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The unbinding dynamics of complexes involving cell-adhesion
molecules depends on the specific ligands. Atomic force micros-
copy measurements have shown that for the specific P-selectin–
P-selectin glycoprotein ligand (sPSGL-1) the average bond lifetime
�t� initially increases (catch bonds) at low (<10 pN) constant force,
f, and decreases when f > 10 pN (slip bonds). In contrast, for the
complex with G1 anti-P-selectin monoclonal antibody �t� mono-
tonically decreases with f. To quantitatively map the energy
landscape of such complexes we use a model that considers the
possibility of redistribution of population from one force-free state
to another force-stabilized bound state. The excellent agreement
between theory and experiments allows us to extract energy
landscape parameters by fitting the calculated curves to the life-
time measurements for both sPSGL-1 and G1. Surprisingly, the
unbinding transition state for P-selectin–G1 complex is close (0.32
nm) to the bound state, implying that the interaction is brittle, i.e.,
once deformed, the complex fractures. In contrast, the unbinding
transition state of the P-selectin–sPSGL-1 complex is far (� 1.5 nm)
from the bound state, indicative of a compliant structure. Constant
f energy landscape parameters are used to compute the distribu-
tions of unbinding times and unbinding forces as a function of the
loading rate, rf. For a given rf, unbinding of sPSGL-1 occurs over a
broader range of f with the most probable f being an order of
magnitude less than for G1. The theory for cell adhesion complexes
can be used to predict the outcomes of unbinding of other
protein–protein complexes.

Formation and breakage of noncovalent protein–protein in-
teractions are crucial in the functions of cell-adhesion com-

plexes. Adhesive interactions between leukocytes and blood
vessel walls involve a dynamic competition between bond for-
mation and breakage (1). Under physiological conditions of
blood circulation, the hydrodynamic force of the flow is applied
to the linkage between leukocytes and endothelium. Rolling of
cells requires transient tethering of the cell to the substrate and
subsequent dissociation at high shear rates that are generated by
the hydrodynamic flow field. Because of the requirement of
adhesive interaction and the breakage of such bonds to facilitate
rolling, only a certain class of molecules is involved in the
recognition process. The remarkable rolling function is mediated
by Ca2�-dependent specific bonds between the family of L-, E-,
and P-selectin receptors and their specific ligands such as ESL-1,
podocalyxin, and PSGL-1 (2–6). Specific interactions of P-
selectins, expressed in endothelial cells or platelets, with PSGL-1
(P-selectin glycoprotein ligand 1) enable leukocytes to roll on
vascular surfaces during the inflammatory response by transient
interruption of cell transport (tethering) in blood flow under
constant wall shear stress. These interactions have been used
extensively to probe tethering and rolling of leukocytes on
vascular surfaces in flow channel experiments (2–15). Experi-
ments show that the dissociation rates (also referred to as
off-rates), which govern cell unbinding kinetics, increase with
increasing shear stress or equivalently the applied force.

It is generally believed that the applied force lowers the
free-energy barrier to bond rupture and, thus, shortens bond
lifetimes (16). In contrast, Dembo et al. (17, 18) hypothesized
that force could also prolong bond lifetimes by deforming the

adhesion complexes into an alternative locked or bound state.
These two distinct dynamic responses to external force are
referred to as slip and catch bonds (17, 18). Whereas the
dynamics of slip bonds has been extensively studied (5, 6, 13,
19–22), up until recently, evidence for catch bonds has been
lacking. Using atomic force microscopy (AFM), Marshall et al.
(1) measured the force dependence of lifetimes of P-selectin with
two forms of PSGL-1, namely, the monomeric and dimeric
ligands sPSGL-1 and PSGL-1, which form, respectively, a single
and double bond with P-selectin, and with G1, a blocking
anti-P-selectin monoclonal antibody. The bond lifetimes were
measured at values of forces that are lower than the level of their
f luctuations by averaging over a large number of single lifetime-
force trajectories (1). The average bond lifetime of the highly
specific P-selectin interaction with PSGL-1 initially increased
with force, indicating catch bonds (1). Beyond a critical force, the
average lifetime decreased with force, as expected for slip bonds
(1). In contrast to the behavior for specific P-selectin–PSGL-1
complexes, P-selectin–G1 bond lifetimes decreased exponen-
tially with force in accordance with the predictions of the Bell
model (16). Marshal et al. (1) also found that both P-selectin–
PSGL-1 and P-selectin–G1 bond lifetimes measured at a fixed
force appeared to follow a Poissonian distribution.

The complex dynamical response of the P-selectin–PSGL-1
complex to force can be used to map the energy landscape of
interaction between the macromolecules (23). For complexes,
whose force-dependent behavior can be described by the Bell
model, the unbinding involves escape from a single bound state.
The observed behavior in P-selectin–PSGL-1 complex requires
an energy landscape model with at least two bound states, one
of which is preferentially stabilized by force. Such a model has
already been proposed for a complex involving GTPase Ran, a
small protein that regulates transport of macromolecules be-
tween the cell nucleus and cytoplasm, and the nuclear import
receptor importin �1 (24). Unbinding studies by AFM reveals
that this complex fluctuates between two conformational states
at different values of the force. The purpose of the present work
is to show that the observed catch–slip behavior in specific
protein–protein complexes in general and P-selectin–PSGL-1 in
particular can be captured by using an energy landscape that
allows for just two bound states. The lifetime associated with
bound states of the complex are assumed to be given by the Bell
model (16). Although the Bell model is only approximate (25),
it describes well the dissociation of single L-selectin bonds over
a broad range of loading rates (26). Using the two-state model,
we show that the experimental results for P-selectin–PSGL-1
complex can be quantitatively explained by using parameters
that characterize the energy landscape. In accord with experi-
ments, we also find that the application of the same model to the
unbinding of the ligand from P-selectin–G1 complex shows the
absence of the second bound state. Thus, a unified description
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of specific and nonspecific protein–protein interaction emerges
by comparing theory with experiments.

Theory and Methods
The Model. We use a two-state model (Fig. 1) for the energy
landscape governing P-selectin–ligand interaction, in which a
single P-selectin receptor (R) forms an adhesion complex (LR)
with a ligand (L). The complex LR undergoes conformational
f luctuations between states LR1 and LR2 with rates r12 �
r10exp[�F12�kBT] and r21 � r20exp[�F21�kBT] for transitions
LR1 3 LR2 and LR2 3 LR1 with barrier height F12 and F21,
respectively. The attempt frequencies r10 and r20 depend on the
shape of the free-energy landscape characterizing LR1 ^ LR2

transitions. In the absence of force, f, the equilibrium constant,
Keq, between LR1 and LR2 is given by Keq � r12�r21 � (r10�r20)
e�F/kBT, where F is the free energy of stability of LR1 with respect
to LR2 (Fig. 1). In the presence of f, Keq becomes K*eq(f) � Keq

e�f/kBT, where � � x2 � x1, the conformational compliance, is the
distance between the minima. Force alters the free-energy
landscape of P-selectin–ligand unbinding (Fig. 1) and, thus,
alters the bond breakage rates k1(f) and k2(f), which, according
to the Bell model, are given by k1 � k10 ey1f/kBT and k2 � k20ey2f/kBT

(16). The prefactors k10 and k20 are the force-free bond-
breakage rates, and y1, y2 are the minimal adhesion bond lengths
at which the complex becomes unstable [distances between
energy minima of states LR1 and LR2 and their respective
transition states (Fig. 1)]. We assume that in the presence of f,
the probability of rebinding is small. The dynamics of the
adhesion complex in free-energy landscape, which is set by the
parameters �, y1, and y2, can be inferred by using lifetime
measurements of P-selectin–ligand bonds subject to a pulling
force. We consider an experimental setup in which the applied
force is either constant or ramped up with a constant loading rate
rf � �v0, where � is a cantilever spring constant and v0 is the
pulling speed.

Distributions of Bond Lifetime at Constant Force. When f is constant,
the populations P1(t) and P2(t) of states LR1 and LR2 can be
calculated by solving the system of equations

dP1

dt
� ��r12 � k1	P1 � r21P2

[1]
dP2

dt
� r12P1 � �r21 � k2	P2

subject to initial conditions P1(0) � 1�(Keq � 1) and P2(0) �
Keq�(Keq � 1). In the AFM experiments, f f luctuates slightly
around a constant value. The smoothness of the dependence of
the lifetimes on f suggests that these fluctuations are not
significant. The solution to Eq. 1 is

P1�t	 � P1�0	�k2 � r12 � r21 � z1

z1 � z2
ez1t �

k2 � r12 � r21 � z2

z1 � z2
ez2t�

P2�t	 � P2�0	�k1 � r12 � r21 � z1

z1 � z2
ez1t �

k1 � r12 � r21 � z2

z1 � z2
ez2t�,

[2]

where z1,2 � [(k1 � k2 � r12 � r21) 
 �D]�2 and D � (k1 �
k2 � r12 � r21)2 � 4(k1k2 � k1r21 � k2r12). The ensemble
average nth moment of the bond lifetime is

�tn� � �
0

�

dtP�t	tn, [3]

where the distribution of lifetimes, P(t) � P1(t) � P2(t), is given
by the sum of contribution from states LR1 and LR2. In the limit
of slow conformational f luctuations (i.e., when r12, r21 

 k1, k2),
P(t) � P1(0)exp[�k1t] � P2(0)exp[�k2t], whereas P(t) �
exp[�(k1 � k2)t] in the opposite case.

Fig. 1. Schematic of the energy landscape for protein–protein interaction in general and complexes involving cell adhesion molecules in particular (Left). The
1D-profile on the right shows the conformational free energy and the parameters that characterize the binding landscape. External force shifts the force-free
equilibrium, resulting in redistribution of population from LR1 to LR2. Force-induced alteration in the free-energy landscape is dynamically coupled to forced
unbinding.
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