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ABSTRACT We describe a new method for determining receptor-ligand association/dissociation events across the interface
of two surfaces (two-dimensional binding) by monitoring abrupt decrease/resumption in thermal fluctuations of a biomembrane
force probe. Our method has been validated by rigorous control experiments and kinetic experiments. We show that cellular on-
rate of association can bemeasured by analysis of intervals from a dissociation event to the next association event (waiting times).
Similarly, off-rate of molecular dissociation can be measured by analysis of intervals from an association event to the next
dissociation event (bond lifetimes). Different types of molecular bonds could be distinguished by different levels of reduction in
thermal fluctuations. This novel method provides a powerful tool to study cell adhesion and signaling mediated by single or
multiple receptor-ligand species.

INTRODUCTION

Cells communicate with their environment via receptors that

bind to soluble ligands in the fluid phase (three-dimensional

(3D) binding) or to tethered ligands on surfaces of other cells

or in the extracellular matrix (two-dimensional (2D) bind-

ing). Two-dimensional binding mediates critically important

cell adhesion and signaling events in diverse tissues (1). The

force dependence of 2D dissociation off-rates of receptor-

ligand interactions have been studied by several approaches,

including lifetime measurements of single bonds or single-

cell tethers (2) and rupture force measurements by dynamic

force spectroscopic analysis (3). By comparison, few assays

have measured how receptors and ligands associate in two

dimensions. Tether rates in a flow chamber measure a lumped

parameter that multiples on-rate with collision frequency,

encounter duration, and contact time (4,5). The adhesion fre-

quency assay extracts kinetic information from the depen-

dence of adhesion frequency on contact time (6). In the latter

case, adhesion is measured mechanically using an ultrasen-

sitive force transducer such as a biomembrane force probe

(BFP) (7), which detects the presence of a receptor-ligand

bond at the end of a contact but not when a bond forms or

dissociates. Therefore, kinetics of molecular interaction must

be inferred from the contact time dependence of adhesion

frequency (6). Here, we develop a method that uses decrease/

resumption of thermal fluctuations of a BFP to pinpoint

association/dissociation events at the single-bond level during

the contact period. This greatly enhances the quantity, quality,

and reliability of the information obtained, which makes

kinetic measurements much simpler and more robust.

As a model system, we study the interactions of L-selectin,

expressed on leukocytes, and P-selectin, expressed on acti-

vated platelets and endothelial cells, with their common leu-

kocyte ligand, P-selectin glycoprotein ligand-1 (PSGL-1) (8).

These rapidly reversible interactions mediate rolling adhe-

sion of leukocytes on vascular surfaces during inflammation.

L- and P-selectin bind to the same N-terminal region of

PSGL-1 but with different affinities in 3D assays. Here, we

use the thermal fluctuation method to directly compare the

2D association and dissociation rates for interactions of

L- and P-selectinwith PSGL-1. The formation of an L-selectin-

PSGL-1 bond decreases the BFP thermal fluctuations more

than a P-selectin-PSGL-1 bond, as predicted by the higher

stiffness of L-selectin than P-selectin (9). The new method

can be extended to measure cell adhesion mediated by several

receptor-ligand pairs that bind independently or coopera-

tively, the initiation and termination of cell signaling, and

other complex 2D interactions of purified macromolecules or

of live cells.

MATERIALS AND METHODS

Proteins

L-selectin-Ig and P-selectin-Ig containing the lectin domain, EGF domain,

and two or nine consensus repeats of human L- or P-selectin fused to the Fc

portion of human IgG1 was expressed as described (10). Soluble recom-

binant monomeric PSGL-1 has also been described (10). The following

phycoerythrin (PE)-labeled mouse anti-human monoclonal antibodies (mAbs)

were purchased: anti-PSGL-1 mAb PL1 (Santa Cruz Biotechnology, Santa

Cruz, CA), anti-L-selectin mAbDREG-56 (eBioscience, San Diego, CA), and

anti-P-selectin mAb AK-4 (eBioscience). Goat anti-human IgG Fc polyclonal

antibody was from Chemicon International (Temecula, CA).
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Biomembrane force probe

Our in-house-built biomembrane force probe (BFP) apparatus has been

described (11). Briefly, L-selectin-Ig or P-selectin-Ig was captured by goat

anti-human Fc antibody covalently precoupled to a bead of 2 mm in diameter

as described (3), which was aspirated by a micropipette to serve as the target

(Fig. 1 A, right). Biotinylated PSGL-1 was captured by streptavidin-

maleimide (Sigma-Aldrich, St. Louis, MO) precoupled to a bead of 2 mm in

diameter by the same chemical protocol but without the step of linking

proteins to polyethylene-glycol polymers, which was attached to the apex

of a biotinylated human red blood cell (RBC) aspirated by an apposed

micropipette to serve as an ultrasensitive force probe (Fig. 1 A, left). The

aspiration pressure was set by a manometer with micrometer precision. The

probe and the target were aligned and observed under an inverted microscope

through two cameras. One had a standard video rate (30 frames per second)

to provide images like that shown in Fig. 1 A. The other had a high speed

(1500 frames per second) when the images were limited to a 24-line strip

across the probe, which allowed image analysis software to track the probe

position x as a function of time t with 5-nm spatial resolution. Driven by a

piezoelectric translator with capacitive sensor feedback control, a computer-

programmed test cycle consisted of an approach of the target from x � 0

moving horizontally leftward until the probe was pushed to x; �150 nm, a

retraction of the target to the null position x� 0 where the mean compressive

force just vanished, a holding period during which the target and the probe

were allowed to make contacts via thermal fluctuations but not by compres-

sion, and a return of the target to the starting position x� 0 (Fig. 1, B and C).
Such an approach-push-retract-hold-return cycle was then repeated many

times. The x vs. t data were analyzed by 15-point standard deviation (Fig.

FIGURE 1 Thermal fluctuation method. (A) Photomi-

crograph of a BFP. A micropipette-aspirated RBC with a

bead (probe) glued to its apex (left) was aligned against

another bead (target) aspirated by another pipette (right).

The right pipette was driven by a computer-programmed

piezoelectric translator to move in a repeated approach-

push-retract-hold-return test cycle. The left pipette was

held stationary but the position of the probe was tracked by

image analysis software to produce the data shown in

panels B and C. (B and C) Horizontal position x of the right

edge of the probe is plotted versus time t for a represen-

tative test cycle measuring the interaction between PSGL-

1 coated on the probe and L-selectin (B) or P-selectin (C)

coated on the target. Two periods of high positions in panel

B are indicated by arrowheads. (D and E) Sliding standard

deviations s of 15 consecutive points of the position data

in panels B and C, respectively. (F and G) Histograms of

the s-data in panels D and E (bars), respectively, each
fitted by Eq. 1 (solid curves). Also superimposed on each

panel are two histograms of s-values calculated from x(t)

data of two unencumbered probes recorded for the same

duration of time (dotted curves). One unencumbered probe

had the same spring constant of k ¼ 0.15 pN/nm as the

probe used to acquire the data in panels D and E. The other

unencumbered probe had spring constant of k ¼ 1.7 (F) or

0.8 (G) pN/nm. All histograms were normalized to have a

unity area. The vertical dashed line sU ¼ 3.8 nm on each

panel is 1 SD (1.3 nm) to the left from the peak at 5.1 nm.

The vertical solid line s L ¼ 3.15 nm on each panel is 1.5

SD to the left from the same peak. These thresholds are

marked in panels D and E as horizontal lines to identify

bond association and dissociation events, which are

marked by the respective down and up arrows. Arrow-

heads indicate intervals deemed indeterminate as to whe-

ther they corresponded to free or bound probes because data

lay between the two thresholds. See also Supplementary

Material, Supplementary Video.
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1, D and E) and histogram (Fig. 1, F and G) to identify events of bond

association and dissociation (see Supplementary Material, Supplementary

Video). Low densities of selectins and PSGL-1 were used to ensure that

interactions formed were most likely single bonds, which were specific

because not incubating the probe with PSGL-1 or adding EDTA to the media

abolished association events.

Site density determination

Molecular site densities on 2-mm diameter beads were determined by flow

cytometry. Beads coupled with L-selectin, P-selectin, or PSGL-1 were,

respectively, incubated with PE-labeled DREG-56, AK-4, or PL1 or irrel-

evant mouse IgG1 (isotpye control) for 30 min at room temperature. After

washing, beads were analyzed by a BD LSR flow cytometer (BD Biosciences,

San Jose, CA). The measured fluorescence intensities were compared to

standard calibration beads (BD Quantibrite PE Beads, BD Biosciences) to de-

termine the site density using a previously described conversion method (10).

RESULTS

Change in thermal fluctuations identifies bond
association or dissociation

We used BFP to monitor interactions between PSGL-1

coated on the probe glued to the apex of a RBC pressurized

by micropipette suction (Fig. 1 A, left) and L-selectin or

P-selectin coated on the target aspirated by an apposed

micropipette (Fig. 1 A, right). The experimental procedure is

illustrated by a representative probe position x versus time

t plot for PSGL-1 interacting with L-selectin (Fig. 1 B) or
P-selectin (Fig. 1 C). The target was driven by a computer-

programmed piezoelectric translator with capacitive feed-

back control to approach the probe, which pushed it to a

compressive position (x � 0) upon contact. The target was

retracted by exactly the same distance as it was used to push

the probe, thereby allowing the probe to spring back to a null

position (x � 0). The target was then held in that position to

allow the probe and the target to contact via thermal fluc-

tuations but not by compression, thereby providing an oppor-

tunity for selectin and PSGL-1 to interact. At the end of the

holding period the target returned to its starting position,

which might (Fig. 1 C) or might not (Fig. 1 B) pull the probe
to a tensile position (x� 0), depending on whether a bond(s)

was present at that instant. This approach-push-retract-hold-

return test cycle was then repeated many times to acquire an

ensemble of data for statistical analysis.

The probe position x(t) exhibited significant fluctuations

even when neither the probe nor the target was moved by the

micropipette (Fig. 1, B and C). These reflect thermal fluctua-

tions from the ultrasoft RBC membrane because the position

of the target tracked by the same image analysis software

displayed substantially lower fluctuations (data not shown).

Three periods in Fig. 1 B can be identified (arrowheads)
where the average probe positions appear higher (x; 10–12

nm), suggesting that the probe was pulled by a small force

(;1–2 pN) due to the presence of an L-selectin-PSGL-1

bond(s). This hypothesis predicts reduced thermal fluctua-

tions in these periods because bond formation is equivalent

to adding a molecular spring in parallel to the force trans-

ducer spring to stiffen the system (9,12). Although qualitative

evidence for this prediction can be directly observed from

Fig. 1 B, quantitative data are shown in Fig. 1 D where the

sliding standard deviation s was plotted versus time t; s was

calculated from every 15 consecutive points of the position

x(t) data in Fig. 1 B to gauge the level of thermal fluctuations.

It is evident that the three periods with high average positions

correspond to three periods of low standard deviations (Fig.

1, B and D).
Bond formation is not expected to pull the fluctuating

probe to a new equilibrium position closer to the target if the

target was retracted to and held at a position so close to the

probe that the mean distance between the two surfaces was

comparable to the length of a molecular cross-bridge (9).

This might be the case in Fig. 1 C, which shows reduced

thermal fluctuations but the x(t) data appear to have similar

levels as the null position (x � 0). The corresponding s(t)
data are shown in Fig. 1 E, which clearly reveal two periods

of reduced thermal fluctuations.

The s-data in Fig. 1, D and E, were analyzed by his-

tograms (Fig. 1, F and G, bars) to see if the reduced BFP

thermal fluctuations caused by the formation of putative

bonds could be separated from those expected from an

unencumbered BFP. Only s-data from 1.0 to 6.0 s were

included because the low s-values from 0.8 to 0.9 s (Fig. 1D)
or 0.6–0.7 s (Fig. 1 E) corresponded to the time when the

target was impinged against the probe, which suppressed the

thermal fluctuations (Fig. 1, D and E). Data from 5.5 to 6.0 s

in Fig. 1 E were also excluded because they corresponded to

the time when the probe was pulled by the target, which

produced nonrandom long-distance travels and resulted in

artificially large s-values. It is evident that the s-values are
clustered into two subpopulations in the histograms, which

were well fitted by the following dual Gaussian distributions

(Fig. 1, F and G, solid curves):

rðsÞ ¼ A1ffiffiffiffiffiffi
2p

p
Ds1

exp �ðs � �s1Þ2
2ðDs1Þ2

� �

1
A2ffiffiffiffiffiffi

2p
p

Ds2

exp �ðs � �s2Þ2
2ðDs2Þ2

� �
; (1)

where �si (1.6 or 5.3 nm in Fig. 1 F and 2.2 or 5.0 nm in Fig.

1 G, for i ¼ 1 or 2) and Dsi (0.35 or 0.99 nm in Fig. 1 F and

0.35 or 0.0.77 nm in Fig. 1 G, for i¼ 1 or 2) denote the mean

and standard deviation of the ith Gaussian distribution. Ai

(0.27 or 0.73 in Fig. 1 F and 0.54 or 0.42 in Fig. 1 G, for i ¼
1 or 2) is the area under the ith Gaussian distribution curve;

A1 1 A2 ¼ 1 as required by normalization.

To identify the origins of the two subpopulations in the

histograms, we superimposed two histograms of s-values on
each panel of Fig. 1, F and G (dotted curves), which were

calculated from x(t) data of two unencumbered probes re-

corded for the same duration of time. These were used as
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calibration for the BFP spring constant k according to the

equipartition theorem, 0.5kÆs2æ ¼ 0.5kBT, where Æs2æ is

average of s2 over the entire population, kB is the Boltzmann

constant, and T is the absolute temperature. One unencum-

bered probe had the same spring constant of k¼ 0.15 pN/nm

as the probe used to acquire the data in Fig. 1, D and E; the
histogram of its s-values matched that of the subpopulation

peaked at �s2 ¼ 5.3 nm (Fig. 1 F) or 5.0 nm (Fig. 1 G),
indicating that the right subpopulation corresponded to

periods when the probe was free. The spring constant of

the other unencumbered probe was tuned to k ¼ 1.7 pN/nm

(Fig. 1 F) or 0.8 pN/nm (Fig. 1 G) to generate a histogram to

match that of the subpopulation peaked at �s1 ¼ 1.6 nm (Fig.

1 F) or 2.2 nm (Fig. 1 G), indicating that the left sub-

population corresponded to periods when L-selectin (Fig.

1 F) or P-selectin (Fig. 1 G) on the probe was bound to

PSGL-1 on the target.

The two subpopulations in the histograms in Fig. 1, F and

G, overlap. To assign a given data point to a particular

subpopulation, we chose sU ¼ 3.8 nm, 1 SD (1.3 nm) to the

left from the peak at 5.1 nm, as the upper threshold above

which data were considered to correspond to a free probe

(Fig. 1, F and G, vertical dashed lines) and sL ¼ 3.15 nm,

1.5 SD to the left from the same peak, as the lower threshold

below which data were considered to correspond to a bound

probe (Fig. 1, F and G, vertical solid lines). These thresholds
are also marked in Fig. 1, D and E, as horizontal lines to

identify bond association (when the data curve runs down-
ward across the solid line) and dissociation (when the data
curve runs upward across the dashed line) events, which are

marked by the respective down and up arrows. Arrowheads

indicate intervals deemed indeterminate as to whether they

correspond to a free or bound probe because data lie between

the two thresholds.

The threshold method identified two intervals in Fig. 1 E
where a bond was present despite the fact that no mean force

was detected by the BFP (Fig. 1 C). The suggested presence

of a bond immediately before the end of the holding phase

was confirmed by the pulling of the probe upon the target

return (Fig. 1 C). Likewise, in Fig. 1 D the s-values were
above the upper threshold before the target return indicating

the absence of any bond, which was confirmed by the fact

that no pulling was observed upon the target return (Fig.

1 B).
The validity of using reduction/resumption in s as an

identifier for bond association/dissociation event (thermal

fluctuation method) was tested by examining the correlation

of (or the lack thereof) its results with those determined by an

independent method: the presence or absence of probe pulling

during the target return (pulling method). A total of 812 tests

like those in Fig. 1, D and E, were analyzed. Of these, 87

were discarded because their s-values immediately before

the target return were in between the upper and lower thresh-

olds. Remarkably, a very strong correlation was found: in

.96% of the remaining 725 tests the thermal fluctuation

method reported correctly for either having (159 tests) or not

having (541 tests) a bond as confirmed by the pulling method

(Fig. 2). Only 13 tests were scored as having a bond by the

thermal fluctuation method but not confirmed by the pulling

method (false positive) and only 12 tests were scored as not

having a bond by the thermal fluctuation method but shown

to have a bond by the pulling method (false negative) (Fig.

2), which would give rise to a ,3.5% error. These might be

bond association/dissociation events that occurred at the

beginning of the target return, which might have been missed

due to insufficient temporal resolution of the thermal fluc-

tuation method. These data demonstrate the reliability of using

the reduced thermal fluctuations to report the presence of

bonds.

Measuring 2D kinetic rates of
receptor-ligand interactions

Many applications can be envisioned for our thermal

fluctuation method for identifying bond formation/dissocia-

tion events in two dimensions. To exemplify this, we next

demonstrate the application of this method to measurement

of 2D binding kinetics of receptor-ligand interactions. To do

that, we realized that the period from the instant of dis-

sociation of an existing bond to the instant of association of

the next bond, termed waiting time tw, contains on-rate (kon)
information because the faster the on-rate, the shorter the

FIGURE 2 Comparison between two methods for determining the pres-

ence of a bond. A total of 812 tests like those in Fig. 1 D for L-selectin-

PSGL-1 interactions were segregated into two groups. The first group of 87

tests had s-values immediately before the target return that were between the

upper threshold sU ¼ 3.8 nm and the lower threshold sL ¼ 3.15 nm, which

were deemed as indeterminate and excluded. The second group of 725 tests

were further segregated into four subgroups depending on whether they had

s-values immediately before the target return above the upper threshold (no

decreased fluctuation) or below the lower threshold (decreased fluctuation)

and whether the returning target produced pulling or no pulling of the probe.

The number of tests in each subgroup was plotted against the four conditions

marked on the x-y plane (and also indicated on the top of each bar).
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expected waiting time. It should also depend on the site den-

sities of receptors (mr) and ligands (ml), because the higher

the density, the greater the chance for receptors to find li-

gands, and the shorter the expected waiting time. Waiting

times were measured from a large number of test cycles,

pooled, and analyzed by a model for the first-order kinetics

of irreversible association of single bonds (4):

Pa ¼ 1� expð�mrm1AckontwÞ; (2)

where Ac is the contact area and Pa is the probability for

forming a bond before tw. Taking the natural log of (1 � Pa)

linearizes the exponential waiting time distribution given by

Eq. 2, a prediction supported by data in Fig. 3 A, which align

quite well along a straight line. This indicates that intervals

from an abrupt resumption to the next abrupt reduction in

thermal fluctuations indeed distribute as waiting times for

single bond formation. It follows from Eq. 2 that the negative

slope of the ln(number of events with a waiting time $ tw)
versus tw plot equals mrmlAckon, which can be thought of as a
cellular on-rate (4).

Similarly, we realized that the period from the instant of

bond association to the instant of bond dissociation, termed

bond lifetime tb, contains off-rate (koff) information because

the faster the off-rate, the shorter the expected bond lifetime.

Bond lifetimes were measured using data collected from the

same test cycles as those used to obtain waiting times,

pooled, and analyzed by a model for the first-order kinetics

of irreversible dissociation of single bonds (2):

Pb ¼ expð�koff tbÞ; (3)

where Pb is the probability for a bond formed at time 0 to

remain bound at time tb. Taking the natural log of Pb

linearizes the exponential bond lifetime distribution given by

Eq. 3, a prediction supported by data in Fig. 3 B, which align
quite well along a straight line. This indicates that intervals

between an abrupt reduction and an abrupt resumption in

thermal fluctuations indeed distribute as single bond life-

times. It follows from Eq. 3 that koff can be estimated from

the negative slope of the ln(number of events with a lifetime

$ tb) versus tb plot (2).
If the negative slopes of the linear fits to the data in Fig. 3,

A and B, indeed represent respective cellular on-rates and

off-rates, then the former should increase linearly with, and

the latter should be independent of, the site densities of the

receptors and ligands, provided that the observed events

reflect predominately single bonds. To test this prediction,

we measured the 2D kinetics of L-selectin-PSGL-1 interac-

tion using four different site densities. The cellular on-rate

constant, mrmlAckon, was found to be proportional to the site

densities of L-selectin and PSGL-1 (Fig. 4 A), as expected
from the second order forward reaction (Eq. 2), supporting

our prediction. The slope of the linear fit to the data is the

effective average on-rate, ÆAckonæ ¼ 5.9 3 10�5 mm4s�1. By

comparison, the off-rate constant was found to be indepen-

dent of the site densities (Fig. 4 B), as expected from Eq. 3,

again supporting our prediction. The mean off-rate is Ækoffæ¼
10.2 s�1.

If the negative slopes of the linear fits to the data in Fig. 3, A
and B, indeed represent respective cellular on-rates and off-

rates, then they should depend on the molecular interaction

tested. To test this prediction, wemeasured 2D kinetics of two

molecular interactions: L- and P-selectin, respectively, inter-

acting with PSGL-1 at comparable site densities. Distribu-

tions of waiting times and lifetimes of these two interactions

are compared in Fig. 3, which clearly show that PSGL-1 has

a faster on-rate, but a slower off-rate, with P-selectin than

L-selectin. Previous surface plasmon resonance experiments

FIGURE 3 Exponential distributions of waiting times (A) and bond

lifetimes (B). Pooled ensembles of 156 (L-selectin) or 190 (P-selectin)

waiting times (A), defined as intervals from a dissociation event to the next

association event, and 172 (L-selectin) or 240 (P-selectin) bond lifetimes (B),
defined as intervals from an association event to the next dissociation event, of

PSGL-1, respectively, interacting with L-selectin (n) or P-selectin (s) were,

respectively, sorted according to their durations. The natural log of the

number of events with waiting times.tw (A) or bond lifetimes.tb (B) was,
respectively, plotted against tw or tb, respectively, and fitted, respectively, by a

straight line (not shown). The negative slopes of the best-fits represent cellular

on-rate mrmlAckon and off-rate koff, respectively, whose values are indicated.

The variations in these values are shown by the 95% confident intervals of the

best-fit (lines). The goodness-of-fit was measured by the R2 values, which are

also indicated.
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show that P-selectin binds PSGL-1 with higher 3D affinity

and slower off-rate than binding of L-selectin to glycosyla-

tion-dependent cell-adhesion molecule-1 (13,14), not with-

standing the fact that this technique did not have sufficient

temporal resolution to accurately determine the fast off-rate

of L-selectin (14). Fig. 4 C represents the first quantitative

evidence that P-selectin has a higher 2D on-rate than

L-selectin for the same ligand.

To further validate the thermal fluctuation method, we

compared the 2D kinetic rates measured by this method with

those measured by the adhesion frequency assay (6), which

has been extensively used to determine many receptor-ligand

interactions. In the adhesion frequency assay, binding is

determined mechanically by separating the two surfaces like

the pulling method (Fig. 1, B and C). The presence of a

molecular bond is detected using an ultrasensitive picoforce

transducer, such as a pressurized RBC or a BFP, because the

interaction force will resist surface separation until the bond

ruptures. Rather than measuring rupture forces, the adhesion

frequency assay estimates the likelihood of adhesion, or

adhesion probability,Pa, from the frequency of adhesion enu-

merated from a large number of repeated controlled contacts.

Pa is related to the contact time tc through a probabilistic

model (6):

Pa ¼ 1� expf�mrmlAckon½1� expð�koff tcÞ�=koffg: (4)

Using the same BFP, same reagents, same site densities,

and experiments prepared the same way as those in the

thermal fluctuation method, we measured adhesion frequen-

cies in a range of contact durations for both L-selectin and

P-selectin interacting with PSGL-1. The Pa vs. tc data

(points) are shown in Fig. 5. Also shown are predictions of

Eq. 4 (curves) using the values of Ackon and koff estimated

previously from the thermal fluctuation method (Fig. 4 C)
and the known site densities mr and ml. It is evident that the

predictions agree with the data reasonably well for both the

L-selectin and P-selectin cases (Fig. 5), further supporting

the validity of the thermal fluctuation method.

DISCUSSION

In this article we developed a method for monitoring 2D

receptor-ligand interactions based on thermal fluctuations of

a BFP probe. The ability of our method to identify events

of bond association/dissociation has been demonstrated by

rigorous control experiments (Figs. 1 and 2) and kinetic ex-

periments (Figs. 3–5). The control experiments included: 1),

matching the periods with higher mean positions (x. 0) and

those with reduced standard deviations (s , 3.15 nm) (Fig.

1, B and D); 2), matching the two subpopulations in the

histograms of s-values with those of a free probe with the

same spring constant and an increased spring constant (Fig.

1, F and G), respectively; and 3), correlating the thermal

fluctuation method with the pulling method for determining

FIGURE 4 Kinetic parameters. Cellular on-rate (A) and off-rate (B) were plotted versus product of the site densities of the interacting molecules, L-selectin

and PSGL-1. Data (points, error bar¼ 95% confident interval) were, respectively, fitted by a straight line that passed the origin (A) to estimate a molecular 2D

effective on-rate ÆAckonæ (best-fit equation and R2 were indicated) or by a horizontal line (B) to estimate the average off-rate Ækoffæ (indicated). (C) Comparison of

kinetic rates of PSGL-1 interacting with L-selectin and P-selectin.

FIGURE 5 Comparison between theory and experiment. Frequencies of

adhesion mediated by PSGL-1 interacting with L-selectin (n) or P-selectin

(s) were measured at indicated contact times (points, mean 6 SE of three

probe-target pairs) by averaging the adhesion scores (1 for pulling and 0 for

no pulling at the end of the contact time of each test cycle) from 100 test

cycles per probe-target pair. Theoretical adhesion frequencies as functions of

contact time were predicted (curves) by Eq. 4 using the kinetic rates from

Fig. 4 C and molecular densities measured from independent experiments

(mrml, ¼ 0.2 and 0.15 3 105 mm�4 for the L- and P-selectin cases,

respectively).
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the presence/absence of a bond (Fig. 2). The kinetic

experiments included: 1), independently measuring on-rate

and off-rate as well as their dependence on the interacting

molecules from separate data of the same experiment (Fig.

3); 2), confirming the mass action effect on the cellular on-

rate mrmlAckon and the lack of such effect on the off-rate koff
(Fig. 4); and 3), comparing the theoretical Pa vs. tc curves
predicted using kinetic rates obtained by the thermal fluctu-

ation method with the experimental data measured directly

by the adhesion frequency assay (Fig. 5). Collective data from

all these tests provide convincing evidence for the validity of

the new method.

We have demonstrated the utility of the thermal fluctua-

tion method by 2D kinetics measurement, which is an

extension of our previous adhesion frequency method (6).

Both assays employ the same experimental procedures (Fig.

1, B and C). However, the adhesion frequency assay acquires
only one bit of information: whether adhesion is present

or not at the end of the contact time. By comparison, the

thermal fluctuation assay measures when bonds form and

dissociate, which greatly increases the quantity, quality, and

variety of information. For example, the adhesion frequency

assay obtained a binary adhesion score, 0 or 1, for each of the

two test cycles shown in Fig. 1, B and C. By comparison, we

learned from the thermal fluctuation assay that bonds formed

six (Fig. 1 B) or two (Fig. 1 C) times, respectively, at 2.75,

3.15, 3.48, 3.76, 4.82, and 5.56 s (Fig. 1 B) or 2.07 and 2.93 s
(Fig. 1 C), respectively, which dissociated at 2.80, 3.25,

3.54, 3.86, 5.31, and 5.83 s (Fig. 1 B) or 2.35 and 5.8 s (Fig.

1 C), respectively. Simple processing of these data yields

0.35, 0.23, 0.22, 0.96, and 0.25 s (Fig. 1 B) or 0.58 s (Fig.

1 C) waiting times and 0.05, 0.10, 0.06, 0.10, 0.49, and 0.27 s

(Fig. 1 B) or 0.28 s (Fig. 1 C) bond lifetimes, respectively.

Compared to the adhesion frequency assay, the thermal

fluctuation assay acquires more data in a shorter time and

improves the reliability of the estimated kinetic rates. The

kinetic rates are evaluated by a two-parameter fit of Eq. 4 to

the Pa vs. tc data in the adhesion frequency assay (6), which

may use errors in one parameter to compensate for errors in

the other parameter to achieve an apparently good fit. By

comparison, the bond formation and dissociation events can

be visualized individually in the thermal fluctuation assay,

which enables segregation of waiting times from bond life-

times to allow their respective analysis with two separate

single-parameter fits, one for on-rate (Eq. 2) and the other for

off-rate (Eq. 3), which are much more robust.

Careful inspection of Fig. 5 reveals that the theoretical

predictions slightly underestimate the experimental data.

Fitting Eq. 4 to the data returns a larger cellular on-rate

mrmlAckon than, but a similar off-rate koff to, their respective
counterparts measured from the thermal fluctuation method.

A possible explanation is that in the adhesion frequency

assay, the probe and the target are pressed against each other,

resulting in a larger contact area Ac than that in the thermal

fluctuation method where the two surfaces are in contact via

thermal fluctuation but not by compression. In fact, the data

of higher mean positions when a bond was formed, as

observed in Fig. 1 B, suggest that the two surfaces were

separated by an average distance greater than the molecular

length of the receptor-ligand complex by 10–12 nm. Although

thermal fluctuations did bring the probe into contact with the

target to enable bond formation, such contact was likely

transient and discontinuous. In other words, the holding time

of the approach-push-retract-hold-return cycle was likely

broken down into interlude periods of contact and noncontact

(4). This is in contrast to the case of the adhesion frequency

assay where the two surfaces were more likely to be in con-

tinuous contact.

The above reasoning suggests that the thermal fluctuation

method can be used to measure not only on-rate but also its

dependence on themean distance xm between the two surfaces.

Increasing this gap distance is expected to reduce the mean

collision frequency, encounter duration, and contact area,

thereby decreasing the rate of bond formation. Furthermore,

thermal fluctuations of the probe are Brownian motion

confined in an energy well U ¼ 0.5k(x � xm) with an equi-

librium position at xm and a curvature defined by the BFP

spring constant k. Tuning the spring constant stiffer is

expected to reduce the probe thermal fluctuations, thereby

decreasing the rate of bond formation. Thus, our method can

be used to measure the mechanical regulation of on-rate by

separation distance between the probe and target and by the

BFP stiffness.

The thermal fluctuation method measures both on- and

off-rates by sorting different intervals from the same time

course into waiting times and bond lifetimes. Increasing the

separation distance will affect not only on-rate as described

above, but also off-rate because the bonds so formed will be

subjected to a force f, as visualized in Fig. 1 B. Lifetimes of

bonds of P-selectin (2) and L-selectin (15) with PSGL-1 have

been measured as functions of force for f . 5–10 pN by

atomic force microscopy (2,15) and by BFP (11). Extrap-

olating these koff vs. f data to zero force yields values much

greater than those actually measured here, suggesting that

there may be unexpected changes in the range of 0 , f , 5

pN. The thermal fluctuation method should be ideal for such

studies.

Measuring mechanically regulated 2D kinetics is only one

of many possible applications of the thermal fluctuation

method. Different receptor-ligand complexes exhibit differ-

ent mechanical properties, which are predicted to reduce

thermal fluctuations by different amounts (9). Indeed, pre-

liminary support for this prediction has already been seen in

the histogram analysis of s-data (Fig. 1, F and G). It is
evident that the peak of the subpopulation of s-values that
corresponded to the probe bound to the target by an L-selectin

bond (Fig. 1 F, �s1 ¼ 1.6 nm) was left-shifted relative to that

by a P-selectin bond (Fig. 1 G, �s1 ¼ 2.2 nm). These data

suggest that we may be able to identify the type of bonds

formed/dissociated in addition to when they are formed/
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dissociated. This expanded capability can be used to study

how multiple species of receptor-ligand interactions cooper-

ate to mediate adhesion not only between two beads but also

between a bead and a live cell to allow study of signaling.

Finally, we note that the thermal fluctuation method can be

implemented using an optical trap or laser tweezers. In fact,

optical trap was used as a force sensor to monitor the mean

bead position change as an identifier for antibody-antigen

dissociation and association events in a manner similar to

those observed in Fig. 1 B (arrowheads) (16). Laser tweezers
were used to detect bindings of single myosin to an actin

filament by analyzing the correlated diffusion between two

trapped beads linked by the actin filament (17). Thus, our

newly developed method should have broad applications

because it can measure a wide variety of parameters for

interacting receptors and ligands using commercially avail-

able instruments.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.
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