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Single-molecule measurements of the interaction of leukocyte function-associated antigen-1 (LFA-1), expressed
on Jurkat T cells, with intercellular adhesion molecules-1 and -2 (ICAM-1 and ICAM-2) were conducted using
atomic force microscopy (AFM). The force spectra (i.e., unbinding force versus loading rate) of both the LFA-
1/ICAM-1 and LFA-1/ICAM-2 interactions were acquired at a loading rate range covering 3 orders of magnitude
(50-60 000 pN/s) and revealed a fast loading regime and a slow loading regime. This indicates that the dissociation
of both complexes involves overcoming a steep inner and a wide outer activation barrier. LFA-1 binding to
ICAM-1 and ICAM-2 was strengthened in the slow loading regime by the addition of Mg2+. Differences in the
dynamic strength of the LFA-1/ICAM-1 and LFA-1/ICAM-2 interactions can be attributed to the presence of
wider barriers in the ICAM-2 complex, making it more responsive to a pulling force than the ICAM-1 complex.

Introduction

The interaction of leukocyte function-associated antigen-1
(LFA-1, RLâ2) integrin with intercellular adhesion molecule-1
(ICAM-1, CD54) and ICAM-2 (CD109) contributes to cell
adhesion during leukocyte homing.1 LFA-1 is a heterodimeric
transmembrane glycoprotein expressed on leukocytes.2 ICAM-1
and ICAM-2 are composed of five and two immunoglobulin
(Ig) domains, respectively, a transmembrane domain, and a short
cytoplasmic domain. Both ICAM-1 and ICAM-2 have been
shown to be involved in cell transmigration across the unstimu-
lated endothelium, either by having overlapping functions or
working in concert.3-5 On the unstimulated endothelium,
ICAM-2 is constitutively expressed at much higher levels than
ICAM-1 and is the dominant receptor responsible for mediating
leukocyte trafficking under normal conditions.6 This changes
as ICAM-1 expression is up-regulated by inflammatory media-
tors and cytokines and ICAM-1 becomes largely responsible
for mediating the adhesion of leukocytes to the inflamed
endothelium.7

Binding of LFA-1 is localized to the first immunoglobulin
domain of both ICAM-1 and ICAM-2.8 Both ICAMs bind to
the extracellular globular headpiece of LFA-1. More specifically,
the ICAM-1 and ICAM-2 binding site has been localized to
the metal ion dependent adhesion site (MIDAS) of theR subunit
I domain. The key residues required for ICAM-1 and ICAM-2
binding to LFA-1 were identified to be Glu-34 of ICAM-1 and
Glu-37 of ICAM-2.9 These acidic residues complete the
coordination of Mg2+ in the MIDAS of the I domain upon ligand
binding.10-12 Structural and mutational studies also revealed that
a ring of hydrophobic amino acids surrounding the MIDAS of
the I domain plays an important role in LFA-1 binding.13 These
amino acids interact with complementary hydrophobic rings on
ICAM-1 and ICAM-2.

Leukocyte adhesion is enhanced by affinity and avidity modu-
lation of LFA-1 upon cell activation. Affinity modulation is

induced by inside-out signaling in vivo and can be mimicked
in vitro by treatment with Mg2+/EGTA, leading to the expression
of a high-affinity conformer of LFA-1. This process is associated
with the downward displacement of the C-terminalR7 helix of
the LFA-1 I domain that results in the opening of the ligand
binding site.14-19 Avidity modulation is associated with elevated
levels of intracellular calcium, resulting in cytoskeletal re-
arrangement and lateral redistribution of LFA-1. Enhanced
adhesion following avidity modulation results from a greater
availability of receptors for ligand binding. Experimentally,
avidity modulation can be induced by phorbol myristate acetate
(PMA), which activates protein kinase C (PKC). This leads to
the increase of intracellular calcium as well as the activation of
calpain protease, which cleaves LFA-1 from the constraints of
the cytoskeleton, thus allowing it to redistribute on the cell
surface.

Although the interactions of LFA-1 with ICAM-1 and
ICAM-2 are structurally and functionally similar, LFA-1 binds
to ICAM-1 with a 5-fold higher affinity than ICAM-2 as
measured by competitive binding assays and surface plasmon
resonance.6,14 In the current study, single-molecule atomic force
microscopy (AFM) measurements were carried out to determine
the effects of a pulling force on the unbinding of LFA-1/ICAM-1
and LFA-1/ICAM-2 complexes. These measurements revealed
the dissociation pathways of the two complexes for both low-
and high-affinity conformers of LFA-1.

Experimental Section

Cells and Reagents.The Jurkat cell line was maintained in
continuous culture in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum (Irvine Scientific, Santa
Ana, CA), penicillin (50 U/mL, Gibco BRL, Grand Island, NY),
and streptomycin (50µg/mL, Gibco BRL). The cells were
expanded on a 3-day cycle.20

ICAM-1.Fc and ICAM-2.Fc were purchased from R & D
Systems, Inc. (Minneapolis, MN). The ICAM-1.Fc chimera
consisted of all five extracellular Ig domains of human ICAM-1
(Met 1 to Glu 48) and the Fc fragment of human IgG1. ICAM-
2.Fc has both extracellular Ig domains of human ICAM-2 and
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the Fc fragment of human IgG1. Monoclonal antibodies against
ICAM-1 (clone BBIG-I1) and ICAM-2 (clone 86911) were also
purchased from R & D Systems, Inc. Antibody against LFA-1
(clone TS1.22) was purified from culture supernatant of TS1.22
hybridoma cells (ATCC, Manassas, VA) by protein A affinity
chromatography.

To induce expression of the high-affinity form of LFA-1,
Jurkat cells were activated with 5 mM MgCl2 and 1 mM EGTA.
To promote cell adhesion via avidity modulation, the Jurkat cells
were treated with 100 nM PMA from a stock solution of 1 mM
in dimethyl sulfoxide (DMSO).

Protein Immobilization. A 20 µL aliquot of ICAM-1.Fc or
ICAM-2.Fc at 20µg/mL (single-molecule experiments) or 50
µg/mL (whole-cell experiments) in 0.1 M NaHCO3 (pH 8.6)
was adsorbed overnight at 4°C on the center of a 35 mm tissue
culture dish (Falcon 353001, Becton Dickinson Labware,
Franklin Lakes, NJ). Unbound protein was removed by washing
with phosphate buffered saline (PBS, 10 mM PO4

3-, 150 mM
NaCl, pH7.3). The exposed surface of the dish was blocked
using 100µg/mL bovine albumin (Sigma) in PBS to eliminate
nonspecific binding to the dish surface. One coated dish is used
to complete each AFM experiment. Approximately 3000
measurements were typically acquired over 6-8 h during the
experiments. No decrease in the adhesion frequency was
observed.

AFM Measurements of Adhesion Forces.An apparatus
designed to be operated in force spectroscopy mode was used
to perform the AFM force measurements.21-23 Concanavalin
A (Con A)-mediated linkages were used to attach Jurkat cells
to the AFM cantilever.24 To prepare the Con A-functionalized
cantilever, the cantilevers were soaked in acetone for 5 min,
UV-irradiated for 30 min, and incubated in biotinamidocaproyl-
labeled bovine serum albumin (biotin-BSA, 0.5 mg/mL in
100 mM NaHCO3, pH 8.6; Sigma) overnight at 37°C. The
cantilevers were then rinsed 3 times with PBS and incubated
in streptavidin (0.5 mg/mL in PBS; Pierce, Rockford, IL) for
10 min at room temperature. Unbound streptavidin was removed
by rinsing in PBS. The cantilevers were then incubated in
biotinylated Con A (0.2 mg/mL in PBS; Sigma) and rinsed again
with PBS prior to use. The strength of the Con A interaction
with the cell had been previously measured and was found to
be>2 nN, which is much greater than the forces being measured
for the LFA-1/ICAM-1 and LFA-1/ICAM-2 interactions, which
are in the piconewton range.

A single Jurkat cell was attached to the cantilever by posi-
tioning the end of the Con A-functionalized cantilever above
the center of the cell and carefully lowering it onto the cell for
approximately 1 s. When attached, the cell was positioned
right behind the AFM tip of the cantilever, as illustrated in
Figure 1.24,25

The cantilever with an attached Jurkat cell was lowered onto
the sample using a piezoelectric translator. The interaction
between the attached cell and the sample was derived from the
deflection of the cantilever, which was measured by reflecting
a laser beam off the cantilever onto a position-sensitive two-
segment photodiode detector. AFM cantilevers were purchased
from Veeco (MLCT-AUHW, Veeco Probes, Santa Barbara,
CA). The largest triangular cantilever (320µm long and 22µm
wide) from a set of five on the cantilever chip was used in our
measurements. These cantilevers were calibrated by analysis
of their thermally induced fluctuation to determine their spring
constant.26 The experimentally determined spring constants were
consistent with the nominal value of 10 mN/m specified by the
manufacturer.

Whole Cell Adhesion Studies.To obtain multiple-bond
interactions between the Jurkat cell attached to the AFM canti-
lever and the ICAM-1 or ICAM-2 protein coated on a dish, an
indentation force of∼200 pN and 2 s contact time were used.
The experiments were carried out at a cantilever retraction rate
of 5 µm/s at 25°C.

AFM Force Measurements of Individual LFA-1/ICAM-1
and LFA-1/ICAM-2 Interactions. Contact time and indentation
force were minimized between the Jurkat cell and the sample
in order to obtain measurements of unitary LFA-1/ICAM-1 and
LFA-1/ICAM-2 unbinding forces. An adhesion frequency of
<30% in the force measurements ensured that there is a>85%
probability that the adhesion event is mediated by a single LFA-
1/ICAM-1 bond.24 AFM measurements were collected at canti-
lever retraction speeds ranging from 0.1 to 26µm/s to achieve
the desired loading rates (∼50-60 000 pN/s). Since the
hydrodynamic damping coefficient of the cantilever in water is
2 pN‚s/µm, measurements collected at retraction speeds greater
than 1 µm/s were corrected for hydrodynamic drag.27,28 All
experiments were carried out at 25°C.

Dynamic Force Spectroscopy.According to the Bell model,
a pulling force, f, distorts the intermolecular potential of a
ligand-receptor complex, leading to the lowering of the acti-
vation energy and an increase of the dissociation ratek(f) as
follows:

wherek° is the dissociation rate constant in the absence of a
pulling force,γ is the position of the transition state,T is the
absolute temperature, andkB is the Boltzmann constant. For a
constant loading raterf, the probability density for the unbinding
of the complex as a function of the pulling forcef is given by29

with the most probable unbinding forcef * given by

Figure 1. (A) AFM cantilever. (B) AFM cantilever approaching
Jurkat T cell. (C) AFM cantilever with Jurkat T cell attached via
concanavalin-A linkage. The bar is 30 µm. (D) Schematic of the AFM
setup. The experimental system is shown in the inset. A Jurkat cell
was attached to the AFM cantilever and allowed to interact with the
protein-coated cell culture dish.

k(f) ) k° exp[fγ/kBT] (1)

P(f) ) k° exp{ γf
kBT} exp{k°kBT

γrf [1 - exp( γf
kBT)]} (2)

f * )
kBT

γ
ln{ γ

k°kBT} +
kBT

γ
ln{rf} (3)
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Hence, the Bell model predicts that the most probable unbind-
ing forcef * is a linear function of the logarithm of the loading
rate. Experimentally,f * was determined from the mode of the
unbinding force histograms. The Bell model parameters were
determined by fitting eq 3 to the plot off * versus ln(rf).

Results

AFM Force Measurements of the LFA-1/ICAM-1 and
LFA-1/ICAM-2 Interactions. Direct force measurements of
the adhesive interaction between a Jurkat cell and immobilized
ICAM-1 and ICAM-2 were carried out by AFM. As described
in Experimental Section, the Jurkat cell was coupled to the end
of an AFM cantilever and either ICAM-1 or ICAM-2 was
immobilized on the surface of a tissue culture dish (Figure 1).
Figure 2A presents a series of AFM measurements acquired
under conditions that favored the formation of multiple LFA-
1/ICAM-1 bonds upon cell/substrate contact. As evident from
these measurements, the separation of the attached cell from
the ICAM-1-coated surface is a complex process with multiple
sudden jumps in force. These force transitions can be attributed
to the breakage of the LFA-1/ICAM-1 bonds formed between
the cell and the ICAM-1-coated surface. In many instances, the
measurements revealed that the cell undergoes a large deforma-
tion before the last linkage is severed.

The top two traces of Figure 2A show that the interaction
between a resting Jurkat cell and immobilized ICAM-1 is
inhibited by an anti-ICAM-1 antibody. Cell adhesion in the
AFM measurements is quantified by the work done by the
cantilever to detach the cell from the substrate. This work of
de-adhesion was derived from integrating the adhesive force
over the distance traveled by the cantilever as highlighted in
trace d of Figure 2A. Figure 2B shows that inhibition of ICAM-1
resulted in>80% reduction in cell adhesion as measured by
the work of de-adhesion, demonstrating that adhesion is medi-
ated by ICAM-1. In contrast, cell adhesion was enhanced by
the addition of either Mg2+/EGTA (trace c) or PMA (trace d).
Activation of cells with Mg2+/EGTA has been shown to promote
the expression of the high-affinity form of LFA-1.30,31 Its
presence led to a 2-fold increase in the work of de-adhesion in
our measurements. To investigate the role of avidity modulation
in leukocyte adhesion, we treated the Jurkat cells with PMA, a
potent PKC activator that induces receptor clustering on the
cell surface as well as cell spreading.16,32-35 As shown in Fig-
ure 2, PMA-stimulated Jurkat cells adhered significantly more
strongly to ICAM-1 than the unstimulated cells as is evident
by the 4-fold increase in the work of de-adhesion following
stimulation.

To better understand the role of ICAM-1 and ICAM-2 in
leukocyte adhesion, we compared the adhesion of Jurkat cells
to immobilized ICAM-1 and ICAM-2. As in the case of ICAM-
1, Jurkat adhered specifically to ICAM-2 (Figure 2B). Moreover,
adhesion was elevated following treatment with either Mg2+/
EGTA or PMA. In general, the Jurkat cell line adhered better
to ICAM-1 than ICAM-2. Our measurements confirm previous
findings that ICAM-1 mediates stronger adhesion of leukocytes
than ICAM-2.

Dynamic Strength of the LFA-1/ICAM-1 and LFA-1/
ICAM-2 Complexes. To characterize the intrinsic properties
of the interaction between LFA-1 and its ligands, we carried
out single-molecule AFM force measurements. Measurements
of the bond strengths of individual LFA-1/ICAM-1 and LFA-
1/ICAM-2 complexes were acquired by minimized contact
between the Jurkat cell and immobilized ICAM-1 and ICAM-
2. The contact duration and compression force of these measure-
ments were∼50 ms and∼100 pN, respectively. Measurements
acquired under these conditions have an adhesion frequency of
approximately 30%. Examples of these AFM force-displacement
traces are presented in Figure 3. The traces observed in these
adhesion measurements are consistent with measurements
obtained using other cell systems.21,24,36,37The breakage of a

Figure 2. (A) AFM force-displacement measurements of the inter-
action between a Jurkat cell and immobilized ICAM-1. Traces a and
b record the interaction between a resting Jurkat cell and ICAM-1
under normal condition and in the presence of an anti-ICAM-1 mAb
(BBIG-I1, 50 µg/mL), respectively. For traces c and d, the cells were
activated by Mg2+/EGTA (5 mM, 1 mM) and PMA (100 nM), respec-
tively. The measurements were acquired with 200 pN indentation
force, 3 s contact time, and a cantilever retraction speed of 5 µm/s.
The shaded area in the bottom trace indicates the “work of de-
adhesion”. Arrows in the top trace point to rupture events, i.e., break-
age of adhesive bond(s). Dashed lines mark the position of zero force
for each measurement. (B) Work of de-adhesion for the detachment
of Jurkat cell interaction with ICAM-1 (gray bars) and ICAM-2 (white
bars). The error bars represent the standard error.

Figure 3. Sample force-displacement traces of unitary LFA-1/ICAM-1
(A) and LFA-1/ICAM-2 (B) unbinding forces. Both sets of measure-
ments were acquired at speeds of 5 µm/s and conditions that
minimized contact (∼50 ms contact time and ∼100 pN indentation
force) ensuring an adhesion frequency of less than 30%. Adhesion
was observed in the third and sixth traces in panel A and the second
and sixth traces in panel B. fu is the unbinding force of the interaction,
and ks is the system spring constant derived from the slope of the
force-displacement graph.
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single LFA-1/ICAM-1 (Figure 3A) or LFA-1/ICAM-2 (Figure
3B) complex in the force-displacement traces is registered by a
rapid drop in force following a linear increase in force. The
magnitude of the force transition is the unbinding force of the
complex. To determine the dynamic response of the LFA-1/
ICAM-1 and LFA-1/ICAM-2 complexes, the AFM single-bond
measurements were conducted at loading rates of 50-60 000
pN/s. Representative force histograms of the LFA-1/ICAM-1
and LFA-1/ICAM-2 interactions acquired at different loading
rates are shown in Figure 4. As evident, the unbinding forces
of these complexes are shifted toward higher values with
increasing loading rate.27,38,39

Using values corresponding to the mode of the force histo-
grams, we plotted dynamic force spectra (DFS) of the human
LFA-1/ICAM-1 and LFA-1/ICAM-2 interactions (Figure 5). The
DFS (plot of unbinding force vs loading rate) of the LFA-1/
ICAM-1 complex displayed a gradual logarithmic increase in
unbinding force up to a loading rate of approximately 7000 pN/s
(Figure 5A). The unbinding force increased at a faster rate in
the second regime (i.e., loading rates> 7000 pN/s). Activation
of LFA-1 by Mg2+/EGTA resulted in higher LFA-1/ICAM-1
unbinding forces in the slow loading regime but had no signif-
icant impact on the forces in the fast loading regime (i.e., loading
rates> 7000 pN/s). Interestingly, activation of Jurkat with PMA
did not modify the LFA-1/ICAM-1 DFS (Figure 5A).

This study also explored the LFA-1/ICAM-2 interaction. The
unbinding force of the LFA-1/ICAM-2 complex also increased
over 3 orders of magnitude of loading rate and exhibited two
loading regimes (Figure 5B). Treatment of the cells with both
Mg2+/EGTA and PMA resulted in a similar dynamic response
of the LFA-1/ICAM-2 complex to that observed for the LFA-
1/ICAM-1 complex. Activation with Mg2+/EGTA resulted in
elevated forces in the first loading regime, while PMA-
stimulated cells and untreated cells had overlapping DFS.
However, there are some significant differences in the properties
of the LFA-1/ICAM-1 and LFA-1/ICAM-2 complexes that may
be important for understanding their function. The most pro-
nounced difference is that the strength of the LFA-1/ICAM-2

complex is significantly weaker than that of the LFA-1/ICAM-1
complex over the entire DFS (Figure 5C). Also, the increase in
unbinding force was much more gradual with increasing loading
rate for the LFA-1/ICAM-2 complex than for the LFA-1/
ICAM-1 complex. This difference was most pronounced in the
fast loading regime (i.e. loading rates> 7000 pN/s). Another
difference was observed in the response of the two complexes
to Mg2+/EGTA activation in the slow loading regimes (i.e.,
loading rates< 7000 pN/s). The average difference between
resting and Mg2+/ EGTA-activated cells was∼25 pN for the
LFA-1/ICAM-1 complex and only∼10 pN for the LFA-1/
ICAM-2 complex.

Discussion

This work was conducted to characterize the interaction of
leukocytes with ICAM-1 and ICAM-2. Both ICAMs mediate
firm adhesion of leukocytes to the endothelium. ICAM-2 is
expressed constitutively and is responsible for routine immune

Figure 4. Histograms of breakage forces of individual LFA-1/ICAM-1
and LFA-1/ICAM-2 unbinding forces from the force-displacement
traces of Jurkat cells and ICAM-1 (A) and ICAM-2 (B). The breakage
forces were derived from the magnitude of the force transitions
acquired in measurements obtained with a compression force of
∼100 pN, ∼50 ms contact, and increasing loading rates. The y-axis
plots the number of force transitions detected. The error bars repre-
sent the standard error.

Figure 5. Dynamic force spectrum (DFS) of the LFA-1/ICAM-1 and
LFA-1/ICAM-2 interactions. Measurements were acquired at a loading
rate range of 50-60 000 pN/s, which was achieved by varying the
retraction rate of the cantilever from 0.1 to 26 µm/s. Forces acquired
at cantilever retraction speeds > 1 µm/s were corrected for hydro-
dynamic drag.48 All forces were grouped according to loading rate.
The most probable unbinding forces were taken from the mode of
the unbinding force histograms or the histogram peak. The linear fits
were obtained using eq 3. (A) The LFA-1/ICAM-1 interaction was
measured under three different experimental conditions: resting cells
(filled circle), PMA-stimulated cells (open circle), and Mg2+-treated
cells (square). (B) Three different conditions also represented for the
LFA-1/ICAM-2 interaction: resting cells (filled circle), PMA-stimulated
cells (open circle), and Mg2+-treated cells (square). (C) Comparison
of the adhesion of resting Jurkat cell to ICAM-1 (open circles) and
ICAM-2 (filled circles). The error bars represent the standard error.
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surveillance on unstimulated endothelium. ICAM-1 is greatly
up-regulated following inflammation, allowing it to mediate
most leukocyte adhesion events. It is also involved following
injury and aids the body in mounting an immune response. To
carry out these different functions, it can be assumed that
ICAM-1 and ICAM-2 have different physical properties. Indeed,
our whole-cell adhesion studies confirmed that leukocytes bound
more strongly to ICAM-1 than to ICAM-2. To further our under-
standing of the mechanisms involved behind these differences,
we performed single-molecule adhesion studies to determine
how these interactions behave under external force.

Our single-molecule studies enable us to characterize the
intermolecular potential of a receptor-ligand complex. With
no applied external force, the dissociation of a complex is
governed by its activation energy. Applying an external force
adds a linear term to the potential, effectively tilting it and
suppressing the energy barrier of the interaction. Suppression
of the barrier alters the kinetics of the system. The extent of
this change in the dissociation kinetics by the external force
depends on the nature of the intermolecular potential of the
complex. Hence, determining the force-dependent kinetics of
the complex will allow us to identify the shape of the potential.

In our analysis, we assumed that the intermolecular potential
is linear as proposed by Bell.40 According to the Bell model,
the energy barrier of a complex is suppressed byfγ and the
off-rate is given by eq 1. In this model, the potential is charac-
terized by the two parameters,γ and k°. Since our technique
does not allow us to conveniently apply eq 1 to obtainγ and
k°, we relied on the dynamic force spectroscopy approach of
Evans and Richie.29 Evans and Ritchie noted that there is a
simple expression relating the most probable unbinding of a
complex to the loading rate of the unbinding process (eq 3).
This approach was used to obtain the shape of the intermolecular
potential of the LFA-1/ICAM-1 and LFA-1/ICAM-2 complexes.

In general, the dissociation of a complex involves overcoming
multiple energy barriers. An external force will suppress the
outer barriers more than the inner barriers. Eventually, at some
force, the outer barrier will be energetically lower than the inner
barriers and the dissociation rate will then become governed
by the properties of the inner barrier. This process continues
until all the barriers are overcome.

In the DFS approach, the existence of multiple barriers is
revealed by the presence of multiple loading regimes in the force
spectrum. Our measurements of the LFA-1/ICAM-1 interaction
are consistent with an intermolecular potential consisting of two
energy barriers, which we will refer to as the outer and the inner
activation barrier. The outer barrier is characterized by the slow
loading regime (50-7000 pN/s), and the inner barrier is char-
acterized by the fast loading regime (7000-60 000 pN/s) (Figure
5A). We fit eq 3 to our measurements in order to obtain the
Bell model parameters for the two energy barriers of the com-
plex. Table 1 lists the Bell model parameters of the LFA-1/

ICAM-1 and LFA-1/ICAM-2 complexes. They provide infor-
mation regarding the position of the transition state (γ) and the
dissociation rate constant in the absence of force (k°).

Figure 6A illustrates the intermolecular potential of the
LFA-1/ICAM-1 complex. ∆G° of the high-affinity complex
(15.5kBT) was obtained from the equilibrium dissociation rate
constant,KD, of the interaction between the high-affinity open
I domain of LFA-1 and ICAM-1, as measured by surface plas-
mon resonance.14 Our current study revealed that the dissociation
of the LFA-1/ICAM-1 complex involves overcoming an inner
and outer barrier with corresponding transition states, TS1 and
TS2, respectively (Figure 6A). The positions of the inner and
outer barriers of the potential of the high-affinity complexes
are 0.56 and 3.5 Å, respectively. This reveals that the complex
is stabilized by short-range and intermediate-range interactions
as described below.

An estimate of the height of the inner barrier,∆G01, was
obtained from the difference between∆G° and∆G12, the energy
difference between the two transition states.∆G12 was calculated
using∆G12 ) - kBT ln(k°2/k°1), wherek°1 andk°2 are the dissoci-
ation rate constants of the inner and outer barriers of the high-
affinity LFA-1/ICAM-1 complexes, respectively. The∆G12

calculated from the dissociation rate constants of Table 1 was
6.7kBT for the high-affinity complexes in the ICAM-1 interaction

Table 1. Bell Model Parameters of the LFA-1/ICAM-1 and
LFA-1/ICAM-2 Interactionsa

conditions γ1 (Å) k°1 (s-1) γ2 (Å) k°2 (s-1)

LFA-1/ICAM-1 resting 0.49 19 2.6 0.55
PMA 0.56 13 2.9 0.41
Mg2+/EGTA 0.56 17 3.5 0.02

LFA-1/ICAM-2 resting 1.6 10 4.5 0.31
PMA 1.6 12 5.0 0.18
Mg2+/EGTA 1.5 13 4.9 0.06

a The Bell model parameters were calculated in Igor Pro software using
eq 3. Values for the inner and outer barrier are represented by indices 1
and 2, respectively.

Figure 6. Intermolecular potentials of the human LFA-1/ICAM-1 (A)
and LFA-1/ICAM-2 (B) interactions. Estimates of the equilibrium free
energies (∆G°) were derived from the equilibrium affinity constants
reported in Shimaoka et al.14 (A) Two transition states (TS1 and TS2)
were observed in the dissociation of high- (black trace) and low-affinity
(dashed, gray trace) LFA-1 from ICAM-1. ∆G° was calculated to be
15.5kBT. The difference between TS1 and TS2 was 6.7kBT. The inner
activation barriers of the high- and low-affinity complexes were
>8.8kBT. The difference between the high- and low-affinity complexes
was 3.3kBT. (B) Two transition states were also present in the
dissociation of high- (black trace) and low-affinity (dashed, gray trace)
LFA-1 from ICAM-2. ∆G° was calculated to be 14.3kBT. The difference
between TS1 and TS2 was 5.4kBT. The inner activation barriers of
the high- and low-affinity complexes were >8.9kBT. The difference
between the high- and low-affinity complexes was 1.6kBT.
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(3.0kBT for the low-affinity complexes). Hence, our estimate
for the lower limit of∆G01 of the high-affinity LFA-1/ICAM-1
interaction is 8.8kBT, which represents a significant fraction of
the total energy difference between the bound and dissociated
states of the complex.

To understand the effects of LFA-1 activation on its inter-
action with ICAM-1, we examined the potential of the low-
affinity complex. The differences between the transition-state
energies (∆∆G) of the high- and low-affinity (∆GH and∆GL)
LFA-1/ICAM-1 complexes were calculated from∆∆G ) ∆GH

- ∆GL ) -kBT ln(k°H/k°L ), wherek°H andk°L are the dissociation
rate constants of the high- and low-affinity complexes, respec-
tively. For the inner activation barrier, the difference between
the high- and low-affinity complexes was negligible, approx-
imately 0.16kBT (Figure 6A). Based on our analysis, affinity
modulation of the LFA-1/ICAM-1 interaction stemmed from a
3.3kBT elevation of the outer barrier.

The LFA-1/ICAM-2 intermolecular potential also revealed
an outer (50-7000 pN/s) and an inner (7000-60 000pN/s)
activation barrier (Figure 6B). The positions of the inner and
outer barriers of the potential of the high-affinity complexes
are 1.5 and 4.9 Å, respectively, resulting in wider and less steep
barriers than those observed for the LFA-1/ICAM-1 complex.
∆G° for the high-affinity complex was calculated to be 14.3kBT
usingKD values for an open I domain binding to ICAM-2 from
Shimaoka et al.14 Our k° values for the inner and outer barriers
of the high-affinity LFA-1/ICAM-2 complex are 13 and 0.06
s-1, respectively, which gives a transition-state energy,∆G12,
of 5.4kBT (3.5kBT for the low-affinity complexes). This is a
smaller difference than for the LFA-1/ICAM-1 complex, where
the height of the second transition state is higher for the high-
affinity complex. Based on this value, the calculated∆G01 is
greater than 8.9kBT, which is similar to the value obtained for
the LFA-1/ICAM-1 interaction. In contrast, the outer activation
barrier of the high-affinity complex was calculated to be 1.6kBT
higher than the outer activation barrier of the low-affinity com-
plex, which is 50% less than the difference observed for
LFA-1/ICAM-1. This result is consistent with earlier findings
that affinity modulation of the LFA-1/ICAM-2 interaction was
less effective than the affinity modulation of the LFA-1/ICAM-1
interaction in promoting enhanced adhesion.41 As with the
LFA-1/ICAM-1 interaction, the difference between the inner
activation barrier of the high- and low-affinity complexes was
small, about 0.26kBT. In summary, the intermolecular potential
of the LFA-1/ICAM-2 interaction consists of less steep, wider
energy barriers, with smaller differences between the high- and
low-affinity states in the outer barrier than seen in the inter-
molecular potential of the LFA-1/ICAM-1 interaction.

The effects of a pulling force on the dissociation rate of the
LFA-1/ICAM-1 and LFA-1/ICAM-2 complexes are summarized
by the kinetic profiles of Figure 7. For a two energy barrier
model, the dissociation rate is given by

where the indices in the subscript of the Bell model parameters,
γ andk°, refer to the inner (1) and outer (2) barriers. At low
pulling forces, the dissociation rate is governed by the properties
of the outer barrier,γ2 and k°2. In all cases there is a fast
exponential increase in the off-rate, which becomes more gradual
for pulling forces greater than∼80 pN for the LFA-1/ICAM-1
interaction and∼60 pN for the LFA-1/ICAM-2 interaction. At
these higher pulling forces, the outer barriers of the complexes

are suppressed and the dissociation rates are governed by the
properties of the steep inner activation barriers, which make
the off-rate less responsive to a pulling force. With the exception
of very low pulling forces, the LFA-1/ICAM-1 interaction resists
pulling forces better than the LFA-1/ICAM-2 interaction.

Following the activation of LFA-1, both complexes are able
to resist pulling forces better at lower forces,<70 pN for the
LFA-1/ICAM-2 complex and<110 pN for the LFA-1/ICAM-1
complex (Figure 7). These differences are due to the elevation
of the outer barrier by 3.3kBT for the ICAM-1 complex and by
1.6kBT for the ICAM-2 complex following LFA-1 activation.
The magnitude of the difference in the energy of the barriers
determines the difference seen between the off-rate of the high-
and low-affinity complexes. For example, at a pulling force of
30 pN, the difference between the high- and low-affinity LFA-
1/ICAM-1 complex was∼12-fold and only∼3-fold for the
LFA-1/ICAM-2 complex. At higher pulling forces, the disso-
ciation rates are governed by the inner barriers, which were
unaffected by the activation of LFA-1. Hence, there is no
difference between the high- and low-affinity-state complexes.

The ICAM-2 complex is much less resistant to a pulling force
than the ICAM-1 complex, as is evident by the slopes of the
kinetic profiles (Figure 7). This slope is largely determined by
the width of the energy barriers,γ. A largerγ would give rise
to a steeper slope in the kinetic profile, making the complex
less resistant to a pulling force. Both barriers of the ICAM-2
complex are wider than those of the ICAM-1 complex (Table
1), leading to an overall steeper slope in its kinetic profile. In
addition, the ICAM-2 complex has an outer barrier that is∼3 Å
wider than the inner barrier. This leads to a steeper slope in the
kinetic profile for lower pulling forces (<60 pN for the low-
affinity complex) and a less steep slope for the higher pulling
forces. ICAM-1 also has a wider outer barrier (∼2 Å difference),
resulting in a steeper slope for lower pulling forces (<80 pN
for the low-affinity complex) and a less steep slope at the higher
forces.

Differences in the kinetic profiles and intermolecular poten-
tials of ICAM-1 and ICAM-2 can be attributed to structural
differences in their binding site. In both cases binding of LFA-1
involves the interaction of the I domain of LFA-1 with the first
Ig domain of ICAM-1 and ICAM-2. Moreover, both ICAM-1
and ICAM-2 contribute a glutamic acid residue to the coordina-
tion of the Mg2+ ion that is chelated to the MIDAS of the I
domain. This hydrophilic glutamic acid (Glu-34 in ICAM-1 and
Glu-37 in ICAM-2) is surrounded by a ring of hydrophobic
amino acids that interacts with a complementary hydrophobic
ring on the I domain of LFA-1. Mutational studies of the amino
acids found in these rings reveal potentially significant differ-
ences which may impact both the binding strength as well as

koff(f) )

1/{(k°1)
-1 exp[-fγ1/kBT] + (k°2)

-1 exp[-fγ2/kBT]} (4)

Figure 7. Kinetic profiles for LFA-1/ICAM-1 and LFA-1/ICAM-2
interactions. The solid lines represent unactivated, low-affinity LFA-1
on resting Jurkat cells, and the dashed lines, high-affinity LFA-1
complexes on activated Jurkat cells. Equation 4 provides the force-
dependent dissociation rate of the complexes.
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the off-rate. The hydrophobic residues on ICAM-1 that surround
Glu-34 are Pro-36, Tyr-66, Met- 64, and the aliphatic portions
of Gln-62 and Gln-73.13 Furthermore, Met-140 on the I domain
protrudes and inserts its side chain into a shallow cleft between
Met-64 and Pro-36 on ICAM-1.13,42

A similar hydrophobic ring, which includes Ser-39, His-68,
Val-64, and Gln-75, surrounds Glu-37 of ICAM-2. However,
in the structure of ICAM-2, Gln-66, a much more polar and
less hydrophobic residue is present in place of Met-64.9,43Unlike
the Met-64 in ICAM-1, mutation of Gln-66 in ICAM-2 has no
effect on LFA-1 binding.10 Thus, the higherkoff values for the
LFA-1/ICAM-2 interaction can be attributed to the weaker
interaction between hydrophobic rings of the ICAM-2/LFA-1
complex. In addition, since the hydrophobic ring in ICAM-2 is
less well-packed, the binding interface of ICAM-2 is not as flat
as that of ICAM-1.44,45This may give rise to the more diffused
potential of the LFA-1/ICAM-2 interaction.

The kinetic data presented in this study are consistent with
the physiological functions of both ICAM-1 and ICAM-2. Two-
thirds of leukocyte adhesion to resting endothelium is mediated
by ICAM-2 and the rest by ICAM-1.46 ICAM-2 is therefore
more important in the unstimulated state, but ICAM-1 is essen-
tial during inflammation, when its expression levels are up-
regulated approximately 40-fold.5,7,47The interaction of ICAM-2
with LFA-1 is weaker and less resistant to pulling forces than
the LFA-1/ICAM-1 interaction. This results in less overall
leukocyte adhesion and allows ICAM-2 to carry out its function
of routine immune surveillance. In addition, our kinetic data
reveal that LFA-1 affinity modulation only moderately enhances
adhesion to ICAM-2, while it greatly enhances adhesion to
ICAM-1. Therefore, ICAM-1 appears to be well-suited for
eliciting strong and specific leukocyte adhesion during inflam-
mation and in mounting an immune response.

We conclude that the DFS for the unbinding of LFA-1 from
both ICAM-1 and ICAM-2 involves overcoming two activation
barriers. The steep inner barrier, which allows complexes to
resist pulling forces, is considerably steeper for the ICAM-1
interaction. The outer barrier determines the height of the high-
affinity state of both interactions. This barrier is also steeper
for ICAM-1, and the difference between the high- and low-
affinity states is twice as great for LFA-1/ICAM-1 as compared
to the LFA-1/ICAM-2 complex. Therefore, the ICAM-1 inter-
action is more stable and exhibits stronger binding to the high-
affinity form of LFA-1. Differences in the hydrophobicity of
the amino acids which surround the key glutamic acid residues
in the LFA-1 binding sites on the ICAMs support these observa-
tions. The reported differences in kinetics also reflect the physio-
logical roles of both ICAMs. ICAM-2 expression is constitutive
and considerably higher than ICAM-1 on unstimulated endo-
thelium, when binding to low-affinity LFA-1 is most likely to
occur. ICAM-1 expression is dominant during inflammation
when activated LFA-1 is most likely to be present.
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