factor (VWF)
that mediates platelet thrombus formation at all stages,
including initiation (1-3), development (4,5), and even final
occlusion (6,7). The recent demonstrations of rapid discoid
platelet aggregation and accumulation (an activation-inde-
pendent mechanism) at sites of localized flow disturbances
and their implications for atherothrombosis—the leading
cause of death globally at >25%) (8—11)—highlight the
need to understand the biophysical regulation of nanoscale
prothrombotic interaction via single-molecule force spec-
troscopies (12-15). Many lines of evidence support the
key role of the GPIba-VWF interaction in shear-dependent
thrombus formation (1,5,16-19). A fast on-rate of GPIba-
VWEF association is required for rapid platelet recruitment
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in high-shear conditions such as those seen in arterioles
and stenotic arteries (1,8,20,21). Similar to the case for
flow-enhanced leukocyte tethering mediated by selectin-
ligand interactions (22,23), increasing flow augments
platelet adhesion despite the shorter encounter durations,
until an optimal flow level is achieved. In fact, a minimal
flow rate is required for platelets to tether to and roll on
VWF-bearing surfaces (1,16,24). However, our understand-
ing of the biophysical regulation of this protein-protein
association and its implications for flow-imposed platelet
adhesion is limited.

During hemostasis or thrombosis, platelets are carried by
blood flow toward the affected vessel wall where VWF is
immobilized. At the cellular scale, both experimental and
computational results demonstrate that the continuous colli-
sion between platelets and red blood cells (RBCs) drives the
lateral diffusion of platelets and pushes them against the
vessel wall (platelet margination) (25,26). They also
undergo translational Brownian diffusion, as they are sus-
ceptible to thermal excitation from the environment. Both
modes of physical transport move the platelets toward the
thrombogenic surfaces, bringing the interacting receptors
and ligands into close proximity. For VWF to dock with
GPIba, the two molecules also have to properly orient their
binding pockets through rotational diffusion, a molecular-
scale transport mechanism, in addition to platelet-level
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convection and diffusion. Thus, bond association should
depend on the relative velocity and separation distance
of the opposing protein-bearing surfaces, the Brownian
motion of platelets, and the rotational diffusivity of the
molecules (23,27).

Compared to the wide range of experiments on bond
dissociation at the single-molecule level (28,29), there has
been much less focus on experimental quantification of
bond association kinetics, and its detailed regulation mech-
anisms remain to be explored. Adhesion frequency assay
and thermal fluctuation assay with ultrasensitive force tech-
niques capable of detecting single-bond interactions, such as
use of a biomembrane force probe (BFP), have been em-
ployed to measure the two-dimensional (2D) kinetics of
binding between various receptors and ligands residing on
opposing surfaces (30). The thermal fluctuation assay is a
powerful tool for measuring 2D kinetics by pinpointing
bond association and dissociation events from a time
sequence by monitoring the fluctuations of an ultrasensitive
probe (31,32). However, the reciprocal waiting time from
the previous bond dissociation to the next bond formation
only gives an apparent parameter, as this measurement
lumps the intrinsic association timescale with transport
timescales from both the cellular and molecular levels. To
extract the intrinsic kinetic on-rate from the reciprocal wait-
ing-time measurements requires a theoretical framework to
deconvolute these involved transport timescales.

In this work, we first developed a Fokker-Planck-type
equation to describe the BFP experiment as the process of
a ligand-coated bead diffusing toward and reacting with a
receptor-bound surface. The theoretical model was vali-
dated by a series of experiments with constructs of GPIba
extracellular domain (glycocalicin (GC)) and VWF-Al
domain (Al). The BFP thermal fluctuation assay was
improved to allow more precise kinetic measurements under
simultaneous manipulation of several factors of the trans-
port mechanisms that are hypothesized to regulate GC-A1
association: separation distance of protein-bearing surfaces,
BFP spring constant, bead size, and medium viscosity. To
our knowledge, these combined experimental and theoret-
ical results provide the first quantification of an intrinsic
GPIba-VWF association rate, elucidate the transport mech-
anisms by which the 2D association kinetics of surface-
bound receptors and ligands is regulated, and shed light
on transport regulation of platelet tethering on thrombo-
genic surfaces.

MATERIALS AND METHODS
Proteins and antibodies

Recombinant VWF-A1 domain (residues 1238-1471) and glycocalicin,
described previously (12), were gifts from Drs. Miguel Cruz (Baylor
College of Medicine, Houston, TX) and Jing-fei Dong (Puget Sound Blood
Center, Seattle, WA), respectively. Mouse anti-human anti-A1 mAb (5D2)
was a gift from Dr. Michael Berndt (Curtin University, Perth, Australia) and
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anti-GPIba mAb (AK2) was purchased (Thermo Fisher Scientific, Wal-
tham, MA).

Functionalization of glass beads

Al and GC were precoupled covalently with maleimide-PEG3500-NHS
(~3500 mol wt; JenKem, TX). Modified proteins Al and GC were mixed
with streptavidin-maleimide (Sigma, St. Louis, MO) linked to silanized
beads (radius 1.1~2.1 um) (Fig. | B, left and right, respectively), and
washed, as previously described (31). After resuspension in phosphate-buff-
ered saline (PBS) with 1% human serum albumin (HSA), A1 and GC were
coated onto respective bead surfaces, and were ready for immediate use in
BFP experiments. Molecular site densities of probe and target beads were
determined by flow cytometry (33).

BFP setup

As an improvement of the previously described BFP system (31), we
used a high-speed camera at 1500 frames/s (fps) to acquire both the
probe-bead left edge position, x, (Fig. 1 A, left side), and the target-
bead right edge position, x, (Fig. 1 A, right side). The gap distance be-
tween the opposing surfaces of the probe and the target can be regarded
as d = |x, — xp — 2(rp + ro)|. The raw data of d versus time, #, consisted
of four phases (Fig. 2 A). The target bead was driven by a computer-
controlled piezoelectric translator (PZT) to approach the probe bead at a
speed of 2 um/s (Fig. 2 A, black). After a short contact of ~0.1 s (green),
the target was retracted (purple) and held from the probe by a controlled
separation distance, d, and the PZT was stopped for a preset time span
(usually 8~15 s, but 100 s was used for some measurements when the
BFP spring constant k = 0.4 pN/nm, bead-bead separation was close to
[, and/or Ficoll was added) to allow VWF-A1 on the probe to form a
bond with GC on the target (Fig. 2 A, blue and red, respectively). Based
on the rationale of the BFP force-clamp assay (34-36), the bond force in
the gap-controlled thermal fluctuation assay can be directly estimated as
f = k+Ax,, where Ax, is the measured probe-bead deflection, considered
as RBC deformation.

BFP experiment preparation

According to a protocol approved by the Institutional Review Board of the
Georgia Institute of Technology, human red blood cells were obtained from
human peripheral blood of healthy donors by finger prick, washed, bio-
tinylated, and stored for experiments as previously described (31). The
BFP (Fig. 1 A, left) consisted of an RBC aspirated by micropipette to
function as an ultrasensitive force transducer and a probe bead attached
to the apex of the RBC via biotin-streptavidin interaction. It has been
shown from mechanical equilibrium of the RBC membrane that membrane
tension is proportional to aspiration pressure, Ap, and that the radius of the
probe micropipette lumen, Ry, is dependent on the radius of the spherical
portion of the aspirated RBC, Ry, according to R, X Ap/2(1 — Ry/Ro)
(37). For small-magnitude extension or compression, the RBC behaves
like a Hookean spring, with the spring constant determined by the equation
(30,38)

TR, Ap
(1= Rp/Ro)In[4R3/ (R,R.) |

K =

where R, is the radius of the circular contact area between the RBC and the
probe bead. Thus, we manipulated « by tuning the pressure difference (Ap)
between the outside and inside of the probe micropipette through a custom-
ized manometer in the range 0.1-0.69 pN/nm. A target bead was aspirated
by another micropipette aligned on the opposite side (Fig. 1 A, right).
Experiments were conducted at constant room temperature (25°C) in
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HEPES-Tyrode buffer (134 mM NaCl, 12 mM NaHCOs;, 2.9 mM KCl,
0.34 mM sodium phosphate monobasic, 5 mM HEPES, and 5 mM glucose,
1% bovine serum albumin, pH 7.4). Note that an RBC has a biconcave
discoid shape in isotonic medium; to cause RBCs to swell and form spheres
after being aspirated (Fig. 1 A, left), biotinylated RBCs were modified with
nystatin (Sigma).

Kinetic analysis for the thermal fluctuation assay

Similar to the previously described thermal fluctuation method (31), bond
association and dissociation were detected from the abrupt reduction and
resumption, respectively, of thermal fluctuations of the probe beads
(Fig. 2 A). The ensemble standard deviation of the horizontal positions, de-
noted as ¢, was employed to quantify the amplitude of thermal fluctuations.
Thus, a decrease in ¢ indicates bond association and an increase in ¢ indi-
cates bond dissociation, since bond formation equivalently adds more
constraint to the motion of probe beads.

We approximated the ensemble standard deviation, ¢, by a sliding stan-
dard deviation of 90 consecutive data points, gq), from the x-¢ trajectory
and plotted it against ¢ (Fig. 2 B). We chose 90 points by balancing the
competing needs for accurate representation of the ¢ value and temporal
resolution. Two horizontal lines could therefore be drawn to serve as
the thresholds to distinguish bound from unbound states (Fig. 2 B, solid
and dashed lines, respectively) among the opposing beads. The abrupt
changes in agy pinpoint the events of bond formation and dissociation.
The period from the instant of dissociation of an existing bond to the
instant of formation of the next bond is termed waiting time, t,,, and the
period from the instant of bond formation to the instant of the following
bond dissociation is termed bond lifetime, #, (Fig. 2 B). The survival fre-
quency of waiting time, Py, (versus fio p(x,t)dx in the model, where
p(x,1) is governed by Eq. 6) can be extracted from experiments as the frac-
tion of events with a waiting time >t,. Thus, the negative slope of the
In(Py,)-versus-t,, plot (Fig. 3 A) or the reciprocal of the average waiting
time, (t,,) (Fig. 3 B), provides an estimate for cellular on-rate of kS, = m,
mi(Ac) kD (Eq. 7).
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(C) Adhesion frequencies between target beads coated with GC and probe beads coated with A1 (A1(+), first column), without A1 (A1(—), second column),
with Al + 50 ug/mL anti-A1 blocking mAb 5D2 (+anti-Al, third column), and with Al plus 50 ug/mL anti-GPIba blocking mAb AK2 (+anti-GPIba,

Sfourth column). Binding frequencies, represented as mean +

SE, were measured from three probe-target pairs per condition and each probe-target pair

was tested repeatedly for 100 contact-retract cycles. To see this figure in color, go online.

Numerical solution to the Fokker-Planck type
governing equation

The solution to the partial differential equation in Eq. 6 with prescribed
boundary and initial conditions was carried out by pdepe solver in
MATLAB (39). The numerical procedure led to discrete values of the prob-
ability distribution p(x,f) at 1100 equally spaced values of space variable x
at discrete times ¢. The time increment was taken to be <1/5000 of the
average waiting time. Within an ensemble of nominally identical events, as-
sociation is characterized by the fraction of events for which no bond forms
after the elapsed time ¢ in the observation, equivalent to the survival fre-
quency of waiting time, P, in BFP measurement. The values of P,(f) at
time points ¢ that were extracted by numerical integration of the probability
distribution over those spatial intervals within —10d < x < d (see, e.g.,
Fig. 1, C and D), a range found to be sufficiently accurate to represent
the interval (— o, d]. Chi-squared goodness-of-fit tests were performed
for model fit to the data (e.g., Fig. 3 A) using the chi2gof command in
MATLAB, and the p-values, p(xz), were used to determine how close the
agreement is between the model and the data.

RESULTS AND DISCUSSION
Model

The BFP is a micropipette-aspirated red blood cell (RBC)
with a probe bead glued to its apex that functions as a force
transducer with a spring constant « (Fig. | A, left). Itis aligned
against a target bead aspirated by another pipette (Fig. 1 A,
right). The probe bead is of a size comparable to that of a
platelet (e.g., 2~5 pm in diameter), small enough to exhibit
nanometer-scale Brownian motion within the confinement
of the BFP spring. The probe and target beads, coated with
receptors and ligands, respectively, with separately measured
densities, are precisely controlled and monitored in space and
time. Physically, bond formation anchors the probe bead to
the target bead, thereby reducing the thermal fluctuation of
the probe bead, which allows for detection of bond formation
(31,32). The 2D association kinetics is regulated bio-
physically, because before a receptor and a ligand can react
biochemically, their binding sites have to come into close
proximity and proper orientation by means of physical trans-
port (Fig. 1 B). Thus, the experimentally measured 2D
on-rate of bond association based only on a simple chemical
reaction kinetic, e.g., the law of mass balance, reflects convo-
luted timescales of both transport and reaction.
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To quantitatively understand the biophysical regulation of
bond association, we first used mathematical modeling to
include in the mass balance law the various transport mech-
anisms that give rise to these mixed timescales. For
simplicity, we model the instantaneous motion of the probe
bead under thermal forces as one-dimensional along the x
axis (Fig. 1 B). Statistically, a large ensemble of thermally
driven random motions of the probe bead are described
by the probability density function, p(x.r), e.g., the prob-
ability of finding the apex of the probe bead in the region
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FIGURE 3 Dependence of 2D association kinetics on the gap distance.
(A) The natural log of waiting frequency P,,, calculated as the fraction of
measurements with a waiting time >t,,, was plotted versus t,, for the indi-
cated values of gap distance and fitted by our model. (B) Plots of the
average waiting time () and the negative reciprocal of slope of the
linear-fit in (A) versus gap distance d. (C) Apparent 2D on-rate (Ac)kp,
calculated from the negative slope of the linear-fit in (A), was plotted
against the gap distance d. (A.)k}, was calculated by dividing the cellular
on-rate k§, by the product of the protein densities on the probe (Al) and
target (GC) beads, e.g., mgm = 1.95 x 10° ,um_4 determined by flow
cytometry (cf. Materials and Methods). The p-values for model fit to exper-
iment data were indicated accordingly from the %> goodness-of-fit tests.
(D) Plots of average bond lifetimes (#,) versus bond force. Gap distances
corresponding to forces are indicated. The error bars represent SEM. All
the data of experiments (symbols) and models (curves) were obtained at a
fixed value of BFP spring constant (k = 0.25 pN/nm). Each data point
was derived from 20~40 measurements.
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(x, x + 4x) without forming a bond at time ¢ is p(x,f)4x. In
addition to the Brownian motion of the probe bead confined
by the harmonic potential of the BFP spring, we allow bond
formation in a range of axial positions around an initial sep-
aration distance, d, between the two reactive surfaces. Using
the classical Smoluchowski equation to describing random
motions, we introduce j(x,f) as the flux of probe-bead
motion in the x direction at time ¢. This equation consists
of a diffusive term to model the Brownian motion of the
probe bead and a convective term by the confinement of
the RBC (40):

dp(x,1)  p(x,1) dU(x)), (1)

i(x,1) = —D,
jx,1) ( x| kT dx

where kg is the Boltzmann constant and 7 is absolute tem-
perature, U(x) = kx?/2 is the harmonic potential of the
BFP spring, and the diffusivity of the probe bead (radius
rp) in the medium (viscosity u) is

Dy = kBT/ (67r,u rp)7 2)

according to the Stokes-Einstein relation. The local loss in
p(x,t) per unit time due to bond formation is modeled by a
sink term on a 2D surface perpendicular to the x axis accord-
ing to the mass action law

s(x, 1) = p(x, )Ac(x)mmkl, 3)
where &g} is an apparent molecular on-rate (represented in
um? s~ ') that characterizes the rate for a receptor to asso-
ciate a ligand per molecular density; m, and m, are the site
densities of receptors (e.g., GC) and ligands (e.g., Al) on
the target bead and probe bead, respectively. A, is the con-
tact area, calculated by a parabolic approximation to the
spherical geometry of opposing beads:

A(x) = (I+x—d) x 2mryr/(rp +10), )

where [ is the total contour length of the receptor and ligand,
and r, and r; are the radii of the probe and target beads,
respectively.

Bond association is not expected when the opposing
molecules cannot touch each other. Thus, the range of
probe-bead positions in which the receptor-ligand reaction
can possibly occur, termed the reaction zone, is defined
through d and [ as (d — [, d) (Fig. 1 B). The restriction
that p is affected by bond formation only in the reaction
zone 1is therefore treated by the sink term in Eq. 3
multiplied by [Hx — d + [) — H(x — d)], where H is
the Heaviside step function. It can be seen readily that
within the reaction zone (d — [ < x < d), A(x) linearly
increases from O to 27rprd/(r, + r) as the instantaneous
separation distance between the two beads (d — x) becomes
smaller.

koy in Eq. 3 contains transport information from molecu-
lar-level diffusivity (D,,) and intrinsic rate constant for the
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forward reaction of molecular docking (k). The overall
resistance to apparent binding is considered as the sum of
the two individual resistances of molecular-level diffusion
and molecular docking in series. Explicitly, the reciprocal
apparent molecular on-rate, kJ!, is the sum of the reciprocal
molecular diffusivity and reciprocal intrinsic forward-rate
(41) such that

k% = kD / (ke + Diy). Q)

Like the probe-bead diffusion coefficient, the molecular
diffusion coefficient, D,,, which is also reversely propor-
tional to the medium viscosity, u, assumed the form kg7/
(cul), where c is a coefficient related to the shape of the mol-
ecules and [ is the combined size of the molecules.

The law of mass conservation states that the local rate of
change in p(x,f) must be equal to the negative local flux
divergence of probe-bead transport minus the local loss
due to bond association. Accounting for various terms given
by Egs. 1-5, the mass conservation law can be expressed by
a partial differential equation for the probability density
function, p(x,f):
op(x,1) kT 9 (ap(x, t) N pr(x, t))

ot 6mur, dx Ox ksT
+H(x—d+1)—H(x—d)p(x,1) 6)
271ty kekgT [cu

l —d n =0
X (e x )rp—&—rlmmlkf—i—kBT/c,ul

The boundary conditions are j(d, ) = 0 and p(— %, ) = 0,
indicating that the motion of the probe bead is bounded
by the fixed target bead at x = d in one direction but unlim-
ited in the other direction. The condition that the apex of
the probe bead is given at position x = 0 initially is ex-
pressed by p(x,0) = d(x), where o(x) is the Dirac A
function.

Relation to the simple association kinetic
equation

A simplified equation can be deduced from Eq. 6, which has
been previously employed to describe the association ki-
netics between surface-bound receptors and ligands (31).
Integrating Eq. 6 over — o < x < d and noting that the flux
term vanishes at the boundary and that [H(x — d + ) —
H(x — d)] = 1 within the reaction zone (d — | < x < d)
and 0 elsewhere, Eq. 6 reduces to

dP,

W = —mnm <Ac>ka (7)

where P, (1) = filw p(x, t)dx is the probability of finding the
probe-bead apex outside the target surface at x = d, not
forming a bond, by time ¢. It may be termed the waiting
probability, related to the previously used adhesion proba-
bility by P,(t) = 1 — Py(¢) (31). kJ} is given by Eq. 5, and
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(A.) is a weighted (by the probability density, p) average of
the contact area over the reaction zone and time:

/d dl p(x,1)

X (1+x—d)dx//d p(x, 1) dx ),

_ 2Ty
rp + 11

(Ac)

®)

where the angled brackets on the righthand side mean the
average over time. Equation 7, with the initial condition
that Py (0) = fiim 6(x)dx = 1, represents the simplified
model of the irreversible association kinetic equation previ-
ously used to analyze the thermal fluctuation experiment for
measuring the apparent 2D on-rate of receptor-ligand asso-
ciation (31).

Thus, Eq. 6 can be thought of as a generalization of Eq. 7
by expanding the single location of reaction, the contact sur-
face between the probe bead and target bead at a fixed axial
point, x = d, to a distributed reaction zone, d — I < x < d,
and allowing for transport of the probe bead within and
beyond this zone as described by the flux term of Eq. 6.
Equation 6 contains 10 parameters, d, I, k, u, kg, kgT, m,,
my, 1, and r; (Table 1), of which some are partly accounted
for by (A.), but others do not explicitly appear in Eq. 7. For
example, the expression for Py, includes d implicitly; as
such, the measured waiting time for bond association would
depend on the separation distance. To use Eq. 7 to fit the
BFP data, therefore, (A.) k. has to be treated as a function
of d (see Fig. 3 C). In a similar way, (A.) k0, has to be
considered a function of «, u, and r, to account for the
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effects of these parameters on cellular and/or molecular
transport if Eq. 7 is to be used for data analysis (see Figs.
4 B and 5 B). Hence, (A.) k5, is called the apparent 2D
on-rate that lumps mixed timescales. By comparison, k¢
represents the intrinsic forward rate, as the parameters
describing the biophysical regulation have been explicitly
included in Eq. 6.

Model characterization

A numerical procedure (see Materials and Methods) was
employed to solve p(x,f) using Eq. 6 with prescribed values
of the 10 parameters appearing in the model. In the compar-
ison between our model and experiments, all parameter
values were direct measurements from separate experiments
(as listed in Table 1), except for the combined molecular
length, /, and the apparent molecular on-rate, k., which
were sought to globally match the measurements in
Figs. 3, 4, and 5.

Before comparing the model predictions to experimental
data, let us explore the generalized transport-reaction
formalism (Eq. 6) in a broad range of involved parameters.

All the parameters are grouped into four dimensionless
Y

numbers as d, &, k,,, and Ds:
- d Pk - 2w rrid?
d:—,E:—K, zn:hmrml’
l BT p + 1
T €))
~ B
Y bmur, c km

where d is the dimensionless separation distance, ¥ is the
dimensionless BFP spring constant, given by a confinement

TABLE 1 List of parameters in the BFP experiment
Parameter Definition Value Relative error (confidence interval)
d gap distance (nm) 15~80 1.76%
K BFP spring constant (pN/nm) 0.15~0.40 3.46%
I medium viscosity (cP or mPa-+s) 1.0~2.6 1.66%
Tp radius of the probe bead (um) 1.1~2.1 1.64%
r radius of the target bead (um) 1.75 1.64%
m VWEF-AL site density on the probe bead (um~2) 1597 3.80%
my, GC site density on the target bead (um’z) 122 6.40%
kgT Boltzmann constant multiplied by Kelvin temperature (pN+nm) 4.1 —
l combined molecular length (nm) 80 (u=1cP) 3.52%
62 (u = 2.6 cP)

kon apparent molecular on-rate (,um2 s7h 47 x 1073 (u=1cP) 19.0%

2.5 x 107° (u = 2.6 cP)
Dp, molecular diffusivity (um? s~ ") 54 x107° (u=1cP) 19.0%

27 % 107° (u=2.6cP)°
k¢ 2D intrinsic forward rate (um2 sh 3.5 x 107 Confidence interval: +0.67 x 107*

confidence level: 72%

“Relative errors of the measurements for each parameter are represented by the standard deviation (¢) of N > 3 measurements divided by the mean value.
Error propagation analysis was performed to give an uncertainty in predicting /, k., Dp,, and k¢. In the range of mean = 2¢ that corresponds to a 95.4%
confidence interval for each parameter, the combination of parameter variations can mostly shift the /, k3%, Dy,, and k¢ predictions by the percentages indi-

cated. The confidence level for these predicted values is (95.4%)" = 72%.

s Kons

®Adding Ficoll increased the medium viscosity by 2.6 times but shortened the effective molecular length by a factor of 62/80, so effectively, Dy, was lowered

approximately twofold.
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FIGURE 4 Dependence of 2D association kinetics on the BFP spring
constant. (A) The bond waiting time distributions under indicated BFP
spring constant xk and matched by our model. (B) Apparent 2D on-rates
(Ac)kD were plotted versus k. The adjustment in k was achieved by varying
the aspiration pressure in the micropipette. (C) Plots of the average waiting
time (1,,) versus k. (D) Plots of the average bond lifetimes (#,) versus force,
k corresponding to each force are indicated. The error bars represent SEM.
All the data of experiments (symbols) and models (curves) were obtained at
constant gap distances (d = 50, 78 nm).

energy scaled by the thermal energy, Ecm is equivalent to a
cellular on-rate, and D; is the ratio of the probe-bead diffu-
sivity to the apparent molecular on-rate. The dimensionless
time and space variables are defined by 7= k™ /> and
X = x/I, respectively. The dimensionless probability density
function is p = p(x, #)/, so that the area under each curve of
p(x,7) versus X is the waiting probability Py, (7).

Within an ensemble of nominally identical events, associ-
ation decreases the fraction of events that do not form a
bond after the elapsed time, 7, in the observation, as reflected
by the reduction in the area under the p-versus-x curve with
increasing time (Fig. 1 C). This is equivalent to the waiting-
time survival frequency in BFP measurements; therefore,
Py, is referred to as waiting probability in the model but
as survival frequency in experiment. The values of Py (7)
at different time points were extracted by numerical integra-
tion, and they exhibit the asymptotic behavior Py, (f) — 0 as
time becomes sufficiently large. The P,-versus-f curves
appear as straight lines in the semilog plot, and the negative
slope of each line can be approximated by (A.)k,, (23),
where (A.) = (A.)/Ac(d) (Fig. 1 D). This supports the
approximation of Eq. 7, whose dimensionless form is
dP, /di = —(A )k, P, with InP, = —(A)k. 7 as solu-
tions. The reciprocal of (A.)k,. should approximate
the average waiting time, (7,,), which can be directly calcu-
lated by

_ wi_dPW(i)_
(tw) 7/0 f i dr, (10)
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FIGURE 5 Dependence of 2D association kinetics on microsphere diffu-
sivity. (A) The bond waiting time distributions under indicated microsphere
radius (r,) and medium viscosity (u), in agreement with our model.
Different values of D are obtained by varying r, or u. The values of
medium viscosity were independently measured as 1.0 and 2.6 cP at
room temperature (25°C) for 0 and 6% (w/v) Ficoll, respectively.
(B) Apparent 2D on-rates (A.)k™ were plotted versus D;. Dj is defined

on

by the Stokes-Einstein relationship. (C) Plots of the average waiting time
(tw) versus r, for different u and d. (D) Plots of the average bond lifetimes
(tv) versus Dj. The error bars represent SEM. All the data of experiments
(symbols) and models (curves) were obtained at a fixed k = 0.15 pN/nm
and d = 55 or 60 nm. The symbol keys in (B)—(D) are the same as (A).
To see this figure in color, go online.

where —dP,, /df is the probability density of bond associa-
tion, e.g., the local negative slope of P-versus-f curves.
Since (A.) is a function of d (Fig. 1 E), our model predicts
that when the receptor-ligand separation distance, d, in-
creases, the average waiting time increases. It can be
intuited, based on this observation, that for bond formation
to possibly occur, receptors and ligands have to make phys-
ical contact, requiring that the separation distance between
the reactant-bearing beads be smaller than the combined
contour length of the molecular complex.

The dimensionless waiting time, (7,), is inversely propor-
tional to the dimensionless cellular on-rate, E(Cm (Fig. 1 F),
since the reciprocal, (A)k. , approximates (7). The gap
distance governs the relative contribution of transport and
reaction terms to the overall binding process. The boundary
between reaction- and transport-limited regions is at ~d = 1.
Following the approach by Lauffenburger and Linderman
(41), the dominating resistance to receptor-ligand associa-
tion is from the binding reaction for d < 1 and from
probe-bead transport for d > 1. As d becomes larger than
unity, the change in (7,) becomes much more rapid
depending on the dimensionless BFP spring constant, k
(Fig. 1 G),and the probe-bead diffusivity, D (Fig. 1 H), as
the resistance to bond formation transitions from the reac-
tion-limited to the transport-limited region, and the transport
resistance becomes stronger for either larger values of k
or smaller values of Dg. Deviations in tethering stiffness
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(in k), molecule length (in k and %zn), and medium viscosity
(in Dy), together with surface gap distance (d), canresultin a
broad range of kinetic association response that may relate
to tight regulation mechanisms in the cellular on-rate of
physiological phenomena.

BFP experiment for measuring biophysically
regulated bond association

To test the model predictions from the preceding section, we
functionalized a BFP to measure the binding kinetics be-
tween Al and GC coated onto the probe bead (Fig. 1, A
and B, left) and the target bead (Fig. 1, A and B, right),
respectively. Bond association and dissociation events
were detected from the reduction in and resumption of the
thermal fluctuation amplitudes (31), which were measured
by the sliding standard deviation of 90 data points from
the time sequence in the setup. As exemplified in Fig. 2, A
and B, the lower level of standard deviation indicates the
bound state (Fig. 2 B, red) whereas the higher level indicates
the unbound state (Fig. 2 B, blue). The experimental waiting
time, t,, was measured as the period from the instant of
dissociation of an existing bond to the instant of association
of the next bond. The distance jump in probe-bead position
(e.g., >3 nm) provides another indication of bond forma-
tion, since the probe bead was pulled by the molecular
spring of the GC-A1 bond toward the target bead. The bind-
ing specificity was confirmed, as GC-bearing target beads
adhered at significantly higher frequencies to probe beads
coated with A1 than to those without Al (Fig. 2 C), and add-
ing anti-A1 or anti-GPIba monoclonal antibodies abolished
the adhesion (Fig. 2 C).

Dependence of 2D association kinetics on
separation distance

The dependence of GC-A1 association kinetics on separa-
tion distance, d, was determined by measuring a set of wait-
ing times, f,, at a constant gap distance between the
opposing bead surfaces, which was then varied in the range
20-80 nm. At each fixed value of d, the ensemble of t,, mea-
surements were analyzed by their distribution, or survival
frequency, P,, defined as the fraction of measurements
with a waiting time >t,, and equivalent to the waiting prob-
ability in the model (31,34). P,, decayed with f, nearly
exponentially, as data aligned well along a straight line in
a semilog plot (Fig. 3 A), suggesting that the GC-Al inter-
action follows the kinetics of irreversible single-bond
association (31). Furthermore, the model-simulated time
evolutions of Py, (Fig. 3 A, curves) matched well the
measured distributions of association events (Fig. 3 A, sym-
bols) for all d values investigated. In accordance with theory
(Fig. 1 D), the reciprocal of the dimensional cellular on-rate
from experiments (k$, = mam{A.) k) (23), estimated from
the negative slope of each linearized waiting-time distribu-
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tion (31), compared well with the average waiting time of
that distribution, as expected from an approximate exponen-
tial distribution (Fig. 3 B). It is important to note that both
metrics increased with increasing gap distance, d, as pre-
dicted by our model. Moreover, the simulated apparent 2D
on-rate, (A.) k&, fits well with the data, which were
obtained by dividing the experimental ki by the product
of GC and Al site densities measured independently
(Fig. 3 C). The model fit to the data returns [ = 80 nm
and k) = 4.7 x 1075 um? s~ ! as best-fit parameters (see
Table 1 for relative errors and confidence intervals), and
the variation of (A.) kJ data with d was fully accounted
for by the dependence of A. on d (Eq. 8). As d increased
from 20 to 80 nm, (A.) kT dropped ~36-fold, from 14.7 x
107°t0 0.4 x 107® um* s~ (Fig. 3 C). As expected, almost
no bond formation event was observed for d values >80 nm,
e.g., exceeding the combined contour length of GC (42) and
VWEF-A1 (43). These results validate our model and pro-
vide, to our knowledge, the first set of (A.) kg -versus-d mea-
surements for a receptor-ligand interaction of physiological
importance.

Since force regulates receptor-ligand dissociation
(44,45), the average bond lifetime, (#,) (related to the recip-
rocal off-rate k¢ of GC-A1 dissociation), also changed with
gap distance d (Fig. 3 D). Upon bond formation over the
given gap distance, the elongated molecular complex from
its natural length should be subject to a tensile force. By
tracking the probe-bead deflection, Ax, (considered as
RBC deformation), similar to the BFP force-clamp assay
(34-36), the bond force can also be measured as f = k X
Ax,. As d increased from 20 to 80 nm, f increased from
~2 to 9 pN and () decreased from 0.3 to 0.06 s
(Fig. 3 D). The monotonic decreasing trend between d and
(t,) agrees with our previously observed GPIba-Al slip
bond at low forces (<16 pN) where increased force acceler-
ates bond dissociation (36).

Dependence of 2D association kinetics on
Brownian motion

Unlike platelets in the blood stream, whose Brownian
motion is free, in the BFP, the probe bead is attached to
the apex of a pressurized RBC, whose Brownian motion is
confined by a harmonic potential well with a curvature
defined by the BFP spring constant, k. The dependence of
VWF-GPIbe interaction kinetics on k was explored theoret-
ically (Fig. 1 G) and experimentally investigated by varying
the BFP spring constants (Fig. 4).

As k increased from 0.15 to 0.4 pN/nm, the waiting-
time distributions of bond association were right-shifted
(Fig. 4 A). (A.) k3 decreased slightly at d = 50 nm, from
8.09 x 107 %to 7.56 x 10~° um* s™', but significantly at
d = 78 nm, from 1.40 x 107° to 0.48 x 107° um®* s~!
(Fig. 4 B). These data are intuitive given that the softer
the BFP spring, the larger the range of the probe bead’s
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Brownian motion, the smaller the transport effect, and the
lower the binding resistance. The increased sensitivity of
(Ac) k3t to k with larger d is also predicted by the model:
the average waiting time, (f,), becomes more sensitive to
Kk as the separation distance changes the receptor-ligand as-
sociation from a reaction-limited (d// < 1) to a transport-
limited (d/I > 1) process (refer to the dimensionless plot
in Fig. 1 G). Again, we simulated the bond association
with our model at different values of x. With the determined
[ and k7 values (see the preceding section), we saw satisfac-
tory agreement (p(xz) > 0.9) between the simulated and
experimental results for the (A.) k&~ and (¢,,)-versus-« rela-
tionships (Fig. 4, B and C).

In contrast to the positive dependence of (t,,) on «, the
bond lifetime, (#,), showed negative dependence on «
(Fig. 4 D). As « increased from 0.15 to 0.4 pN/nm, (#,)
decreased from 0.35 to 0.11 s at d = 50 nm and from
0.19 to 0.03 s at d = 78 nm. Using the BFP spring law,
f =k x Ax,, varying « effectively changes the force on a
GC-Al bond at a given d value. Plotting (#,) measured at
different « and d values against the bond force revealed
the same slip-bond trend at low forces (Fig. 4 D) as observed
previously Fig. 3 D.

Dependence of 2D association kinetics on
diffusion

Our model describes two kinds of dependence of association
kinetics on diffusion. The first is the diffusivity of the BFP
bead (D, in Eq. 2), where the probe bead is subjected to
diffusion in chamber media under the confinement of the
RBC spring, with the molecules coated onto it thus allowed
to move randomly. The second kind is molecular diffusion
(Dp in Eq. 5), where the receptors and ligands are subjected
to rotational diffusion, which orients their binding sites for
molecular docking.

To investigate the distinct effects of Dg and D,,, on bond
formation, we varied the probe-bead radius, r,, and added
6% (w/v) of Ficoll to the media to increase the medium vis-
cosity by 2.6-fold (23). Average waiting times, (t,), for GC-
Al association were measured at constant values of d =
55 nm and « = 0.15 pN/nm. Increasing u from 1 to 2.6 cP
by Ficoll significantly right-shifted the waiting-time distri-
butions (Fig. 5 A) and reduced (A.) £ by almost ninefold
at all of the bead radii used (Fig. 5 B). However, varying
only the probe-bead radius, r,, had a negligible effect on
the waiting-time distributions, (A.) k% and (t,) (Fig. 5,
A-C), which can be explained by the cancellation of two
competing effects when r, was increased, namely, the in-
crease in contact area A, and simultaneous decrease in D,.
This also suggests that the probe-bead diffusion was quite
limited due to the increased medium viscosity. As expected,
the diffusion-related parameters u and r, had no influence
on the average bond lifetimes (Fig. 5 D), in contrast to
d and «, which significantly affected (1,,) through force.

1781

Altering u by 2.6-fold should lead to a reduced Dy, that
scales as u'. According to kP = keDm / (ke + D) in
Eq. 5, the corresponding change in &} should be <2.6-
fold for a 2.6-fold variation in w or Dy, noting that k¢ is
the intrinsic on-rate constant of GC-A1 docking and is inde-
pendent of u and other transport factors. The experimentally
observed reduction in (A.) k. by approximately ninefold
(Fig. 5 B) suggests that (A.) was also influenced by Ficoll,
and the only possible factor is the molecular length, / (refer
to Eq. 4). A recent study showed that the macromolecular
crowding effect in the presence of Ficoll reduced the overall
size of an unfolded protein polymer chain (46). Since our
proteins were covalently linked via polyethyleneglycol
polymers, we hypothesized that adding Ficoll may shorten
the molecular length. Therefore, the influence of Ficoll on
bond association is twofold: 1) it affects the diffusion of
GC-Al at the molecular level; and 2) it changes the effective
length of the molecules. Qualitatively, employing the best-
fit K values (4.7 x 107> and 2.5 x 107> um® s~' for
w = 1 and 2.6 cP, respectively (Fig. 5 C)) in Eq. 5 allowed
us to determine / = 62 nm with Ficoll and / = 80 nm without
it. D, was computed to be 5.4 x 102 and 2.7 x 107> um?/s
for the two conditions, respectively, and the intrinsic rate
constant for the forward reaction (k) was extracted as
3.5 x 107* um? s~' (Table 1). These results suggest that
molecular-scale diffusion, and not reaction, was the limiting
factor for GC-A1 bond formation when the two molecules
were in contact. This result was then confirmed by separate
experiments at d = 60 nm, which resulted in the same /, k],
D,,, and k; values, providing a good match (p(xz) > 0.9)
with the measurements (Fig. 5 C).

CONCLUSIONS

It is increasingly recognized that receptor-ligand on-rates
measured in the fluid phase using 3D technologies such as
surface plasmon resonance do not provide a complete
description for bond formation in 2D when the same mole-
cules are anchored to opposing surfaces (47-51). Some
aspects of the differential molecular diffusions and bind-
ing-induced entropy losses between 2D and 3D have been
treated by mathematical modeling; however, the 2D sur-
faces in existing studies were assumed to be fixed and sta-
tionary (52). Using scaling-law analysis of flow-enhanced
tethering of cells and selectin-bearing beads to a ligand-
coated surface, we demonstrated in a previous study that
the tethering rate is governed by the interplay of the molec-
ular docking on-rate with three transport mechanisms: rela-
tive sliding between the two protein-carrying surfaces,
Brownian motion of the cells/beads, and molecular diffusion
(23). Using hyaluronan-induced repulsion, the Bongrand
group showed that the frequency of bond formation
decreased by more than one order of magnitude when the
equilibrium distance between the two protein carrier sur-
faces increased from 40 to 180 nm (53). These studies
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have identified additional transport processes in 2D that are
not apparent in 3D: receptors are carried by cells or beads,
which travel in a flow field parallel and perpendicular to
the ligand-coated surface, thereby impacting molecular con-
tact. To fill the gap in theoretical treatment, we used a
Fokker-Planck-type diffusion-reaction equation to model
the confined Brownian motion of the ligand carrier bead
over a separation distance to a receptor-bearing surface for
2D association. Of more importance, we used BFP experi-
ments to examine bond association in a precisely controlled
fashion without relative sliding of the protein carrier sur-
faces. We found by this combined theoretical and experi-
mental approach that the GC-Al bond formation was
impacted by the receptor-ligand separation distance
(Fig. 3), the extent of confinement of the protein carrier
bead in Brownian motion (Fig. 4), and the cellular as well
as molecular diffusion (Fig. 5). Our results extend the previ-
ous work, elucidate the biophysical regulation of 2D associ-
ation kinetics, and provide insight into transport-regulated
platelet adhesion to a thrombogenic surface.

In a recent study using the BFP force-clamp assay, we
observed a triphasic force-dependent GPIba-Al dissocia-
tion kinetics: as force increases, it first shortens (slip),
then prolongs (catch), and finally shortens (slip) the bond
lifetimes (36). The bond lifetime measurements from the
thermal fluctuation assay presented here agree with the pre-
vious results (Figs. 3 D and 4 D), showing that increasing
separation distance, d, and BFP spring constant, «, affected
bond dissociation in the same way as pulling the bonds in
the force-clamp assay. However, the bead diffusion coeffi-
cient was found to only affect the waiting time of bond for-
mation, not the bond lifetime (Fig. 5). Thus, our results
support the notion that the on-rate is regulated by transport
and the off-rate is regulated by force.

The transport-reaction formalism (Eq. 6) describing 2D
association kinetics in BFP is related to several special cases
previously studied. The classical Smoluchowski equation
describing Brownian motion in a harmonic potential can
be recovered in the absence of the reaction term. Equation
6 can be reduced to Eq. 7, the commonly used association
kinetic equation (31). As r;, shrinks to the molecular scale
and becomes much smaller than r;, the formalism should
describe the association between opposing molecular pairs,
as modeled in Erdmann and Schwarz (54) and Qian et al.
(55), though the dynamic transport process is neglected
therein. With the additional condition of k = 0, Eq. 6 re-
duces to the scenario of 3D association-rate measurement
(56). Equation 6 can be further extended to model additional
modes of transport, such as relative sliding between protein
carrier surfaces, as in the case of platelets flowing over
thrombogenic surfaces. Of more importance, this kind of
mathematical models allows us to extract the intrinsic on-
rates from experimental data and should help to reconcile
the discrepant interpretation between 2D and 3D association
rates. The single-bond-level characterization of GPIba-
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VWF association presented here provides a fundamental un-
derstanding of the physical regulation in platelet adhesion
on thrombogenic surfaces and reveals generic features of
transport-governed bond formation for other receptor-ligand
interactions.

It is worth noting that in a physiological setting with
blood flow, the RBC-dependent platelet margination is the
first step of transport working at a cellular scale. At this
micrometer scale, the Brownian motion of a platelet is small
compared to the shear-induced diffusion due to its collisions
with the RBC and its drift velocity in the near-wall region
due to RBC tank-treading motion (26,57,58). According to
our results, when separation distance is at a molecular
scale <80 nm, the molecular gap distance, Brownian motion
of the molecule-carrying cell, and molecular diffusion will
take effect, forming as a second step of transport. The
intrinsic on-rate at this point starts playing an important
role in regulating platelet adhesion. Future studies could
extend this combined single-molecule approach and anal-
ysis by 1) elucidating the biophysical regulation of more
receptor-ligand interactions in platelet adhesion and dissect-
ing their relative contributions to prothrombotic effects of
disturbed flow; and 2) combining it with the abovemen-
tioned cellular transport modeling to simulate actual platelet
adhesion under flow with multiple modes of transport,
providing cellular-to-molecular-level insights on how cell
adhesion is regulated by the physical environment.
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