Cellular and Molecular Bioengineering, Vol. 1, No. 4, December 2008 (© 2008) pp. 276-288

DOI: 10.1007/s12195-008-0024-8

Molecular Interactions

Measuring Receptor-Ligand Binding Kinetics on Cell Surfaces:
From Adhesion Frequency to Thermal Fluctuation Methods

WEI CHEN,! VERONIKA I. ZARNITSYNA,” KRISHNA K. SARANGAPANI, ' JUN HUANG,? and CHENG Zuu'*?

'Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA; and 2Coulter
Department of Biomedical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

(Received 4 August 2008, accepted 19 September 2008, published online 15 November 2008)

Abstract—Interactions between surface-anchored receptors
and ligands mediate cell-cell and cell-environment commu-
nications in many biological processes. Molecular interac-
tions across two apposing cell membrane are governed by
two-dimensional (2D) kinetics, which are physically distinct
from and biologically more relevant than three-dimensional
(3D) kinetics with at least one interacting molecular species
in the fluid phase. Here we review two assays for measuring
2D binding kinetics: the adhesion frequency assay and the
thermal fluctuation assay. The former measures the binding
frequency as a function of contact duration and extracts the
force-free 2D kinetics parameters by nonlinearly fitting the
data with a probabilistic model. The latter detects bond
formation/dissociation by monitoring the reduction/resump-
tion of thermal fluctuations of a force sensor. Both assays are
mechanically based and operate at the level of mostly single
molecular interaction, which requires ultrasensitive force
techniques. Characterization of one such technique, the
biomembrane force probe, is presented.

Keywords—Adhesion frequency assay, Thermal fluctuation
assay, Micropipette, Biomembrane force probe, Kinetics,
Receptor-ligand interaction.

INTRODUCTION

Communication between cells with each other and
with their environment is mediated via specific recep-
tors on their surfaces. Although unraveled genome for
key organisms has provided a lot of information about
different surface molecules as corresponding gene
products, only a fraction of them have functions
assigned and even fewer have been studied in detail.
Traditionally, receptor—ligand interactions are char-
acterized by ensemble assays with at least one of the
molecules purified from the cell membrane. The assays
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are carried out in the fluid phase, e.g., using the surface
plasmon resonance technique. These are referred to as
three-dimensional (3D) assays and are described in
terms of a chemical reaction framework through
receptor and ligand concentrations, kinetic rates, and
binding affinity. While sufficient for a proper descrip-
tion in homogeneous solution, these properties by
themselves are often insufficient for determining the
interaction of the same molecules residing in their
natural environment on the cell membrane. This is
because cell surface molecules can be clustered, parti-
tioned in cell surface structures such as membrane
rafts, or linked to cytoskeleton directly or via other
docking molecules, which can impact binding by sig-
naling that changes molecular conformations. On the
cell, molecules of interest may be abundant but inac-
tive due to specific cellular environment or the same
molecules may exhibit different activities in different
areas or times. These features make ensemble assays
insufficient, even if they are carried out on the cell
surface, because the properties so measured represent
ensemble averages only. It also calls for single molecule
studies because these experiments probe molecular
interactions one by one, thereby allowing for mea-
surement of not only average properties but also their
distributions.

Another important feature of receptor-mediated cell
adhesion is that molecular interactions take place in
two dimensions (2D) as both receptors and ligands are
anchored to the respective surfaces of two apposing
cells or a cell and a substrate. This situation is ideal for
single-molecule force techniques because the sensitive
force probes can be functionalized with interacting
molecules. A molecular interaction manifests as a
mechanical force through a receptor-ligand bond that
physically connects two surfaces, one of which can be
the force probe (the other is referred to as the target
surface in this paper). Single-molecule biomechanical
experiments with atomic force microscopy (AFM) or
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other ultrasensitive force techniques for measuring
unbinding forces for dynamic force spectroscopy
analysis or unfolding of protein domains are discussed
in other papers of this thematic issue. In this review, we
summarize our previous work that uses an adhesion
frequency assay” and a thermal fluctuation assay' to
extract kinetic information of receptor—ligand inter-
action from measured binding events.

ADHESION FREQUENCY ASSAY

The simplest mechanical measurement is the detec-
tion of the presence of adhesion mediated by specific
receptor—ligand bond(s) at a given time, regardless of
how many bonds are involved, how long they last, and
how big a force is required to detach the adhesion. It is
desirable, but not required, that the observed adhesion
is mediated by a single bond. To achieve single-bond
measurement requires the use of a force probe with
sufficient sensitivity for single-bond detection and
experimental conditions that limit multi-bond interac-
tions, e.g., using low site densities (compared to the 2D
Ky) of receptors and ligands on the respective surfaces
such that binding events become rare, which is a nec-
essary but not a sufficient condition.'” There is also no
need for a quantitative measurement of the rupture
force required to detach the adhesion (when adhesion
is present). It suffices to determine qualitatively whe-
ther an adhesion is present. In the original adhesion
frequency assay,” the adhesion sensor used was a
human red blood cell (RBC) aspirated by a micropi-
pette via a small suction pressure (Fig. 1), which was
previously used by Evans and coworker to measure
piconewton-level adhesion forces.> Here, the sensor
precision for the force measurement is not a require-
ment because adhesion can be visualized microscopi-
cally from the elongation of RBC membrane (Fig. 1c).
But its sensitivity is important because insufficient
sensitivity would miss adhesion events mediated by
weak interactions, thereby underestimating the adhe-
sion frequency (below). The ability of the aspirated
RBC sensor to detect weak interactions will be dem-
onstrated in section “Characterization of BFP”” where
the BFP calibration is discussed.

Although this simplest measurement produces only
a random binary readout of either adhesion (scored 1)
or no adhesion (scored 0), it can be used to estimate the
probability of adhesion, e.g., from the frequency of
adhesion, i.e., the average of adhesion scores from
repeated measurements. When adhesion becomes
infrequent and requires a probabilistic description for
its presence, the number of molecular bonds that
mediate adhesion must be low and should follow a

Poisson distribution'’:

(n)"
po =0 exp(—(n), (1)

n!
where p,, is the probability of having n bonds and {(n) is
the average number of bonds, which can be smaller
than 1 under infrequent adhesion condition. The

probability of adhesion P, is:
Po=1—py=1-exp(—{n)). 2)
The average number of bonds is a statistic equiva-
lent to the density of bonds, which increases with
increasing densities of receptors and ligands due to
mass action and changes during a kinetic process
depending on time and the kinetic rate constants. For a
second-order forward, first-order reverse, single-step
bimolecular interaction,

ky
R+L=B, (3)
k[

where R, L, and B denote, respectively, the receptor,
ligand, and bond, and k,; and k_; denotes the
respective on- and off-rate constants, (n) obeys the
following kinetic equation and initial condition:

d(n)
dt.

=mumAck,1 —k_1(n) and (n)\tc:O: 0, (4)

where A, is the contact area and 7. is the contact
duration, m, and m, are receptor and ligand surface
densities, respectively. The solution is:

<n> = ”’lrmlAcKa[1 - exp(_kfltc)]v (5)

where K, = k. /k_; is the binding affinity. Substi-
tuting Eq. (5) into Eq. (2) yields?

P, =1 —exp{—mm AK,[l —exp(—k_11.)]}. (6)

Unlike 3D assays where soluble molecules in the
fluid phase can diffuse to the vicinity of the counter-
molecules, 2D assay requires that the force probe and
the target surface be brought into contact because
interaction would not be physically possible if the two
surfaces are separated by distances greater than the
span of the receptor-ligand complex. Thus, the initia-
tion of interaction is, in a sense, ‘‘staged” by the
experimenter who puts the two surfaces into contact,
controls the area and duration of the contact, and
observe the outcome of such an adhesion test at the
end of the contact when the two surfaces are separated.

To estimate P, from the average adhesion score in a
series of repeated contact—separation cycle (called
adhesion test cycle) requires that the parameters on the
right-hand side of Eq. (6) be constants. In the micro-
pipette adhesion frequency assay,” the adhesion test
cycle is controlled via computer-driven micromanipu-
lation to ensure each contact is as close to identical to
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FIGURE 1. Micropipette-aspirated RBC adhesion sensor. A micropipette-aspirated T cell (a, leff) was driven by a piezoelectric
translator to make a controlled contact with a RBC coated with MHC held stationary by another pipette (b, right). At the end of the
contact period, the computer-driven translator retracted the pipette to the starting position. An adhesion, if present, would result in
elongation of the RBC upon its retraction, enabling visual detection of the adhesion (c). The RBC membrane would retract away
from the T cell surface smoothly if there was no adhesion (d). Reproduced from Huang et al.®> with permission.

any other contacts as possible to yield constant 4. and
te. The “apparent” contact area A, can be visualized
microscopically, as shown in the side view photomi-
crograph of Fig. 1b. However, the functional contact
area 4. depends on the microtopology of the cell sur-
face.'* Furthermore, making a contact is a process that
starts from a point to the final area, which requires
time (termed lead time). Similarly, separating a finite
contact and stretching the RBC membrane to the point
when visual detection can be reliably made is also a
process that requires time (termed dead time). It is
implied in the derivation of Eq. (6) that the sum of
these times is much smaller than 7. such that the lead
time and dead time are negligible during the course of
a test cycle. This requirement places a limitation to the
temporal resolution of the assay such that the half-life

of the molecular interaction in question has to be much
longer than the sum of lead time and dead time.’

The molecular densities m, and m; are usually
assumed constant because the contact time 7. (< 1 min)
is much shorter than the time 74 required to recruit
molecules into the apparent contact area A, (~3 um?)
from outside by diffusion. Indeed, for a typical diffu-
sion coefficient D ~ 0.01 um?/s of cell surface mole-
cules 74 can be estimated as A:/D ~ 5 min."* However,
this assumption will be invalid if engagement of
receptors by their adhesive ligands triggers cell sig-
naling that results in reorganization of cell surface
structures, such as changes in clustering of receptors
and/or their partitioning in membrane microdomains.
Signaling can also alter the kinetic rates and binding
affinity, thereby violating the assumption of constant
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K,, k_;, and/or k.. These events can occur in short
time, thereby complicating the analysis and interpre-
tation of the adhesion score sequence measured from
the adhesion frequency assay. In fact, a recent study
has demonstrated that the adhesion probability of a
test cycle in a repeated test series may depend on the
outcome of the prior test(s) in the sequence.'® All three
possible cases have been observed: the adhesion
probability of the next test can be increased (positive
memory), decreased (negative memory), or unchanged
(no memory) by the adhesion of the immediate past
test. The underlying causes of the memory effects are
not clear, but may involve signaling that transiently
changes the surface organization of the interacting
molecules and/or their binding affinity.

Returning to the simple case with constant param-
eters, Eq. (6) states that the likelihood of observing
adhesion, P,, depends on the time when the observa-
tion is made relative to the time when the contact is
initiated, i.e., the contact duration, f.. If the adhesion
frequency is measured over a range of contact dura-
tions, fitting Eq. (6) to the measured P, vs. 7. binding
curve then allows estimation of the 2D kinetic rates
and binding affinity, provided that the receptor and
ligand densities are measured from independent
experiments.

Two sets of example data of the adhesion frequency
assay for measuring 2D binding kinetics are shown
in Fig. 2. Figure 2a shows P, vs. . data of CD8, a
coreceptor expressed on T lymphocytes from mono-
clonal T cell receptor (TCR) transgenic mice, inter-
acting with a noncognate peptide bound to mouse
major histocompatibility complex (pMHC) molecule
coated on the surface of a human red blood cell
(RBC).> Note that a single set of kinetics parameters
enable the model to best fit the data with varied surface
densities of receptors and ligands.

Although the adhesion frequency assay was origi-
nally proposed using the micropipette technique
(Fig. 1), it can be implemented using other ultrasen-
sitive force techniques, such as optical tweezers,'”
biomembrane force probe (BFP, Fig. 3),' and AFM.
As another example, Fig. 2b shows P, vs. . data of
L- or P-selectin reconstituted in glass-supported lipid
bilayer® interacting with endoglycan-Ig chimeric mol-
ecule captured on the AFM cantilever tip by protein
G."" In these experiments, the protein G-coated AFM
cantilever was driven into (approach phase) and
out of contact (retraction phase) with the selectin-
incorporated bilayers using a piezo actuator. The
deflection of the cantilever was continually monitored
using a laser beam-bounce technique. An adhesion
event was characterized by the visible bending of the
cantilever during the retraction phase, leading to a
force build-up. Followed by the raising force is the
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FIGURE 2. Adhesion frequency vs. contact duration plots. (a)
Data (points) measured using three sets of site densities
(indicated), each obtained from 15 to 29 pairs of CD8+ T cells
and noncognate pMHC-coated RBCs contacting 50 times each,
were presented as mean = SEM at each contact duration.
Equation (6) was globally fit (curves) to all three data sets with
k.1=112+015s ' and A.K,=6.66 = 0.36 x 107 ym.2
Reproduced from Huang et al.® with permission. (b) Endogly-
can-lg captured on an AFM cantilever tip precoated with protein
G'?was driven to repeatedly contact L-selectin (A\) or P-selectin
(O) reconstituted in glass-supported lipid bilayer.® Data
(points) were fitted (curves) by Eq. (6) with k_; = 3.55 s™' and
mmA:K, =0.19 for L-selectin and k_;=1.57s"' and
m.mA:K, = 0.42 for P-selectin.

eventual dissociation of the bond, causing the canti-
lever to snap back to zero mean force position, as
signified by the precipitous drop of the force curve
(cf. Fig. 7a). The contact area size A, can be con-
trolled by keeping the compressive force of the can-
tilever tip pressing against the bilayer the same for all
contacts. When the force sensor involves RBCs or
microspheres as in the cases of micropipette, optical
tweezers, and BFP, the surface densities of the mole-
cules can be determined by flow cytometry using
fluorescently labeled monoclonal antibodies against
the molecules. By comparison, it is more difficult to
measure the site density on an AFM cantilever,
especially on the sharp tip with a radius of curvature
of ~50 nm. Hence, an adhesion frequency experiment
using AFM would only give us a “lumped” value for
mmAK, but not the individual values.
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FIGURE 3. Photomicrograph 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 a high-speed camera and analyzed by advanced tracking
software.

CHARACTERIZATION OF BFP

The thermal fluctuation assay, to be discussed in the
next section, requires an ultrasensitive force sensor
with a soft spring (the spring constant should be
smaller than those of the interacting molecules), such
as a BFP or optical tweezers. A BFP is a high-tech
version of a micropipette, which includes a probe bead
glued to the apex of the micropipette-aspirated RBC as
a picoforce transducer (Fig. 3, left). Observed under an
inverted microscope (Zeiss Axiovert 100 with 40x
objective and 4x video tube), the position of the probe
bead is tracked by a high-speed camera (1,500 frames
per second, Cooke SensiCam) with customized and
advanced image analysis software to achieve high
spatial precision. In order to achieve high frame rates,
the high-speed camera only captures a narrow strip of
the field of view (1024 x 27 pixels), which is binned
into a single line. This line is then transferred from the
camera to the computer to carry out the online image
analysis to determine the darkest position of the left
edge of the probe bead (Fig. 3). A target bead (or cell)
is aspirated by an apposing micropipette (Fig. 3, right)
driven by a computer-controlled piezo translator
(Physik Instrument).

Since our BFP was custom-designed by Dr. Evan
Evans, who helped us assemble it in our laboratory, we
first present characterization of our BFP apparatus in
this section. To determine the spatial precision of our
BFP (Fig. 3), we compared the displacements of the
target bead tracked by the image tracking system
(Fig. 4a, red circles, left ordinate) with the displace-
ments of piezo translator that drove the right pipette on
which the target bead was aspirated (Fig. 4a, green
squares, left ordinate). The piezo translator used an
integrated capacitive feedback control to achieve sub-
nanometer spatial precision and was programmed to
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FIGURE 4. Characterization of the tracking precision of BFP.
(a) Comparison of the piezo displacements (green, [J) and the
tracked displacements (red, O). The differences between them
are shown as blue (2). (b) Histogram (bars) of the differences
between the piezo and tracked displacements. It is fitted by a
Gaussian distribution (curve).

travel back and forth in a quasi-rectangular waveform.
It is evident that the tracked displacements followed the
programmed displacements very well (Fig. 4a). The
differences between the two (Fig. 4a, blue triangles,
right ordinate) were analyzed by histogram (Fig. 4b),
which follows a Gaussian distribution with a standard
deviation of ~3 nm. This analysis establishes that the
spatial precision of our image tracking system is +3 nm.

Both the simple micropipette system (Fig. 1) and the
more sophisticated BFP (Fig. 3) use a pressurized RBC
as an ultrasensitive force transducer. The 3-nm spatial
precision of the BFP’s image tracking system can be
translated to sub-piconewton force sensitivity by mul-
tiplying the axial deflection of the RBC force trans-
ducer by its “spring constant”, k. Several approximate
expressions for k, have been derived based on mem-
brane mechanics, for example, the equation by Evans
et al.* reads

TRy Ap
(1= Ry/Ro)In [4R}/(R,R.)]’

ky ~ (7)
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where Ap is the suction pressure and R, Ry, and R, are
the respective radii of the pipette lumen, the spherical
portion of the aspirated RBC, and the adhesive contact
between the RBC and the probe bead (cf. Fig. 3).

Calibration of the BFP spring constant can be done
using thermal fluctuation analysis, which is based on
the equipartition theorem,

1 1
EkaaI'(X) = 5kBT7 (8)

where var(X) is the variance of the thermally excited
random displacements X of the force probe, kg is the
Boltzmann constant, and 7 is the absolute tempera-
ture. Figure 5 compares the time courses of displace-
ments of the target bead (Fig. 5a), the probe bead
(Fig. 5b), and the left pipette mouth on which the RBC
was mounted (Fig. 5¢) while the two pipettes were held
stationary. It is evident that the force probe displace-
ments exhibit significantly larger fluctuations than
those of the other two sites, indicating that the large
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FIGURE 5. lllustration of thermal fluctuations. Tracked dis-
placements of the target pipette (a), the force probe (b), and
the probe pipette (c) over time during which both pipettes
were held stationary. (d) Comparison of the 15-point sliding
standard deviations of the fluctuating displacements in a-c
(color-matched).

fluctuations are caused by thermal excitation of the
force probe confined by a very soft spring.

Due to the finite temporal resolution (limited by the
camera speed), the measured displacements X;, are an
average of X over the time window during which a single
frame of image is acquired. This causes a so-called “mo-
tion-blur” effect, as discussed by Wong and Halvorsen'”
and references therein, that reduces the measured vari-
ance var(X,,) from var(X) by a factor of S(x), i.e.,

var(X) = var(Xp)S~ ! («). 9)
S(e) is the motion-blur correction function,'”

2 2

S(a) =~ — 5[l —exp(~a)], (10)
where « is the ratio of the camera exposure time to the
characteristic fluctuation time of the BFP, represented by
the ratio of its spring constant to its friction coefficient.
Thus, o = Ak, where 4 is proportional to the camera
exposure time but inversely proportional to the BFP
friction coefficient. Since k,, = CAp from Eq. (7), it fol-
lows from substituting Egs. (8) and (10) into Eq. (9) that

CkeTf 2 2
CAp | ACAp  (ACAp)?

var(Xmy) 1 exp(ACAp)]}.

(11)

To correct for low frequency drifts, we calculated a
series of var(X,,) values after passing the displacement
data through a series of high-pass filters and extrapo-
lated the ‘“drift-free” variance from the var(X,,) vs.
filter frequency plot."?

Two sets of drift-free var(X,,) were plotted vs. 1/Ap,
one measured in hypotonic condition (Fig. 6a) and the
other in isotonic condition (Fig. 6b). As expected, the
var(X,,) of the force probe increased as the suction
pressure decreased. By comparison, the control
var(Xy,) measured from the target bead and the left
pipette mouth did not response to the changes of the
suction pressure and was very small (<2 nm?), indi-
cating a very low noise level of our system. Equation
(11) was nonlinearly fit to the background-subtracted
var(Xy,) vs. 1/Ap data, which returns two parameters,
A and C. This allows for calculation of the corrected
var(X) from var(Xy,) using Eqgs. (9) and (10) with
o = ACAp, which is plotted vs. 1/k, calculated from
Eq. (7) for hypotonic (Fig. 6¢) and isotonic (Fig. 6d)
conditions. Both data sets display a linear trend, as
predicted by Eq. (8). The linear fit to the data in Fig. 6¢c
has a slope of 4.0 pN-nm, in excellent agreement with
the kgT value at room temperature, supporting the
validity of Eq. (7) in the hypotonic condition. By
comparison, fitting the data in Fig. 6d with a
straight line returns a slope of 2.5 pN-nm, significantly
smaller than the 4.1 pN-nm value predicted by the
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FIGURE 6. Calibration of BFP spring constant. (a, b) The
background-subtracted drift-free variance var(X,,) of a BFP
force probe (O) is plotted vs. reciprocal suction pressure 1/Ap
under which the fluctuating displacements were measured in
hypotonic (a) or isotonic (b) condition and fitted by the motion-
blur model Eq. (11) (curve). The variances of the target bead ()
and the probe pipette ({J) are also plotted in (a), which serve as
the background. (c, d) The motion-blur corrected variance
var(X) (O) is plotted vs. 1/k, calculated from Eq. (11) using
parameters from the experiments under which the fluctuating
displacements were measured in hypotonic (c) or isotonic (d)
condition and fitted by a straight linear that passes the origin.

equipartition theorem, suggesting that Eq. (7) is not
valid in the isotonic condition. The assumptions
underlying the analysis that yield Eq. (7) are reason-
able when the RBC is swelled in hypotonic medium
and forms a sphere after being aspirated by a pipette of
2-3 um inner diameter to form a short cell tongue
inside the pipette (cf. Fig. 3). These assumptions break
down when isotonic medium is used. RBCs have a
biconcave discoid shape in isotonic medium. To form a
sphere from part of the cell requires the use of a
smaller pipette to aspirate the rest of the cell into the
pipette to form a much longer cell tongue, which
greatly increases the friction between the pipette wall
and the cell membrane, invalidating the frictionless
assumption required for the analysis. Nevertheless, we
should still be able to directly use the value C obtained
by fitting Eq. (11) to Fig. 6b to calculate k, = CAp for
the spring constant for a BFP in the isotonic condition.

THERMAL FLUCTUATION ASSAY

The adhesion frequency assay discussed in sec-
tion “Adhesion Frequency Assay” extracts kinetic

information from the dependence of adhesion
frequency P, on contact duration 7.> Adhesion is
measured mechanically by separating the force probe
(pressurized RBC or AFM cantilever) from the target
to detect the presence of a receptor-ligand bond or
bonds that connect the two surfaces at the end of a
contact but not when a bond forms or dissociates
during the contact. Therefore, kinetics of molecular
interaction must be inferred from fitting a model, e.g.,
Eq. (6), to the P, vs. #. data (Fig. 2).? By comparison, a
recently developed thermal fluctuation assay can pin-
point the association and dissociation events at the
single-bond level during the contact period without
separating the two surfaces.! This greatly enhances the
quantity, quality, and reliability of the information
obtained, which makes kinetic measurements much
simpler and more robust.

The idea of the thermal fluctuation assay is as fol-
lows. Due to their ultrasensitivity, force probes used
for single-molecule experiments are usually susceptible
to thermal fluctuations, as discussed in the preceding
section (cf. Fig. 5). Formation of a molecular bond
spanning across the gap between the force probe
and the target physically connects the two surfaces
together, which reduces the thermal fluctuation of the
force probe. This is because bond formation adds
mechanically the molecular spring k, to the force
probe spring k,, thereby giving rise to a stiffer system
spring k; that is equivalent to two springs in parallel'®:

ks = ki + k- (12)

Indeed, this idea has been employed to measure the
molecular elasticity of P- and L-selectins from the
decreased thermal fluctuations of an AFM cantilever
due to bond formation.” In this work, the AFM canti-
levers have a nominal spring constant of k, ~ 10 pN/
nm and the molecular spring constants are k,, ~ 1 and
4 pN/nm for P- and L-selectins, respectively.” Adding a
molecular spring constant of this magnitude in parallel
to the cantilever spring constant results in a 10-40%
increase in the system spring constant and a 10-40%
decrease in the thermal fluctuations. This is shown in
Fig. 7 where cantilever deflection vs. time (Figs. 7a, b),
15-point sliding standard deviation of the cantilever
deflection vs. time (Figs. 7c, d), and their corresponding
histograms (Figs. 7e, f) for L-selectin (Figs. 7a, c, ¢) and
P-selectin (Figs. 7b, d, f), are respectively shown. The
differences in the deflection fluctuations (as directly
visualized or measured by sliding standard deviations)
between the free and bound cantilevers are more distinct
for L-selectin (Figs. 7a, ¢) than for P-selectin (Figs. 7b,
d). Two separate histograms are overlaid in each panel
(Figs. 7e, f), one corresponding to the thermal fluctua-
tions of a free cantilever (hatched bars) and the other to
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FIGURE 7. Comparison of thermal fluctuations of bound and free cantilever. Cantilever deflection x vs. time t curve of L-selectin/
PSGL-1 interaction (a) or P-selectin/endoglycan interaction (b) in experiment that measures bond lifetime at a constant force. (c, d)
Sliding standard deviations ¢ of 15 consecutive points of the cantilever deflection data in (a) and (b), respectively. (e, f) Histograms

of the ¢ data in (c) and (d), respectively.

those of a cantilever linked to the surface via a selectin-
ligand bond (gray bars). The differences between the
two histograms are greater for L-selectin (Fig. 7¢) than
for P-selectin, (Fig. 7f), resulting in a more distinct
separation of the two subpopulations in the former case
than the latter because restraining the cantilever tip by
the stiffer L-selectin increases the system spring con-
stant more than the softer P-selectin. Using Eq. (12), the
respective molecular spring constants for L-selectin and
P-selectin can be determined from the differences in the
peak locations of the two histograms from the respective
panels. However, there are significant overlaps between
the subpopulations under the two peaks due to the small
differences in the spring constants of the free and bound
cantilevers. This prevents the events of bond formation
and dissociation from being detected reliably with

sufficient temporal resolution, i.e., without averaging
over long periods.

This difficulty can be overcome by using softer force
probes with much smaller spring constants, such as
those in optical tweezers or BFP.' The basic experi-
mental protocol consists of the following cycle. The
piezo translator brings the receptor-coated target bead
to briefly contact with the ligand-coated probe bead,
retracts it to a desired position with sub-nanometer
precision, holds it there for a given duration, and
returns it to original position. This cycle is repeated
many times to acquire an ensemble of data for statis-
tical analysis as in the adhesion frequency assay. The
position of the probe bead is continuously recorded
and analyzed for detection of events of formation and
dissociation of receptor-ligand bonds.'
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Two such test cycles are exemplified (Figs. 8a, b) for
PSGL-1 interacting with L- and P-selectin, respec-
tively. The BFP probe was initially pushed 150 nm
by the target, returned to ~0 nm after the target was
retracted and held to allow contact with the probe via
thermal fluctuations but not by compression, and
returned to ~0 nm (Fig. 8a) when the target was
retracted again or pulled ~90 nm away by the
retracting target then springing back to ~0 nm after
adhesion between the probe and target was ruptured
(Fig. 8b). Thermal fluctuations were measured by a
sliding standard deviation of 15 consecutive points

30 ;

(@

Position x {nm}
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from the time course data (Figs. 8, d). For a BFP
spring constant of k, = 0.15 pN/nm, an expected
standard deviation of ~5.2 nm is predicted from the
equipartition theorem for a free probe at room tem-
perature (Eq. 8). Pressing the target against the probe
suppressed the thermal fluctuations. Nonrandom long-
distance travels resulted in artificially large sliding
standard deviations when the probe was pushed or
pulled by the target. After discarding these, three
intervals (arrows) were still clearly seen in Fig. 8a
where thermal fluctuations were lower than 3 nm
(horizontal solid line in Figs. 8c and 8d, which is a set

1)
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FIGURE 8. Thermal fluctuation method. (a, b) Horizontal position x of the right edge of the probe is plotted vs. time t for a
representative test cycle measuring interactions of PSGL-1 coated on the probe with L- (a) or P-selectin (b) coated on the target.
Two periods of high positions in (a) are indicated by arrowheads. (c, d) Sliding standard deviations ¢ of 15 consecutive points of
the position data in (a) and (b), respectively. (e, f) Histograms of the ¢ data in (c) and (d) (bars), respectively. The vertical dashed
line sy = 3.8 nm on each panel is one standard deviation (1.3 nm) to the left from the peak at 5.1 nm. The vertical solid line
o = 3.15 nm on each panel is 1.5 standard deviation to the left from the same peak. These thresholds are marked in (c) and (d) as
horizontal lines to identify bond association/dissociation events, which are marked by the respective down and up arrows.
Arrowheads indicate intervals deemed indeterminate for whether they corresponded to free or bound probes because data lay
between the two thresholds. Reproduced from Chen et al.' with permission.
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threshold of one standard deviation lower than that
expected for a free probe when the probe was neither
pushed nor pulled), suggesting the presence of a bond
in these intervals. Indeed, the mean deflections in these
periods were shifted upward due to bond formation
across a mean gap distance that was slightly larger
than the length of the L-selectin/PSGL-1 complex. The
threshold method also allowed determination two
periods in Fig. 8d in which a bond was present despite
the fact that no upward shift of the mean deflection
was observed in Fig. 8b, presumably because the mean
gap distance between the two surfaces was no larger
than the length of the L-selectin/PSGL-1 complex. The
suggested absence or presence of a bond immediately
prior to the target retraction was confirmed by the
observation that the probe was not (Fig. 8a) or was
(Fig. 8b) pulled by the retracting target.

Figure 8 is similar to Fig. 7; however, the much
softer spring constant of the BFP compared to AFM
resulted in clear changes in the displacement fluctua-
tions when a bond is formed or dissociates (Figs. 8a, b
compared to Figs. 7a, b), which manifests as a sudden
decrease or increase in the standard deviations
(Figs. 8c, d compared to Fig. 7c, d), enabling us to
pinpoint the time when bond formation or dissociation
occurs even when the force probe is placed so close to
the target that bond dissociation does not result in a
significant shift in the mean displacement (Fig. 8b
compared to Fig. 8a and Figs. 7a, b). The two peaks in
each of the standard deviation histograms corre-
sponding to the free and bound force probe are clearly
separated with minimal overlaps (Figs. 8e, f compared
to Figs. 7e, f). The amount of left shift of the dis-
placement standard deviation resulted from bond for-
mation is smaller for P-selectin than for L-selectin,
consistent with the fact that P-selectin has a smaller
molecular spring constant than L-selectin. This sug-
gests that the thermal fluctuation assay can distinct the
type of bonds in addition to identifying the bond
formation and dissociation events.

The correlation (or lack thereof) between the two
methods of determining the presence of a bond—by
the target pulling during its retraction and by the
reduced thermal fluctuations immediately prior to
the retraction—can be used to test the reliability of the
thermal fluctuation method to determine the presence
of a bond at a particular moment. In 725 tests similar
to those shown in Fig. 8, Chen er al.' found ~10% too
close to call because their thermal fluctuations imme-
diately prior to the target retraction were in between
the upper and lower bounds they chose to separate a
free probe from a probe linked to the target by a bond
(e.g., in the level similar to those indicated by arrow-
head in Fig. 8a). In the remaining 90% of the tests,
>96% of the times the thermal fluctuation method

reported correctly either having or not having a bond
as confirmed by the pulling method (Fig. 9, two diag-
onal bars). False positive (events scored as having a
bond by the thermal fluctuation method but not con-
firmed by the pulling method) and false negative
(events scored as not having a bond by the thermal
fluctuation method but shown to have a bond by the
pulling method) were <3.5% (Fig. 9, two off-diagonal
bars). These results support the reliability of deter-
mining bond formation and dissociation events based
on the reduction and resumption of thermal fluctua-
tions.

The ability to pinpoint when bond formation and
dissociation take place enables measurement of 2D
receptor—ligand binding kinetics. The period from the
instant of dissociation of an existing bond to the
instant of formation of the next bond is the waiting
time ¢, and the period from the instant of bond for-
mation to the instant of bond dissociation is the bond
lifetime #. A pooled collection of waiting times can be
analyzed by the first-order kinetics of irreversible
association of single bonds:

P, =1 —exp(—mm Ak ty) (13)

1 — P, is the probability for no bond to form during
the interval [0, ¢,,]. Taking the natural log of (1 — P,)
linearizes the exponential waiting time distribution
given by Eq. (13). The negative slope of the In(# of
events with a waiting time > 1) vs. t,, plot provides an
estimate for mmAck 11 (Fig. 10a). Similarly, a pooled
collection of bond lifetimes can be analyzed by the
first-order kinetics of irreversible dissociation of single
bonds:

# of Events

FIGURE 9. Correlation between two methods for determin-
ing the presence of a bond. Reproduced from Chen et al." with
permission.
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FIGURE 10. Exponential distributions of pooled bond waiting times (a) and bond lifetimes (b) of PSGL-1 interacting with L- and
P-selectin, respectively. Reproduced from Chen et al.! with permission.

Py, =exp(—k_111), (14)

where Py, is the probability for a bond formed at time 0
to remain bound at time #. Taking the natural log of
Py, linearizes the exponential bond lifetime distribution
given by Eq. (14). Thus, the negative slope of the In(#
of events with a lifetime > 7) vs. #; plot provides an
estimate for k_; (Fig. 10b). Note that Egs. (13) and
(14) each contains only a single parameter, which

makes their respective curve-fitting of the waiting time
distribution (Fig. 10a) and lifetime distribution
(Fig. 10a) more robust and the best-fit parameters
more reliable.

If the negative slopes of the linear fits to the data in
Figs. 10a and 10b 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
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FIGURE 11.

Kinetic parameters. Cellular on-rate (a) and off-rate (b) were plotted vs. product of the site densities of the interacting

molecules, L-selectin and PSGL-1. Data (points, error bar = 95% confident interval) were respectively fitted by a straight line that
passed the origin (a) to estimate a molecular 2D effective on-rate (A.k,n) (best-fit equation and R? were indicated) or by a horizontal
line (b) to estimate the average off-rate (ko) (indicated). (c) Comparison of kinetic rates of PSGL-1 interacting with L-selectin and

P-selectin. Reproduced from Chen et al.' with permission.
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FIGURE 12. Comparison between theory and experiment.
Frequencies of adhesion mediated by PSGL-1 interacting with
L-selectin (A) or P-selectin (O) were measured at indicated
contact times. Theoretical adhesion frequencies as functions
of contact time were predicted (curves) by Eq. (6) using the
kinetic rates from Fig. 11c and molecular densities measured
from independent experiments (m:m,, = 0.2 and 0.15 x 10°
um~* for the L- and P-selectin cases, respectively). Repro-
duced from Chen et al.' with permission.

that observed interactions reflect predominately single
bonds. Chen ef al. tested this prediction by measuring
L-selectin-PSGL-1 interaction kinetics using four
different site densities." The cellular association rate
constant, mm Ak + 1, was found to be proportional to
the site densities of L-selectin and PSGL-1 (Fig. 11a),
as expected from second-order forward reaction (Egs.
4 and 13). The slope of the linear fit in Fig. 11a gives
the average on-rate. The off-rate constant was found to
be independent of the site densities (Fig. 11b), as
expected from Eq. (14).

The validity of the thermal fluctuation assay can be
tested by the sensitivity of the kinetic parameters esti-
mated to the molecular interactions assayed, e.g.,
L-selectin vs. PSGL-1 and P-selectin vs. PSGL-I.
Histograms of waiting times and lifetimes of these two
interactions at comparable site densities are compared
in Figs. 10a and 10b. It clearly shows that P-selectin
has faster on-rate, but slower off-rate, to PSGL-1 than
L-selectin. The kinetic rates are compared in Fig. llc,
which are consistent with previous finding that
P-selectin® has much higher affinity and slower off-rate
to PSGL-1 than L-selectin.’

The thermal fluctuation method can be further vali-
dated by comparing the 2D kinetic rates measured
by this method with those measured by the adhesion
frequency assay,” which has been extensively used to
determine many receptor-ligand interactions. As
described in the previous section, rather than measuring
rupture forces, the adhesion frequency assay estimates
the likelihood of adhesion, or adhesion probability, P,,
from the frequency of adhesion enumerated from a large
number of repeated controlled contacts. P, is related to

the contact time ¢, through a probabilistic model de-
scribed by Eq. (6) in adhesion frequency assay session.’

Using the same BFP, same reagents, same site
densities, and experiments prepared the same way as
those in the thermal fluctuation method, Chen et al.!
measured adhesion frequencies in a range of contact
durations for L-selectin (A) or P-selectin (O) inter-
acting with PSGL-1. Theoretical adhesion frequencies
as functions of contact time were predicted (curves) by
Eq. (6) using the kinetic rates from Fig. 11c and
molecular densities measured from independent
experiments. It is evident that the predictions agree
with the data reasonably well for both the L-selectin
and P-selectin cases (Fig. 12), further supporting the
validity of the thermal fluctuation method.

SUMMARY

In this paper, we have reviewed two assays for
measuring two-dimensional binding kinetics of a low
number of receptor—ligand interactions. The 2D nature
allows reaction kinetics to be assayed mechanically.
That such binding is mediated by a low number of
molecular interactions requires ultrasensitive force
techniques and a probabilistic kinetic framework for
analysis. These assays measure 2D force-free on- and
off-rates. Off-rates of biomolecular interaction are
known to be regulated by applied force,*'" which is
treated by other papers in this thematic issue. Two-
dimensional kinetics of a large number of molecular
interactions can also be assayed using a recently
developed fluorescence-based assay.'>!” Collectively,
these assays provide useful methodologies for studying
molecular interactions across two apposing surfaces.
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