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Abstract

Kinetics and its regulation by extrinsic physical factors govern selectin–ligand interactions that mediate tethering and rolling of circulating cells

on the vessel wall under hemodynamic forces. While the force regulation of off-rate for dissociation of selectin–ligand bonds has been extensively

studied, much less is known about how transport impacts the on-rate for association of these bonds and their stability. We used atomic force

microscopy (AFM) to quantify how the contact duration, loading rate, and approach velocity affected kinetic rates and strength of bonds of

P-selectin interacting with P-selectin glycoprotein ligand 1 (PSGL-1). We found a saturable relationship between the contact time and the rupture

force, a biphasic relationship between the adhesion probability and the retraction velocity, a piece-wise linear relationship between the rupture

force and the logarithm of the loading rate, and a threshold relationship between the approach velocity and the rupture force. These results provide

new insights into how physical factors regulate receptor–ligand interactions.

q 2006 Published by Elsevier Ltd.
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1. Introduction

Selectin–ligand interactions mediate the tethering and

rolling of circulating cells on vascular surface, an initiating

events of the multi-step adhesion and signaling process in

inflammatory responses and tumor metastases [1–6]. There are

three known members of the selectin family: P-, E-, and

L-selectin. Their common structure includes an N-terminal,

C-type lectin domain, followed by an epidermal growth factor

like module, multiple copies of consensus repeat units

characteristic of complement binding proteins, a trans-

membrane segment, and a short cytoplasmic domain [7,8].

P-selectin is expressed on activated endothelial cells and

platelets and interacts with P-selectin glycoprotein ligand 1

(PSGL-1) [9,10], which is expressed on leukocytes. Both
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P-selectin and PSGL-1 have been well-characterized bio-

chemically; as such, they provide an ideal system for

investigating the biophysical factors that influence the kinetics

of receptor–ligand interactions.

Receptor–ligand interactions are governed by reaction

kinetics in which both on- and off-rates are important. Under

physiological condition, P-selectin and PSGL-1 interact in two

rather than three dimensions, as both molecules are anchored

on the surfaces of two apposing cells. The kinetic rates of three-

dimensional (3D) binding in the fluid phase likely reflect their

intrinsic values. By comparison, not only is two-dimensional

(2D) binding determined by their intrinsic association and

dissociation rates but it also is influenced by various extrinsic

physical factors. On the one hand, flowing cells in circulation

are convected by the blood stream, which drives them to

collide with the vascular surface. For the interacting molecules

to dock, they have to first properly orient their binding pockets.

Thus, on-rate depends on the relative velocity [11] and the

separation distance [12] of the apposing surfaces as well as

the surface presentation of the interacting molecules. Indeed,

the orientation and length of the molecules and the micro-

morphology of the cell surface on which they are expressed

affect the on-rate but not the off-rate of their interaction
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[13,14]. The adhesion probability of the P-selectin–PSGL-1

interaction increases with the increasing velocity to separate

the interacting molecules [15,16]. It has been proposed that

more rapid and forceful approach of selectins toward their

ligands can promote bond formation by providing the required

velocity and force to overcome or penetrate a repulsive barrier

[17]. This has been suggested as a mechanism for the counter-

intuitive flow-enhanced adhesion [17], in which increasing

flow promotes adhesion despite the fact that the dislodging

forces are increased [18,19].

On the other hand, flow exerts hydrodynamic forces on the

cells that must be balanced by adhesive forces on the receptor–

ligand bonds, which regulate their dissociation. Thus, off-rates

are regulated by externally applied force. Indeed, selectin–

ligand interactions have served as a model system for the first

intensive analysis of how off-rates depend on force [15,16,20–

27] and on the history of force application [27]. Different types

of bond behaviors have been defined: slip bonds dissociate

more rapidly at higher forces than at lower forces, whereas

catch bonds dissociate less rapidly at higher forces than at

lower forces [28]. A simple model for the intuitive slip bonds is

the Bell equation, which assumes that the off-rate increases

exponentially with an increasing force [29]. When a ramp force

is applied to break the bond, the force dependence of off-rate

translates to the dependence of rupture force on the rate of force

application, or loading rate [30]. The theory of dynamic force

spectroscopy (DFS) predicts that the bond strength, defined as

the most probable rupture force, increases linearly with the

logarithm of loading rate [31,32]. Recently, P-selectin has been

shown to form catch bonds at low forces and slip bonds at high

forces with PSGL-1 [33]. To explain transitions between catch

and slip bonds a two-pathway model has been proposed, which

assumes the existence of two bound states that dissociate along

two pathways with distinct sensitivity to force [16,34]. The

potential presence of dual bound states may provide a possible

mechanism for the velocity for the interacting molecules to

approach each other to regulate the bond strength by biasing

the proportions of the two bound states.

In the present work, we used atomic force microscopy

(AFM) to study the influences of several physical factors on

P-selectin–PSGL-1 interaction. These include the time during

which the two molecules are allowed to interact, the velocity

from which the two molecules separate, the rate at which force

is applied to rupture the molecular bonds, and the velocity to

which the two molecules approach. The impact of these

physical factors on the P-selectin–PSGL-1 interaction is

assessed by their effects on the adhesion frequency and on

the rupture force, which are governed by on- and off-rates. Our

results reveal a saturable relationship between the contact time

and the rupture force, a biphasic relationship between the

adhesion probability and the retraction velocity, a piece-wise

linear relationship between the rupture force and the logarithm

of the loading rate, and a threshold relationship between the

approach velocity and the rupture force. These results provide

new insights into how physical factors regulate P-selectin–

PSGL-1 interactions.
2. Experimental procedures

2.1. Proteins and antibodies

Soluble P-selectin (sPs) consisting of entire extracellular

domain [8], anti-P-selectin capturing (S12) and blocking (G1)

monoclonal antibodies (mAbs) (mIgG1) [35], and anti-PSGL-1

blocking mAb PL1 (mIgG1) [36] were generous gifts from

Dr Rodger P. McEver (Oklahoma Medical Research Foun-

dation). Membrane-anchored PSGL-1 (mPSGL-1) molecules

were purified from human neutrophils using an affinity

chromatography procedure [35]. Bovine serum albumin (BSA)

was purchased from Sigma Chemical Co. (St Louis, MO).

2.2. Functionalizing the AFM

A previously described protocol [23,33] was used to couple

the interacting molecules onto AFM tips and mica surfaces.

Briefly, capturing mAb S12 were adsorbed onto cantilever tip

by incubating the cantilever at 4 8C overnight in a 10 mg/ml

protein solution. The cantilever was washed and blocked by

1% BSA in Hanks’ balanced salt solution (HBSS). The washed

cantilever was then incubated in a 1 mg/ml soluble sPs solution

for 30 min to allow the sPs molecules to be captured in a proper

orientation (Fig. 1(b)). Purified mPSGL-1 molecules were

incorporated in lipid vesicles and then reconstituted by vesicle

fusion in a polyethylenimine (PEI) polymer-supported lipid

bilayer onto mica surface [23,33,37]. PSGL-1 bilayer was used

immediately and AFM experiments were done in HBSS

containing 1% BSA (Fig. 1(b)).

2.3. AFM assay

A NanoScopeIV MultiMode PicoForce AFM (Digital

Instruments, Santa Barbara, CA) was used to measure the

adhesions and dissociations of P-selectin–PSGL-1 interactions

(Fig. 1(a)). The instrument was housed in a temperature-

controlled room (w19 8C) with little temperature fluctuation.

Commercial cantilevers were used (eMicroscopes, Sunnyvale,

CA). The cantilever spring constants kc, which ranges from 5 to

13 pN/nm (cantilever C) and 32 to 38 pN/nm (cantilever D),

were calibrated in situ for each cantilever by thermal

fluctuation analysis using a software provided by the

manufacturer. The PSGL-1-reconstituted lipid bilayer was

placed on the AFM stage, which was repeatedly driven to

approach the sPs-coated cantilever tip, to make contact at a

compressive force of w50 pN to allow reversible bond

formation and dissociation, and to retract away to allow

observation of the adhesion event and measurement of rupture

force, if any. The approach velocity, contact duration, and

retraction velocity were varied separately in different exper-

iments, while the contact force was kept nearly constant. The

adhesion and force signals for each approach-contact-retract

cycle were collected from a quad photodetector (Fig. 1(c)). At

least three different locations on each lipid bilayer were tested

for 150–400 cycles at each location to collect a set of adhesion

events and rupture forces. All experiments were repeated at



Fig. 1. AFM system. (a) Schematic of AFM instrument. A piezoelectric translator (PZT) was used to drive the movement of PSGL-1-incorporated bilayer. Adhesion

and force signal were collected from a quad photodetector (QPD), which measured the laser reflected on the back of the cantilever. (b) Functionalizing AFM tip.

Soluble P-selectin was captured by its non-blocking mAb S12 pre-adsorbed on the AFM tip. PSGL-1 was reconstituted in a lipid bilayer supported by a PEI-

cushioned mica. (c) Force–displacement curves. PSGL-1-incorporated bilayer was driven to approach to (from left to right), contact with, and retract from (from

right to left) sPs-coated AFM tip. Adhesion was visualized from the cantilever deflection and rupture force was measured from the force–displacement curve (middle

and lower panels).
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least three times. Low molecular densities were used to achieve

infrequent binding (!35%).

During the fast retraction of the AFM stage the cantilever

was bent by the viscous drag in addition to the adhesion force

of the P-selectin–PSGL-1 bond. The adhesion force acted at the

tip of the cantilever and vanished as soon as the P-selectin–

PSGL-1 bond ruptured, while the viscous drag acted at the

entire cantilever body and would only diminish after the stage

stopped and the cantilever sprung back. Rupture force, f, of an

adhesion event was determined by multiplying the cantilever

spring constant, kc, by the drop in cantilever deflection, Dz,

measured from the photodetector during the brief interval of

the rupture event while the stage continued to retract. Hence

the viscous drag, which continued to bend the cantilever, was

excluded from the rupture force determination [27,42].

In addition to bending the AFM cantilever, the force acting

on the P-selectin–PSGL-1 complex also stretched the

molecules. Since the extent of this stretch increased with

increasing force, the molecular spring has to be taken into

account in the calculation of the loading rate. We have recently

shown that P-selectin–PSGL-1 complex behaves as a nearly

linear spring with a spring constant of kmZ1 pN/nm [43].

Hence, the loading rate was calculated as the product of

retraction velocity, vr, and system spring constant, ksZkckm/

(kcCkm) since the cantilever spring and the molecular spring

are in serial arrangement during stretch [43]. Alternatively, the

system spring constants could be directly measured from

the slope of the nearly linear force–displacement curve since

the stage displacement equals the sum of the cantilever

deflection and the molecular extension.
2.4. Data analysis

A previously described mathematical model was used to

predict the dependence of the probabilities of adhesion, Pa, and

of double bonds, p2, on contact duration t and to estimate the

kinetic parameters [13,14,38–41]

PaðtÞZ 1KexpfKmrmlAcK0
a ½1KexpðKk0

r tÞ�g (1)
p2ðtÞZ expfKmrmlAcK0
a ½1KexpðKk0

r tÞ�g

!fKmrmlAcK0
a ½1KexpðKk0

r tÞ�g2=2! (2)

where, k0
r and K0

a are the zero-force reverse rate and binding

affinity, mr and ml are the site densities of receptors and ligands,

respectively, and Ac is the contact area. The fraction of double

bonds in all adhesion events can be calculated from Eqs. (1)

and (2):

F2 Z p2=Pa Z 1=2ð1KPaÞln
2ð1KPaÞ=Pa (3)

The measured binding curves of frequencies of adhesion and

of double rupture events versus contact duration were

respectively fit to Eqs. (1) and (2) to calculate two sets of

reverse rate, k0
r , and lumped surface binding affinity,

mrmlAcK0
a , which were then compared to each other. For

experiments in which the frequencies of adhesion and of

double rupture events were measured in a single contact

duration of 1 s only, Eq. (3) was used to predict the fraction of

double bonds from the measured adhesion frequency, and then

compared to the measured fraction of double rupture events.

Dynamic force spectroscopy (DFS) analysis was used to

predict the dependence of rupture forces on loading rates. It is

assumed that the P-selectin–PSGL-1 bond follows the first-

order irreversible dissociation kinetics. The reserve rate, kr, is

assumed to be an exponential function of applied force, f [29]

krðf ÞZ k0
r expðaf =kBTÞ (4)

where kB is the Boltzmann constant and T is the absolute

temperature, and a is the so-called reactive compliance, which

measures the width of the energy well that kinetically traps the

interacting molecules in the bound state. Assuming that the

reverse rate kr depends on time t through the force f, which is

equal to the loading rate rf times t, it follows that the most

probable rupture force or peak force, fm, versus ln(rf) should be

a straight line [30,32],

fm Z
kBT

a
lnðrfÞK

kBT

a
ln

k0
r kBT

a

� �
(5)



Fig. 2. Binding specificity. sPs-coated tip adhered to PSGL-1-incorporated

bilayer with 20–30% frequencies at contact time tZ1 s, and the approach and

retraction velocities of vaZvrZ1000 nm/s. Adhesion was much less frequent

when tips adsorbed with S12 only contacted PSGL-1-incorporated bilayer or

when sPs-coated tip contacted plain bilayer. Adhesion was also blocked by

anti-P-selectin mAb G1 or anti-PSGL-1 mAb PL1, and by inclusion of the

calcium chelator EDTA in the media. Data were presented as the meanG

standard error of adhesion probability, Pa.

S. Lü et al. / Polymer 47 (2006) 2539–25472542
Two line segments in the fm versus ln(rf) plot are interpreted

as two Bell models in series

ðkrÞ
K1 Z

X2

iZ1

½k0
i expðaif =kBTÞ�K1 (6)

which can be fitted by

ðrfÞ
K1 Z

X2

iZ1

½ðk0
i kBT =aiÞexpðaifm=kBTÞ�K1 (7)

to yield two sets of Bell model parameters (k0
i , ai) (iZ1, 2)

[22,27].
Fig. 3. Dependence of probabilities of adhesion and of double rupture events on

ordinate), presented as the meanGstandard error of adhesion probability in at least fi

The dependence of double rupture event probability (open diamonds, right ordinate)

specific adhesions (solid triangles, left ordinate), and the predicted nonspecific bin

approach and retraction velocities were vaZvrZ1000 nm/s. (b) Comparison of rev

ordinate) predicted from adhesion probability data (solid bars) with their counterpa
3. Results

3.1. Binding specificity

Adhesive events were visualized from the photodiode

signals that monitored the cantilever deflections (Fig. 1(c)).

Binding was quantified by the adhesion probability, Pa, defined

as the fraction of adhesive events resulted from a total of O200

test cycles. In the control experiments, Pa was measured at

contact time tZ1 s at the same approach and retraction

velocities of vaZvrZ1000 nm/s. Twenty to thirty percent of Pa

was observed when sPs-coated tips contacted PSGL-1-

incorporated lipid bilayers but it was reduced to 5–10% when

AFM tips coated with S12 only contacted PSGL-1-incorpor-

ated bilayers or when sPs-coated tips contacted plain bilayers.

Adhesion was also blocked by anti-P-selectin mAb G1 or anti-

PSGL-1 mAb PL1, and abrogated by the calcium chelator

EDTA (Fig. 2). These data, together with the similar data at

various contact times (Fig. 3(a) comparing the solid squares

and solid triangles), demonstrated that the observed adhesion

was mediated predominately by the specific interactions

between P-selectin–PSGL-1 molecules. Importantly, not only

were the nonspecific adhesions much less frequent but they

also did not contribute disproportionately to the force data,

because their values were no larger than the specific forces

(data not shown).
3.2. Dependence of contact duration

Dependence of adhesion frequency on contact duration was

measured at contact times ranging from 0.05 to 5 s at the same

approach and retraction velocities of vaZvrZ1000 nm/s. The

specific adhesion probability, Pa, was obtained by removing

the nonspecific adhesion frequency (solid triangles and fitted

dashed line in Fig. 3(a), left ordinate), from the directly

measured total adhesion frequency, as it was previously done

in the micropipette assay [13,14,38–41]. As shown in Fig. 3(a),

the data (solid squares, left ordinate) exhibit a transient phase

where Pa increased with t and a steady phase where Pa reached

equilibrium. The measured Pa curve was well fitted by Eq. (1)
contact duration. (a) Dependence of adhesion probability (solid squares, left

ve independent measurements, was fitted by Eq. (1) (solid curve, left ordinate).

was fitted by Eq. (2) (dot line, right ordinate). Also plotted are the data for non-

ding by fitting Eq. (1) to the nonspecific data (dashed line, left ordinate). The

erse rate k0
r (left ordinate) and lumped surface binding affinity mrmlAcK0

a (left

rts predicted from the data of double rupture event probability (open bars).
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(solid curve), which returns two parameters: k0
r Z1:21G

0:28 sK1 and mrmlAcK0
a Z0:41G0:03 (solid bars in Fig. 3(b)).

A small fraction of the adhesive events displayed two

rupture events in the force–extension curves (cf. lowest panel

in Fig. 1(c)). The frequency p2 of double-rupture events (open

diamonds in Fig. 3(a), right ordinate) followed a time course

similar to that of Pa(t), which can be fitted by Eq. (2) (dot

curve). It is evident that the kinetic parameters obtained from

fitting Eq. (2) to the p2 data (k0
r Z1:00G0:53 sK1

and mrmlAcK0
a Z0:29G0:04, open bars in Fig. 3(b)) are

consistent with the corresponding parameters estimated from

fitting Eq. (1) to the Pa data (solid bars in Fig. 3(b)).

Dependence of rupture force on contact duration was also

measured at the above contact times. The histogram of rupture
Fig. 4. Dependence of rupture force on contact duration. (a) Histograms of

rupture forces measured at the indicated contact durations. Total of O100

forces at each contact time (except at tZ0.05 s, which had w50 forces) were

collected and analyzed by histogram of bin size of 15 pN. (b) Dependence of

the most probable rupture force, fm (open triangles), on contact durations. (c)

Correlation between most probable force fm and average number of bonds,

hniZKln(1KPa), calculated from Eq. (1) [38]. The approach and retraction

velocities were vaZvrZ1000 nm/s.
forces exhibits a single peak at each contact time (Fig. 4(a)).

The most probable rupture force, fm (open triangles), followed

time curve very similar to those of the Pa(t) and p2(t),

increasing initially but reaching a plateau thereafter (Fig. 4(b)).

Indeed, plotting fm against the average number of bonds,

hniZKln(1KPa), revealed a strong correlation (Fig. 4(c)). It is

therefore possible that the changes in fm are caused by the

changes in the number of bonds. Alternatively, longer contact

between P-selectin and PSGL-1 may promote formation of

stronger bonds.
3.3. Dependence of cantilever retraction velocity/force

loading rate

Transport has been suggested to affect tethering of flowing

cells to the vascular surface, as binding can be decomposed

into a two-step process with one step of transport that brings the

interacting molecules in close proximity followed by the other

step of intrinsic molecular docking [11,44]. To assess the

transport effects we measured the dependence of adhesion

frequency on the cantilever retraction velocity in the range

from vrZ100–34,900 nm/s at a given approach velocity of vaZ
1000 nm/s and a given contact time of tZ1 s. The adhesion

probability increased initially with the retraction velocity,

reached a maximum around vrw4190 nm/s (Pa,maxZ0.29), and

decreased thereafter (Fig. 5).

We next measured the dependence of rupture force on

loading rate in the range from 0.13 to 45.6!103 pN/s. The

histogram of rupture forces at each loading rate exhibited a

prominent peak that shifted rightwards with increasing loading

rates (Fig. 6(a)). To perform DFS analysis, we plotted the most

probable force, fm, against log(rf) (solid triangles in Fig. 6(b)).

These plots show a continuous curve that is well fitted by the

model in Eq. (7) (solid line in Fig. 6(b)), which is similar to our

previous data (open circles in Fig. 6(b)) [27]. The kinetic

parameters so obtained, k0
1Z0:91 sK1 and a1Z7.20 Å;

k0
2Z48:67 sK1, a2Z0.73 Å, are also comparable with the

previously reported values [27].
Fig. 5. Dependence of adhesion probability on retraction velocity. The

approach velocity was vaZ1000 nm/s and the contact time was tZ1 s. Data

were presented as the meanGstandard error of adhesion probability of at least

three independent measurements.



Fig. 6. Dependence of rupture force on loading rate. (a) Histograms of rupture

forces at various loading rates. Total of O120 forces at each loading rate

(except at rfZ4.56!104 pN/s, which had w70 forces) were collected and

analyzed by histogram of a force bin of 15 pN. (b) Dependence of the most

probable force, fm, on loading rates. The measured fm data (solid triangles) were

fitted by Eq. (7) (solid line). The best-fit Bell parameters were k0
1Z0:91 sK1,

a1Z7.20 Å; k0
2Z48:67 sK1, a2Z0.73 Å. Also plotted are the data from

reference [27] (open circles). The approach velocity was vaZ1000 nm/s and

the contact time was tZ1 s.

Fig. 7. Dependence of adhesion probability (solid squares, left ordinate) on

approach velocity. Data were presented as the meanGstandard error of

adhesion probability of at least three independent measurements. Also plotted

are the measured fractions of double rupture events (open circles, right

ordinate) and those predicted from the adhesion probabilities using Eq. (3)

(open triangles, right ordinate). The retraction velocity was vrZ1000 nm/s and

the contact time was tZ1 s.
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3.4. Dependence of approach velocity

The effects of transport were also assessed by quantifying

the dependence of adhesion frequency on approach velocity,

which was measured in a range from vaZ100–34,900 nm/s at a

given retraction velocity of vrZ1000 nm/s and a given contact

time of tZ1 s. The adhesion probability Pa (solid squares in

Fig. 7, left ordinate) was found to be indifferent to the approach

velocity in the range tested. Furthermore, the measured fraction

of double rupture events, F2, is again indifferent to the

approach velocity (open circles in Fig. 7, right ordinate), which

are consistent with the F2 values predicted from the measured

Pa values using Eq. (3) (open triangles in Fig. 7, right ordinate).

Thus, the same number bonds were formed with the same

likelihood regardless of the approach velocity.

Remarkably, the rupture force histograms measured at low

approach velocities were quite similar but rightward shifted

gradually towards higher forces as approach velocity increased

beyond 14,000 nm/s (Fig. 8(a)). The plots of the most probable

forces fm (open triangles) versus approach velocity showed

more obvious trend (Fig. 8(b)). To relate the increased bond
strength to the decreased bond dissociation rate, the probability

density function predicted from the Bell equation, p(y)Z
exp[yKexp(y)C1] where yZaf =kBTKln½ðrfaÞ=ðkBTk0

r Þ�, was

fit to the prominent peak in each rupture force histograms

(Fig. 8(a)) to evaluate the Bell model parameters for that

approach velocity [16], which are shown in Fig. 8(c). It is

evident from Fig. 8(a) that this asymmetric function fits the

measured rupture force distributions reasonably well. How-

ever, the data are generally more broadly distributed (Fig. 8(a))

than those predicted by this equation, as are most of the

published data in the literature [45]. Possible reasons for this

discrepancy may include the more complex force- and force

history-dependence of off-rate than the oversimplified Bell

model can describe [27], possible contamination of multiple

bonds, and experimental errors. Remarkably, the zero-force

off-rate exhibits a threshold behavior, which was insensitive to

the approach velocity below 14,000 nm/s but decreased sharply

with increasing approach velocity thereafter (solid squares in

Fig. 8(c), left ordinate). By comparison, the reactive

compliance a appeared to be insensitive to the approach

velocity (open circles in Fig. 8(c), right ordinate). These data

suggest that more rapid and forceful collision between

P-selectin and PSGL-1 beyond a threshold promotes formation

of stronger and longer-lived bonds.

4. Discussions and conclusions

Kinetics and its regulation by extrinsic physical factors

govern selectin–ligand interactions that mediate tethering and

rolling of circulating cells on the vessel wall under

hemodynamic forces. While the force regulation of off-rate

for dissociation of selectin–ligand bonds has been extensively

studied, much less is known about how transport impacts the

on-rate for association of these bonds and their stability. In the

present study, the probabilities of adhesion and of double

bonds were used to assess the on-rate. The rupture forces were

used to assess the off-rate and the bond stability. The



Fig. 8. Dependence of rupture force on approach velocity. (a) Histograms of

rupture forces measured at the indicated approach velocities. Total of O90

force values at each approach velocity were collected and analyzed by

histogram of a force bin of 15 pN, and compared with the predictions (curves)

from the Bell model (cf. text). (b) Dependence of the most probable force, fm
(open triangles, left ordinate), on approach velocities. (c) Dependence of

reverse rate k0
r (solid squares) and reactive compliance a (open circles, right

ordinate) on approach velocities. These parameters were calculated from fitting

the probability density function predicted by the Bell model to the measured of

rupture force histograms as described in the text. The retraction velocity was

vrZ1000 nm/s and the contact time was tZ1 s.
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dependence of these matrices of on- and off-rates on the

contact duration, retraction velocity/loading rate, and

approach velocity were quantified. Our results contribute to

the understanding of how selectin–ligand interactions are

regulated by physical factors.

The dependence of the adhesion probability on the contact

time is well fitted by a previously described probabilistic model

(Eq. (1)) [38]. The validity of this model has been supported in

previous studies using micropipette [13,14,38–41,46] and laser

tweezers [47]. The present study has provided further support
to this model. This is expected, because although a different

technique—AFM—was used to measure adhesion, it was the

same adhesion frequency assay to which the model is applied.

The off-rate obtained in this study is in good agreement with

the values previously measured with the micropipette using

PSGL-1-expressing HL-60 cells interacting with P-selectin-

coated red blood cells [13,48]. Direct comparison between

values of the effective affinities AcK0
a measured from the

present and previous experiments is not possible because the

respective site densities of PSGL-1 in the bilayer and of

P-selectin on the AFM tips were not available. Similar to the

previous study [41], additional data of multiple rupture events

were used to further test a prediction of the model (Fig. 3(a)).

Both values of k0
r and mrmlAcK0

a evaluated from the adhesion

probability data compare reasonably well with their counter-

parts evaluated from the data of double rupture events. The

slightly lower mrmlAcK0
a value predicted from the p2 data than

that predicted from the Pa data (Fig. 3(b)) suggests that some of

the double bond dissociation events might not give rise to

double-peaks clearly resolvable in the force scan curves. This

hypothesis is supported by the slightly lower fractions of

double rupture events measured directly than those predicted

from the measured adhesion frequencies (Fig. 7). Thus, the

favorable comparison attests to the reliability of these

parameters. It also argues that the individually observed

rupture events represent dissociation of single bonds that

follow a Poisson distribution, an underlying assumption of Eqs.

(1)–(3).

The DFS analysis of the rupture forces yielded a force

spectrum—a plot of the most probable rupture force versus the

logarithm of loading rate—very similar to that of a previous

study [27]. Although the same P-selectin–PSGL-1 interaction

was studied, the two sets of data were obtained from two

laboratories using different instruments and reagents. Further-

more, the interacting molecules were functionalized in two

different ways in the AFM. The previous study used soluble

PSGL-1-coated AFM tips to interact with membrane

P-selectin-incorporated bilayers [27]. The present work used

an inverted configuration, i.e. soluble P-selectin-coated AFM

tips interacting with membrane PSGL-1-incorporated bilayers

(Fig. 1(b)). The reasonable agreement between the two studies

imparts confident in our data. P-selectin–PSGL-1 interactions

have been shown to behave as catch–slip transitional bonds

[33]. However, we were unable to detect the presence of catch

bonds in the low force regime from the analysis of histograms

of rupture forces measured from the constant-rate steady-ramp

experiment. This discrepancy has been explained by the force-

history dependence of off-rates [27]. Lifetime measurement at

various levels of constant force was not possible in the present

study because the force in the commercial AFM used could not

be held constant at low levels where catch bonds were expected

[16,33].

A major goal of the present study is to quantify the effects of

transport on bond formation. To mimic the convective

transport of the interacting molecules by the moving cell, the

velocities of the P-selectin bearing AFM tips approach to and

retraction from the PSGL-1 bilayers were systematically
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varied. A biphasic dependence of the adhesion probability on

the retraction velocity was found. This cannot be explained by

the increase in bond strength with increasing loading rate,

which potentially could have reduced the number of weak

binding events that might have failed to be detected. The

reason is that such an effect would have yielded a

monotonically increasing curve rather than a biphasic curve.

Instead, our data are consistent with the published tethering

frequency versus wall shear rate data [44]. In that study, the

frequency of PSGL-1-expressing neutrophils tethering to

P-selectin coated on a flow chamber floor was shown to

depend biphasically on the wall shear rate.

Perhaps the most interesting finding of the present study

is the effects of approach velocity. The mechanical strength

and zero-force off-rate of the P-selectin–PSGL-1 bonds were

insensitive to the approach velocity when it was below

14,000 nm/s, but increased and decreased sharply with

further increase in the approach velocity, respectively

(Fig. 8(b) and (c)). By comparison, the adhesion probability

and reactive compliance were found to be indifferent to the

approach velocity (Figs. 7 and 8(c)). Note that the time

during which the P-selectin approached the PSGL-1 (which

is inversely proportional to the approach velocity) is

negligibly small compared to the 1 s contact time during

which the AFM tip was pressed on the bilayer with a

constant force. Thus, on-rate of bond formation is not

affected by the approach velocity. However, the bonds

formed with more rapid approach exhibit greater strength

(Fig. 8(b)) and slower zero-force off-rate (Fig. 8(c)).

P-selectin–PSGL-1 interactions have been modeled as

having two bound states to explain their catch–slip

transitional bond behavior [16,34]. At zero force it

dissociates rapidly from one bound state but slowly from

the other bound state. A possible explanation for our data

may be that fast approach velocity favors bond formation in

the slow dissociating bound state. It has been proposed that

more rapid and forceful approach of selectins toward their

ligands can promote bond formation by providing the

required velocity and force to overcome or penetrate a

repulsive barrier [17]. Our result seems to support an

alternative hypothesis. It is not more bonds, but stronger

and longer-lived bonds that are promoted by the more rapid

and forceful approach. In spite of the difference, this

alternative hypothesis may still provide a possible mechan-

ism for flow-enhanced adhesion.
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