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Abstract

Cell adhesion to matrix, other cells, or pathogens plays a pivotal role in
many processes in biomolecular engineering. Early macroscopic methods
of quantifying adhesion led to the development of quantitative models of
cell adhesion and migration. The more recent use of sensitive probes to
quantify the forces that alter or manipulate adhesion proteins has revealed
much greater functional diversity than was apparent from population aver-
age measurements of cell adhesion. This review highlights theoretical and
experimental methods that identified force-dependent molecular properties
that are central to the biological activity of adhesion proteins. Experimen-
tal and theoretical methods emphasized in this review include the surface
force apparatus, atomic force microscopy, and vesicle-based probes. Specific
examples given illustrate how these tools have revealed unique properties of
adhesion proteins and their structural origins.
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SMD: steered
molecular dynamics

1. INTRODUCTION

Cell adhesion is essential for the organization and homeostasis of all multicellular organisms.
Apart from maintaining mechanical connections between cells and matrix or other cells, adhesion
proteins carry out a host of functions that specifically modulate mechanical connections within
different biological contexts. Exploiting or altering these functions is the focus of engineering
applications including tissue engineering, drug design, and wound healing. The molecular design
rules underlying the unique structure/function relationships of these specialized molecules may
also inform the biomimetic design of, for example, targeted drug carriers.

Broadly, adhesion proteins perform specific functions that are linked to their different dy-
namic, mechanical environments. Some protein families, such as the classical cadherins—calcium-
dependent intercellular adhesion proteins—maintain stable cell–cell junctions that often perform
critical barrier functions. Examples include desmosomal junctions in skin and tight intercellular
junctions in the vascular endothelium or in the intestinal epithelium. Cadherin structures facil-
itate the assembly, stability, and regulated remodeling of these specialized cell–cell junctions.
Conversely, selectins, which are members of the C-type lectin family that are expressed on vas-
cular endothelial cells, efficiently capture rapidly circulating cells in the bloodstream. Selectin
function requires both rapid tether formation and the capacity to modulate cell adhesion and
rolling on the endothelium under different fluid flow conditions. Other C-type lectins recognize
pathogen-specific ligand patterns, enabling professional killer cells to bind to and neutralize infec-
tious agents. Another major adhesion protein family, integrins, form both static and dynamic cell
matrix adhesions in both adherent (static) and motile cells. They also function as tension sensors
to modulate cell contractility in response to changes in the mechanical environment.

This functional diversity is linked to the variety of adhesion protein structures, and an over-
arching challenge is to define the relationships between the protein structures and their response
to dynamically varying forces. The forces required to manipulate or control proteins are too
small to detect by conventional methods. The development of sensitive experimental techniques
was essential to interrogating the mechanical properties of proteins and determining the unique
workings of these molecular machines. The nanomechanical measurements now available have
revealed novel molecular properties linked to protein architectures that would not be detected
from solution binding studies or crystal structures.

This review highlights experimental and theoretical approaches that have enabled the iden-
tification of molecular design rules underlying the specialized functions of adhesion proteins.
In particular, I focus on examples in which the dynamic response to force or the complexity of
the binding interactions could not be predicted from crystal structures or identified by solution
binding measurements. Central issues are the interplay between protein architecture, the protein
confinement to cell surfaces, and the mechanism and dynamics of adhesion.

2. ATOMISTIC SIMULATIONS OF FORCE-INDUCED BOND RUPTURE

What is the relationship between adhesion and bond chemistry? This is one of the most basic
questions of biomolecular adhesion. Steered molecular dynamics (SMD) simulations provide a
powerful approach to obtaining atomic-level insight into the structural basis of the mechanical
functions of proteins (1–9). Simulations of cell adhesion molecules can identify key physical in-
teractions that stabilize receptor-ligand bonds under force. Examples include immune proteins
CD2 and CD58 (5), the neural cell adhesion molecule (1), cadherin (6), selectins (3, 4), and inte-
grins (2, 9). Related studies identified changes that modulate cell adhesion, including the force-
induced exposure of cryptic binding sites in extracellular matrix proteins and actin-binding proteins
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Conformational
changes: structural
changes in a folded
macromolecule that
accompany a change
from one stable
configuration to a
second configuration

SFA: surface force
apparatus

NCAM: neural cell
adhesion molecule

(10, 11). Increasingly, comparisons with experiments demonstrate the predictive value of these
simulations and identify atomic-level interactions underlying force-dependent structural changes
or bond strengths (12). The range of biophysical applications of SMD is reviewed elsewhere
(12). The following discussion focuses on examples that reveal unique aspects of adhesive protein
functions.

SMD simulations monitor the evolution of macromolecular structures subject to an applied
force and follow force-induced conformational changes on timescales up to tens of nanoseconds,
as in other molecular dynamics approaches. In the simulations, the molecules or complexes are
pinned at one end and force is applied to a second terminus, during which conformational changes
are followed in (simulation) time. The force-time history can be applied in different ways, but
two main approaches have been used to study adhesion molecules. First, simulations at constant
pulling velocity fix one end of the complex, and the end of the second molecule is attached to
a harmonic spring, which is translated at constant velocity. The computed force-time trajectory
exhibits small jumps signifying intramolecular and intermolecular bond ruptures. The final drop
to zero force occurs upon final separation. Analyses of bond formation and rupture, as a function
of the simulation time and total applied force, identify bonds sustaining the highest loads and
hence those most critical for adhesion.

Second, the constant force method applies to the complex a constant force that is below the
rupture threshold and allows thermal fluctuations to drive complex dissociation (5). In this case,
the end-to-end complex length remains constant until small bonds break and the protein adjusts
to a new configuration. The lifetime of each configuration defines the persistence of each force-
time plateau. Subsequent step changes between plateaus occur until the complex finally separates.
Comparisons of the simulations under the different pulling conditions test whether the force-
dependent unbinding trajectory is independent of the force history.

CD2 and CD58 are proteins in adaptive immunity that facilitate interactions between thymus
cells (T cells) and antigen-presenting cells (APCs) (13, 14). CD2 is found on T cells, and its
ligands are expressed on APCs. Structures of CD2 and of its ligands, rat CD48 (15–18), and human
CD58 (18, 19), as well as biochemical data (20), suggest that CD2 binds its ligands in a head-to-
head configuration that is stabilized by multiple salt bridges at the binding interface (Figure 1A)
(14).

SMD simulations of the forced unbinding of the complex between the outer domains of CD2
and CD58 investigated the role of the salt bridges in CD2 adhesion (5). At constant pulling
velocity, sharp drops in force-time trajectories signify the rupture of noncovalent bonds un-
der different forces (Figure 1B). Snapshots of the complex revealed that these discontinuities
(Figure 1C) are due to the failure of salt bridges at the protein–protein interface under differ-
ent applied forces. Bonds rupturing late at higher forces withstand greater forces, whereas those
breaking early are not load-bearing contacts. These simulations both confirmed that salt bridges
are load-bearing contacts and identified the bonds that are most critical for the mechanical stability
of the CD2-CD58 complex. The simulations also identified a transient salt bridge that impeded
complex disruption but was not seen in the crystal structure. The predicted roles of the differ-
ent charged amino acids in CD2 were subsequently confirmed experimentally in surface force
apparatus (SFA) measurements with CD2 charge mutants (21).

SMD studies of integrin activation also identified a possible molecular mechanism of integrin
activation by opening a key hinge region (22). Earlier work suggested that a water bridge stabilizes
integrin-RGD [arginine (R)-glycine (G)-aspartate (D)] bonds under force (2). Simulations of the
forced detachment of neural cell adhesion molecules (NCAMs) clarified the roles of salt bridges
in homophilic NCAM adhesion and reconciled apparent disparities between different NCAM
crystal structures (1). Studies of selectin-carbohydrate interactions suggest that ligand sliding over
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Catch bonds:
noncovalent bonds in
which the dissociation
rate, which is inversely
proportional to the
lifetime, decreases
with increasing force
on the bond

SHD: Szabo
Hummer Dudko

a surface of the selectin and force-dependent conformational changes may underlie the catch bond
behavior of selectins (3), (4).

The short simulation timescale (tens of nanoseconds) relative to experimental timescales is often
perceived as a limitation of SMD. However, the increasing number of experimental studies that
have confirmed simulation predictions attests to the value of SMD in predicting key interactions
and mechanisms underlying passive protein responses to force (12). Semi-quantitative, atomistic
details of unbinding processes have accurately predicted key interactions and functionally relevant
conformational changes in several cases, demonstrating the value of SMD in understanding the
structural basis of the passive mechanical properties of proteins.

3. TENSILE STRENGTHS OF SINGLE PROTEIN BONDS

Single bond rupture measurements are now commonly used to investigate the properties of nonco-
valent bonds. They are also the most appropriate experimental system for testing SMD predictions
of receptor-ligand bond rupture. Such studies of receptor-ligand bonds are too numerous to cite
here. This review instead focuses on results that are directly relevant to cell adhesion and the
functional insights they provide.

3.1. Physical Models of Bond Rupture: Relating Force to Bond Chemistry

A goal of single bond rupture is to extract kinetic and mechanistic details underlying the passive
responses of protein bonds to force. The information content lies in the relationship between force,
dissociation rate, bond chemistry, and the protein structure. Three main experimental approaches
are used to rupture single protein bonds: (a) rupture under a steadily increasing force or force
ramp, dF/dt = rF ; (b) bond rupture under constant force; or (c) bond rupture following an abrupt
force jump and subsequent, steady force ramp (Figure 2).

Different models relating bond rupture forces to bond chemistry have been proposed by Bell
(23), by Evans and Ritchie (24), and by Szabo, Hummer, and Dudko (SHD) (25). The unifying
concept is that force applied to a bond accelerates the dissociation rate by lowering the activation
free energy for unbinding Gts. Model differences lie in assumptions about the intermolecular
potential, how force modifies the position of the transition state, the analytical expression for the
dissociation rate, and its relationship to force. Bell predicted that force alters dissociation rates
according to

k(F ) = k0 exp
[

F xts

kB T

]
,

where xts is the distance between the ground state and transition state along the reaction coordinate.
This simple expression assumes that the linear distance to the transition state approximates the
reaction coordinate, that k depends on the instantaneous force, and that k0 and xts embed features
of the intermolecular potential.

More recent theoretical models account for stochastic bond failure under a time-varying force.
They also address the bond rupture statistics and link rupture forces with bond chemistry. Evans
and Ritchie predicted how applied force increases the bond rupture probability under a dynamically
changing force F(t) (24). Using the Bell equation to account for the effect of force on kinetics and
an assumption that xts is independent of force, they derived a convenient, compact relationship
between the most probable rupture force Fmp (mode of the distribution of rupture forces), the
experimental pulling rate, and the parameters k0 and xts (24). For a linkage confined by a single
barrier, peaks in histograms of rupture forces exhibit a single maximum at the most probable
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Figure 2
Force-time histories of the rupture of single molecular linkages. (A) In steady ramp measurements, after the
initial contact the force on the bond increases at a constant rate, dF/dt, until rupture. (B) In jump-ramp
measurements, an initial force jump J is followed by a steady force ramp R until bond rupture. (C) In the
force clamp approach, the force is stepped to a specified value and held until bond rupture. The duration of
the level plateau is the bond lifetime at the constant force (50 pN in this case).

rupture force Fmp, which is related to the pulling rate rF by

Fmp = kB T
xβ

ln
(

xβ × rF

kB T × k0

)
.

Here kB is Boltzmann’s constant and T is the absolute temperature. The parameter xβ = xts ·
F = xts cos θ accounts for the fact that the direction of the force may not be collinear with the
reaction coordinate. Linear plots of Fmp versus log (rF), which are popularly referred to as dynamic
force spectra, can be used to extract values of xβ and k0 from the slope and x-intercept, respectively.
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Dynamic force
spectroscopy (DFS):
measurements of the
most probable rupture
force versus the log10
of the pulling rate rF

The activation free energy �Gts can be estimated from k0, where

k0 = φ exp
[
−�Gts

kB T

]
,

if one assumes an attempt frequency φ (24). I refer to this as the dynamic force spectroscopy (DFS)
model.

When there are multiple barriers along the reaction coordinate, the DFS model predicts a
stepped force spectrum, which is marked by a sequence of intersecting linear regions with different
slopes and x-intercepts. Whereas many force spectra are linear over a range of pulling speeds,
others exhibit steeper slopes at high pulling rates. The DFS model attributes these transitions to
the emergence of inner barriers nearer the ground state (smaller xts) at faster pulling rates.

To address some assumptions in the DFS model and the nonlinearities in some force spectra,
Szabo, Hummer, and Dudko developed a more general approach, SHD (25–27). Two differences
from the DFS model are (a) allowing the position of the transition state to vary with force and
(b) using Kramer’s expression for the rate constant. The former is consistent with the Hammond
postulate that the ground state and transition states merge as the activation barrier vanishes. The
SHD expression for the dependency of the mean rupture force on the pulling rate depends on xts,
k0, and �Gts according to

〈F〉 � �Gts

νxts

{
1 −

[
1

�Gts

]
ln

k0e�Gts +γ

xts K V

}
.

Here K is the probe spring constant, V is the spring velocity, ν is a constant related to the potential,
and γ = 0.577 is the Euler-Macheroni constant. In this model, �Gts and k0 are explicit variables
obtainable from data fits to plots of the average force 〈F〉 versus log(rF). The potential-dependent
constant ν suggests that the fitted parameters will be model dependent, but the cubic-linear
potential (ν = 2/3) appears to be a relatively general model for intermolecular potentials (28).
The DFS model is a special case of this more general framework.

The SHD approach predicts that, at intermediate pulling speeds comparable with experimental
rates, the average force increases nonlinearly with the logarithm of the pulling rate. This predicted
curvature may account, in some cases, for the apparent increase in the slopes of some force spectra at
high pulling speeds, without invoking additional activation barriers along the reaction coordinate.

An alternative to steady ramp measurements is the measurement of bond lifetimes under con-
stant force (Figure 2C). In these force clamp measurements, the force is stepped to a constant
value, and the bond persistence under this force is the bond lifetime (Figure 2C). Both micro-
scopic models predict dependences of bond lifetimes on the constant force. According to the DFS
formalism, for bonds confined by a single barrier, the lifetime (=1/k0) under constant force is

τ (F ) = τ0 exp
[
− F xts

kB T

]
,

where τ 0 is the intrinsic, unstressed bond lifetime. The bond survival probability decays exponen-
tially with time, with a decay constant determined by the lifetime at constant force F:

P (t) = Aexp
(

− t
τ (F )

)
.

For a receptor-ligand tether formed by any of n possible bonds,

P (t) =
∑

n

Ai e
− t

τi ,
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BFP: biomembrane
force probe

AFM: atomic force
microscope

where Ai is the formation frequency and τ i is the lifetime of the ith bound state under a constant
force F (29) such that the number of exponentials needed to fit the data is the number of inde-
pendent bonds with rupture forces above the applied force (29). Extrapolating a set of lifetimes
measured at different forces gives the intrinsic lifetime at zero applied force.

Alternatively, the SHD model for a 1D free energy profile predicts that the lifetime depends
on force according to

τ (F ) = τ0

(
1 − νF xts

�Gts

)1−1/ν

exp
[
−�Gts

kB T
(1 − (1 − νF xts /�Gts )1/ν )

]

(25). Again, ν depends on the potential and is 2/3 for a linear-cubic potential and 1 for Bell’s model.
The parameters τ 0, xts, and �Gts are obtained from nonlinear least squares fits of this equation to
the lifetimes obtained at different (constant) forces.

A third force-time sequence is the jump-ramp (30), which is not addressed explicitly by the
different theories. Here, an initial force jump to a low preset value is followed by a steady ramp
(Figure 2B). The preset force can rupture bonds weaker than itself, allowing dynamic char-
acterization of the surviving bonds (29, 30). Alternatively, the initial force jump may trigger a
conformational change such that the subsequent force ramp interrogates the mechanical response
of a second, force-dependent conformational state (31).

3.2. Bond Rupture Forces Versus Solution Binding Measurements

It is often assumed that binding affinity is synonymous with adhesion strength and that the force
used to rupture adhesive bonds does not alter the unbinding trajectory. However, Socci et al.
(32) pointed out that temperature and bond energy, for example, are scalars and are rotationally
invariant, whereas force is a vector. Directional forces can bias unbinding trajectories and suppress
alternative paths that might otherwise contribute to unconstrained, thermally driven dissociation
in solution. This could generate discrepancies between the free energies of bonds obtained from
solution binding affinities and adhesion energies. Binding pockets may spatially constrain the lig-
and reaction coordinate such that thermally activated and force-driven dissociation follow similar
paths, but this is not always the case (see Section 4.3).

Theoretical calculations investigated conditions in which affinity correlates with adhesion
owing to multiple bonds in parallel, such as those between two parallel cell surfaces (33, 34).
Brownian dynamics simulations and deterministic rate equations were used to compute the de-
tachment (adhesive) force between two parallel surfaces separated at constant velocity (33). Below
a critical velocity determined by the intrinsic relaxation time of the adhesive bonds, the receptors
and ligands are in dynamic equilibrium, and the adhesion increases with the binding free energy
�G—obtained from the logarithm of the affinity. However, at separation rates faster than the
critical velocity, the system deviates from equilibrium, and the adhesion scales with the activation
energy for unbinding, �Gts. Thus, adhesion via multiple, parallel bonds scales with affinity only
at relatively slow pulling rates. The challenge in equating adhesion with affinity is suggested by
the slightly better correlation between CD2/CD58 adhesion energies and the logarithm of the
dissociation rates (Gts) than between CD2/CD58 and the logarithm of the affinities (Geq) (21).

3.3. Single Bond Rupture Measurements: Methods

The two main instruments used to quantify single, noncovalent protein bond strengths are the
biomembrane force probe (BFP) and the atomic force microscope (AFM). The BFP quantifies the
rupture of individual protein bonds by using a soft red blood cell (RBC) as the force transducer
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Figure 3
Sensitive force measurement instruments for quantifying the strengths and kinetics of noncovalent
receptor-ligand bonds. (A) In the biomembrane force probe, a cadherin-modified microbead is bound to the
surface of a red blood cell (RBC), which is aspirated into the pipette (left). The opposed micropipette holds a
second bead modified with cadherin fragments (right). (B) Illustration of the Fc-tagged cadherin
ectodomains immobilized on the two beads. (C) Schematic of an atomic force microscope (AFM) tip
modified with a receptor (Fc-tagged cadherin ectodomain) and a substrate modified with the target ligand
(Fc-tagged cadherin ectodomain). The proteins are tethered to the surfaces via flexible spacers. (D)
Micropipette manipulation instrument showing a test cell expressing the cadherin receptor (left) and an RBC
modified with ligands (right). The test cell is aspirated into a glass pipette. The RBC is aspirated into an
opposed pipette. (E) Schematic illustrating the protein configurations on the opposing cells in the
micropipette experiment. The C-cadherin on the test cell membrane (top) faces the Fc-tagged cadherin
ectodomain, which is composed of extracellular domains (ECs) 1–5. The latter is bound to the RBC surface
(bottom) via a monoclonal anti–human Fc antibody (anti–Fc mAb), which is covalently bound to the RBC.

(35). In the BFP setup (Figure 3A), an RBC is aspirated into a pipette. A microbead modified with
immobilized ligands is “glued” biochemically onto the RBC. The opposed micropipette holds a
cell or a second bead coated with the complementary receptor (Figure 3B). Both beads (left) and
target surface (right) (Figure 3A) are sparsely modified with receptors and ligands to increase the
likelihood that binding events reflect single biomolecular linkages. The two probes are brought
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into contact and pulled apart with a defined force-time trajectory. At bond failure, the RBC recoils
back to its unperturbed shape, and the RBC distortion at failure determines the rupture force.
Fmp is then determined from histograms of the rupture forces measured at loading rates rF from
10–106 pN s−1. Dissociation rates are extracted from data fits to one of the models described in
Section 3.1.

The AFM (Figure 3C) is also commonly used to extract rate constants from single bond
rupture measurements. In this case, a silicon nitride probe tip is modified with an immobilized
receptor (Figure 3C) (36–38). The target surface with complementary ligands can be either a
second model surface modified with target ligands or a cell membrane. The challenges of data
acquisition and interpretation depend on whether the proteins are anchored to a rigid substrate
or to a soft membrane (39, 40). As in BFP measurements, the receptor-ligand bonds can be pulled
with any of the force-time trajectories in Figure 2. The following examples illustrate how single
bond rupture, using different force-time trajectories, can extract biophysical and mechanistic
details of cell adhesion molecule function.

3.4. Measured Strengths of Single Molecular Linkages:
Chemistry and Mechanism

In addition to extracting dissociation rates, single bond rupture studies can also reveal mecha-
nistic details, such as the existence of multiple binding interactions or force-actuated changes in
unbinding pathways. Receptor-ligand bonds in series with cytoskeletal linkages can also probe
cytoskeletal connections or inside-out signaling (Section 3.4.3). There is a vast literature on sin-
gle molecule measurements of forced macromolecular unbinding and unfolding (41–43). This
review focuses on nanomechanical studies of adhesion molecules that reveal novel aspects of their
mechanical functions.

3.4.1. Selectins and catch bonds. Single bond rupture studies of selectin bonds with glyco-
protein ligands illustrate several important aspects of forced receptor-ligand bond rupture. First,
unique force-lifetime signatures determined by subjecting bonds to different force histories has
identified a class of linkages referred to as catch bonds. Second, comparisons of bond parameters
obtained with different rupture protocols demonstrate that measurement outcomes can depend
on the force history. Third, both results illustrate the potential limitations of interpreting bond
rupture data in terms of 1D reaction coordinates.

Selectins expressed on the vascular endothelium at sites of inflammation capture neutrophils by
binding to glycoprotein ligands on neutrophil surfaces. Once the bonds are formed, these tethers
experience nearly instantaneous loading relative to the timescale of bond relaxation. The bond
formation rates and lifetimes under different fluid flow govern neutrophil rolling at different fluid
shear stress and ligand densities.

Measurements of selectin-glycoprotein bond rupture, carried out in steady pulling, constant
force, and jump-ramp modes (Figure 2) (31, 44–51), have identified mechanically distinct adhesive
states. However, the manifestation of these different bond properties and their influence on the
lifetimes and strengths of the stressed bonds depends on the force-time history.

The lifetimes of P-selectin/P-selectin-glycoprotein-ligand-1 (PSGL-1) bonds subject to con-
stant force reveal that, in contrast to the Bell prediction, the lifetime does not always decrease with
force. Initial shear flow studies of neutrophil rolling did indeed verify Bell’s prediction that force
accelerates bond dissociation (23, 45). Subsequent AFM measurements of the same system ex-
plored bond lifetimes over a wider range of forces and showed that, whereas the lifetime decreases
with forces >25 pN, at forces <25 pN, the lifetime actually increases with increasing force (31).
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Slip bond: a
noncovalent receptor-
ligand bond whose
lifetime decreases with
the magnitude of the
force applied to the
bond

This counterintuitive increase in lifetime with applied force is the functional signature of catch
bonds. Dembo and coworkers first predicted the existence of catch bonds (52), but demonstra-
tion of a bona fide catch bond requires demonstrating this unusual force-lifetime relationship—a
challenge that eluded investigators for several years. Marshall et al. (44) first clearly demonstrated
catch bond behavior with P-selectin.

A combination of single bond rupture and flow assays quantified increases in the P-selectin/
PSGL-1 bond lifetimes over a range of constant applied forces (44). Force clamp measurements
(Figure 2C) determined the lifetimes of bonds subject to a range of (constant) forces. The P-
selectin bond lifetimes first increased with force up to an optimum value that depended on the
oligomerization state of the PSGL-1 molecules, e.g., dimers versus monomers. Beyond the force
optimum, the lifetimes then decreased exponentially with the applied (constant) force—a char-
acteristic of the slip bond behavior reported by Alon et al. (45). Thus, P-selectin bonds exhibit
catch-slip behavior.

Leukocytes require a threshold shear stress to form persistent tethers and roll on the vascular
endothelium. This suggested the existence of catch bonds (53). In shear flow assays, which are
described extensively elsewhere (54), bond loading is analogous to force clamp measurements
because the bonds experience nearly instant loading upon tether formation, followed by a constant
stress determined by the flow rate. The force clamp closely mimics the force history of cell-surface
bonds in flow. Indeed, in recent years, flow assays have been used to identify and characterize
proteins exhibiting catch bond behavior. Examples include enteric bacterial protein FimH (55,
56), von Willebrand factor (8), and integrins (57). Several reviews describe this rapidly expanding
field (31, 58–61).

Jump-ramp measurements verified that a critical force is required to mechanically switch the
adhesive state of selectin, and quantified the force threshold (47). Under a steady ramp (Figure
2A), the P-selectin bonds had no apparent strength at slow pulling speeds, but after an initial
abrupt jump to ∼30 pN, the bond strength increased with loading rates as slow as 35 pN s−1.
Varying the amplitude of the force jump showed that an initial 30-pN jump was sufficient to
switch P-selectin to an adhesive state capable of resisting dynamically increasing forces.

Under a steady force ramp, most protein bonds exhibit finite strengths that increase with the
logarithm of the pulling rate. However, the P-selectin/PSGL-1 bond had no strength at slow,
constant pulling speeds (46). This persisted at pulling rates up to ∼300 pN s−1. At ∼200 pN s−1,
the emergence of a second peak in the histogram at a finite (nonzero) rupture force coincided
with the diminution of the peak at zero force, which suggests that the applied force activates the
formation of a stronger bound state above a threshold pulling speed. These steady ramp results
are, therefore, also consistent with catch bond behavior.

The three force-time sequences (Figure 2) identified different dynamic response signatures
of P-selectin/PSGL-1 catch bonds. Nevertheless, the bond lifetimes determined with these three
methods differed, even though the same receptor-ligand pairs were used. Values also differed from
lifetimes measured in shear flow assays. These discrepancies had been attributed to experimental
variables such as protein origin, measurement techniques, and analysis methods. A rigorous com-
parison of the different approaches, using the same proteins, showed that the different force-time
histories used underlie the differences in extracted bond parameters (31).

The dependency of bond lifetimes (or dissociation rates) on the force history (see Figure 2)
might be expected because kinetic processes are nonequilibrium and therefore path-dependent.
However, prior data analyses were based on several assumptions, the most significant being that the
kinetic rates were single-valued functions of the instantaneous force. Recent studies demonstrate
that this is not the case (31). The assumed first-order dissociation along a single reaction path
may also be overly simplistic, as in the case of catch bonds. These results highlight the need to
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Modular binding:
binding between
proteins that consist of
multiple domains in
which more than one
domain module can
bind to another,
similar protein

Ectodomain: the
segment of a
membrane-bound
protein that is on the
outside of the cell

ECs: cadherin
β-barrel extracellular
domains, numbered
1–5, that are core
building blocks of the
full-length cadherin
ectodomain

develop a more general theoretical framework that describes the interplay between force and the
complexities of biomolecular bonds.

The properties of catch bonds revealed by nanomechanical measurements identified force-
dependent dissociation mechanisms that define the biological functions of these proteins. The
inability of solution binding measurements to reveal these details emphasizes the need for sensitive
nanomechanical tools to determine the mechanisms of adhesion protein functions.

A molecular explanation for catch bond behavior, which can be accounted for phenomenolog-
ically if xts < 0 in Bell’s rate expression, involves force-actuated switching between two confor-
mational states that have different unbinding reaction coordinates (4, 47, 61–64). For catch-slip
bonds, below the force optimum, increasing the applied force biases the conformation toward the
pathway with the higher barrier such that the lifetime increases with force.

Interestingly, a common structural motif of the catch-bond proteins investigated thus far ap-
pears to involve auto-inhibition that is released by force to activate a strong binding state. Both
P-selectin and FimH exhibit high-affinity and low-affinity states whose interconversion correlates
with the opening and closing of a hinge region. In FimH, the hinge angle appears to control
binding between the active site and an inhibitory site on the same molecule (65, 66), whereas the
hinge opening in P- and L-selectin corresponds with a structural change in the binding site that
enhances the affinity (67, 68). Mutagenesis studies in conjunction with force measurements appear
to support these proposed mechanisms (56, 65, 67–69).

3.4.2. Multidomain adhesion molecules and modular binding mechanisms. The structures
of many cell adhesion proteins are modular, composed of multiple, tandem repeats of structurally
similar domains (70, 71). Some of these proteins not only bind identical proteins (homophilic
bonds) on an opposing cell but also associate with similar proteins on the same membrane. These
adhesive and lateral bonds could involve the same or different structural modules, and this com-
plexity creates particular challenges for identifying functional interactions and their role in cell
adhesion. Identification of different protein binding interactions and the participating domains is
needed to define the molecular mechanisms of adhesion and to identify minimal functional units,
which could be used in tissue engineering scaffolds, for example.

Cadherins are intercellular adhesion molecules whose adhesive ectodomains consist of multiple,
tandem repeats of ∼4.5-nm β barrel extracellular domains (ECs), which are numbered 1 through
5, with calcium bridges between adjacent EC segments (Figure 4A,B). Several studies indicate
that cadherins on adjacent cells adhere via their N-terminal domains in a complex formed when
the tryptophan at position 2 (W2) from each protein inserts into a hydrophobic pocket on the
opposing EC1 domain (Figure 4C). Cadherins are also postulated to interact laterally to enhance
binding avidity (72, 73). Adhesion between EC1 domains is supported by structural data, but other
functional domain interactions have not been conclusively identified in crystal structures. Single
bond rupture measurements were used to identify different cadherin binding states, characterize
their properties, and map them to structural regions of the protein.

The more than 20 members of the type I classical cadherin subfamily are named according to
the tissues from which they were first isolated. Single bond rupture measurements were performed
with ectodomain fragments of epithelial (E-) cadherin, neural (N-) cadherin, and Xenopus cleavage
stage (C-) cadherin. The following describes the use of cadherin mutants and force-time sequences
to identify multiple, independent bonds between these proteins and to map the bonds to different
structural regions (29, 30, 36, 74).

The force histograms measured with full-length C-cadherin ectodomains (CEC1–5;
Figure 5B) are very broad with a prominent peak at ∼45 pN (blue curve, Figure 5A). DFS
analysis of the prominent peak (Figure 5B) determined that the dissociation rate for this bond is
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Multidomain
protein: In this
review, multidomain
proteins are large
proteins whose
extracellular domain
structures consist of
multiple, tandemly
arranged,
independently folding
domains.

slow, on the order of 10−5 s−1 (29). E-cadherin and C-cadherin exhibit similar broad histograms
with the same qualitative features (29, 30).

The force distributions measured with the full-length cadherin ectodomains were too broad to
attribute to a single interprotein bond, thus more extensive analyses of the force distributions were
necessary. Deconvolution of the force histograms into different cadherin binding interactions used
cadherin domain deletion mutants as well as three different force-time trajectories (Figure 2) (29,
30). These approaches together revealed that opposing full-length ectodomains form multiple
bound states with different strengths and kinetics that map to different structural regions of the
protein.

Histograms obtained with EC12 fragments lacking domains 3–5 are by contrast much simpler,
as they exhibit a narrower, major peak (green curve, Figure 5C). Analyses of the linear force spec-
trum of this major peak determined that the EC12/EC12 bond (a) is weaker than the prominent
bond between the full ectodomains (blue curve, Figure 5A) and (b) dissociates rapidly with rates
of 0.01–0.02 s−1 (29, 30). The width of the peak suggested a second “hidden” peak at lower forces
(orange curve, Figure 5C). The jump-ramp force sequence (Figure 2B) (30) distinguished the dif-
ferent bond populations contributing to the histogram in Figure 5C according to their dynamic
responses to both the jump and subsequent ramp phases. An initial force jump broke bonds with
strengths <20 pN, enabling separate analysis of the bound state defined by the green curve in
Figure 5C. Bonds rupturing during the jump phase define a very weak bond with a fast dissocia-
tion rate of ∼4 s−1 (orange curve), which is consistent with the initial encounter complex detected
by single-molecule fluorescence resonance energy transfer measurements (75). Similar analyses
of histograms obtained with the full-length ectodomains showed that the same EC12-dependent
bonds contribute to the low force region of the histogram (Figure 5A, orange and green curves).

More extensive jump-ramp analyses of the histograms obtained with the full-length mouse
E-cadherin and C-cadherin ectodomains also identified two strong bonds rupturing at >40 pN
(Figure 5A, blue and red curves). Domain deletion mutants mapped the strongest bond to EC3.
These jump-ramp measurements with cadherin deletion mutants thus identified four distinct
binding interactions with different strengths and kinetics that map to different structural regions
of the ectodomain. Human E-cadherin exhibits similar behavior (74). The results suggest that
domains 1–3 compose the smallest fragment containing all binding interactions characteristic of
the full-length protein.

Force clamp measurements (Figure 2C) validated the jump-ramp analyses of the broad cad-
herin histograms. As discussed in Section 3.1, the time-dependent survival probability of receptor-
ligand bonds held by multiple, independent linkages is a superposition of n exponential functions.
The number of states surviving the jump to the low, constant force determines the number of
exponentials and associated lifetimes needed to define the decay profile (29, 30). This approach
confirmed that three bonds survive the jump to 40 pN (green, blue, and red curves, Figure 5A). The
survival probability curve that was computed with the rate constants determined from the jump-
ramp analyses describes the experimentally measured decay curve (29). This example demonstrates
the combination of protein engineering and force-time trajectories to deconstruct complex force
histograms obtained with multidomain proteins and thereby to identify functional regions of the
protein.

Similar methodology was used with NCAM, a multidomain adhesion protein of the im-
munoglobulin (Ig) superfamily (71). Its ectodomain is composed of five tandemly arranged Ig-type
domains followed by two fibronectin type III repeats (seven extracellular modules total). NCAM
binds via the immunoglobulin 1–5 segments (Ig1–5) to NCAM on adjacent cells. Solution binding
measurements with several different NCAM fragments, as well as differences between crystal struc-
tures (76, 77), contributed to conflicting models for both cis and trans, homophilic NCAM binding.
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AFM measurements of the rupture of single NCAM/NCAM bonds also identified two dif-
ferent homophilic bonds that require different structural modules (37). Force histograms exhib-
ited two distinct force peaks, and this distinct functional signature was exploited in subsequent
structure/function analyses, which mapped the stronger bond to Ig3 and the weaker bond to the
first Ig1 domain (78). These AFM measurements therefore demonstrated that NCAM forms either
of two bonds that involve different domains. Although solution binding affinities with different
NCAM fragments also supported these findings (79), the bond rupture data demonstrated that
these are structurally distinct bonds and quantified their mechanical strengths, dissociation rates,
and differences in xts, which scales the mechanical response to force.

However, because the molecules in AFM measurements are orientationally unconstrained on
the probe and tip, it is not possible to establish whether the interactions correspond to cis or
trans bonds on cell surfaces. The bond rupture measurements can nevertheless identify the ability
to form different bound states, and the use of different protein mutants can in turn map the
homophilic bonds to different structural regions.

3.4.3. Probing adhesion protein links to the cytoskeleton. Sections 3.2–3.3 focus on
ectodomains of adhesion proteins, but many cell adhesion proteins are coupled to the cy-
toskeleton. The mechanical system therefore comprises multiple bonds in series, namely, the
cytoskeleton-receptor linkage, membrane anchor, and receptor-ligand bonds (Figure 6A). Inside-
out signaling can also regulate intrinsic receptor-ligand bond properties (80). Both the BFP and
AFM have been used to probe linkages at soft membrane surfaces (41, 81, 82), but currently
only the BFP has sufficient force and distance sensitivity to interrogate receptor-cytoskeletal
linkages.

The series of receptor-ligand, membrane, and receptor-cytoskeleton linkages exhibit distinct
force signatures that are used to interrogate the different interactions. Figure 6B shows force-time
trajectories measured between a PSGL-1-modified probe and a leukocyte in the absence and pres-
ence of the actin-disrupting drug latrunculin A (39). PSGL-1 binds P-selectin, which is anchored to
the actin cytoskeleton through its cytodomain. The cytoskeleton-receptor and the receptor-ligand
bonds respond to the time-dependent forces. However, upon failure of the receptor-cytoskeleton
linkage, continued pulling on the membrane extrudes nanotube tethers as the membrane sepa-
rates from the cytoskeleton. These tethers can extend up to a few microns. In Figure 6B, the
initial slope is characteristic of receptor-ligand bonds under a steady force ramp, but the devi-
ation from the dashed line signals receptor-cytoskeleton bond rupture. Beyond the deviation at
⊗, the force reflects the fluidlike viscous drag of tether extrusion, which continues until PSGL-1
bond rupture. Actin disruption with latrunculin A abolishes the initial linear region of the curve
(Figure 6B) attributed to P-selectin/cytoskeleton bonds, such that the curve exhibits only the
viscous drag and final PSGL-1/P-selectin bond rupture.

These measurements of cytoskeletal coupling require high-resolution distance and force mea-
surements to unambiguously detect the subtle deviations in the force-time trajectories signifying
the different unbinding events. This is possible with the BFP but currently not with the AFM.

4. SURFACE FORCE MEASUREMENTS: DISTANCE-DEPENDENT
FORCES AND ADHESION BETWEEN BIOLOGICAL MEMBRANES

4.1. Surface Force Apparatus: Forces Governing Biomolecular Adhesion

In contrast to the nonequilibrium single bond rupture measurements, the SFA quantifies the
distance dependency of forces between two surfaces. It is also used to measure near-equilibrium
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DC-SIGN: dendritic
cell-specific integrin-
grabbing nonintegrin

adhesion energies rather than force. Time-dependent measurements also reveal how confor-
mational dynamics affect force signatures (83). The SFA quantifies the normalized force be-
tween two curved surfaces in liquid (or vapor) as a function of their separation distance
(Figure 7A) (84, 85). Absolute distances are determined within ± 0.1 nm by interferometry
(Figure 7B).

The SFA measurements quantify the net force between crossed hemicylinders Fc normalized by
the geometric average radius〈R〉 = √

R1 R2 of the cylinders. This normalized force Fc/R is directly
proportional to the interaction energy per area EA between equivalent flat plates, according to the
Derjaguin approximation:EA = Fc /2π R (86, 87). This relationship is valid when R � D. Because
R ∼ 1 cm and D < 100 nm, SFA measurements yield intersurface energies. The normalized force
sensitivity �F/R is ± 0.1 mJ m−2 and enables quantification of weak interactions with energies
on the order of kBT (or 0.6 kcal mol−1 at 25◦C) (83).

The distance dependency of the intersurface forces reveals structural details of molecules or
molecular complexes confined between the surfaces. For example, the dimensions (lengths) of
several different proteins measured with the SFA agreed quantitatively with the crystallographic
dimensions of the proteins and/or complexes (21, 65, 88–92).

4.2. Conformational Flexibility and Molecular Recognition in Innate Immunity

Surface force apparatus measurements of dendritic cell–specific integrin-grabbing nonintegrin
(DC-SIGN), an adhesion protein expressed on dendritic cells in the immune system, identified a
binding-dependent conformational change in the protein that is facilitated by flexible linkers in the
protein architecture. DC-SIGN recognizes carbohydrate patterns on several different pathogens
(93). Most pathogens that bind to DC-SIGN are internalized by the cells and are neutralized, but
other pathogens, such as HIV, exploit DC-SIGN to infect cells (94, 95). Knowledge of design
rules for pathogen recognition could be used to design therapeutic agents that block pathogen
infectivity.

DC-SIGN is a tetramer of single polypeptide chains, and the folded structure is composed
of an α-helical, coiled-coil neck that is terminated by four clustered carbohydrate recognition
domains (CRDs) (Figure 7C) (96). Because the individual CRD-glycan affinities are low, the neck
is thought to direct the CRDs toward the pathogen and away from the cell surface at the same
time that the terminal CRD clustering enhances the ligand-binding avidity.

Force-distance profiles measured between membrane-anchored, oriented DC-SIGN
ectodomains and bilayers displaying glycan ligands (Figure 8A) identified key molecular
features that contribute to DC-SIGN recognition and adhesion (97). By quantifying the
DC-SIGN dimensions and the adhesion energy, SFA measurements identified a binding-
dependent conformational change that enhances adhesion between DC-SIGN and surface-bound
ligands.

Two findings indicate that DC-SIGN undergoes a binding-dependent conformational change:
(a) the measured range of the steric repulsion between DC-SIGN monolayers and membranes
without glycolipid versus glycolipid-displaying bilayers and (b) the dynamic jump to contact be-
tween protein and glycolipid monolayers. In control measurements between DC-SIGN and bare
lipid membranes (Figure 8A), the onset of the repulsive force at DRep corresponds to the protein
thickness. The steep increase in repulsion at D < DRep demonstrates that the neck is rigid. The
protein did not adhere to the bare membranes. From the range of the repulsion DRep, the measured
neck thickness (length) is 28 nm, after accounting for the thickness of the CRD region. This is the
first direct measurement of the neck length and the first demonstration that the relatively rigid
neck holds the CRDs away from the membrane (Figure 8B).
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In contrast, with glycolipid on the target membrane (see Figure 7C), the DC-SIGN mono-
layer spontaneously jumped into contact with the glyolipid-coated membrane (Figure 8A). The
surfaces came to rest at an equilibrium distance DEq that is smaller than the range of the steric
repulsion DRep in the absence of ligand (Figure 8A). In SFA measurements, jumps into contact
occur from distances at which the gradient in the intersurface potential exceeds the spring con-
stant. The difference between the equilibrium thicknesses of DC-SIGN in the absence and pres-
ence of glycan indicates that the protein undergoes a binding-dependent conformational change
(Figure 8B). The magnitude of the conformational change increases with the glycan surface
density and hence with the adhesion, up to a limiting value of 4.8 nm (97).

This conformational change is attributed to flexibility in the linkers between the CRDs and
neck that enable the CRDs to rearrange and optimize ligand engagement. Although crystal struc-
tures suggested flexibility in the linker region, the SFA measurements directly demonstrated the
consequences of this flexibility for DC-SIGN recognition. This flexibility and CRD adaptability
to ligand distributions is thought to be important because it may enable DC-SIGN to recognize
a broader range of pathogens than proteins in which the CRDs are more rigidly aligned (97).

4.3. Tethered Ligands

Surface force measurements between ligands (biotin) tethered to polymers and membrane-
immobilized streptavidin demonstrated the impact of flexible tethers on the receptor-ligand inter-
action potential (Figure 9A). Force-distance profiles between streptavidin and flexibly tethered
biotin monolayers demonstrated that the efficiency of strong intersurface binding is determined
by the frequency of rare polymer (tether) fluctuations, the tether length, and the receptor-ligand
bond energy. The most obvious effect of ligand tethering is the increased range of intersurface
binding. In force curves between streptavidin monolayers and biotin bound to a 0.4–1-nm tether,
there is no apparent attractive force between the two surfaces at membrane separations >1 nm
(Figure 9B, solid line). However, when biotin is tethered to flexible polymers, the binding distance
from which the surfaces jump into contact is 15 nm ( point b, Figure 9B). The surfaces come to
rest at a final separation DEq ( point c, Figure 9B) determined by the balance between the osmotic
repulsion by the polymers and the receptor-ligand attraction. Importantly, the polymer increases
the range of the attractive intersurface potential from ∼1 nm, in the case of membrane-bound
biotin, to nearly the fully extended end-to-end tether length of the chain Lc = aN. Here N is
the polymerization index and a is the monomer length. On average, the tethered biotins should
reside at ∼0.57Lc, and large excursions from this average are rare. The surprising result was that
the tethers increased the binding distance to nearly the full length of the chain. Accordingly,
the binding distances dB increase with N (98), as do the final equilibrium separation distances
DEq.

From analyses of the force-distance curves as a function of the degree of polymeriza-
tion N and of the receptor-ligand bond energy, Wong & Kuhl (98) constructed an energy-
state diagram depicting binding distances in terms of the energetics of polymer extension ver-
sus the receptor-ligand potential. This state diagram predicts points of instability where the
receptor-ligand bond energy balances the chain extension energy. It also predicts points of
binding or de-adhesion, depending on whether the surfaces are approaching or separating,
respectively.

The binding dynamics are also fundamentally linked to chain fluctuation timescales. Initial
analyses of the force-distance profiles showed that the binding distance depends on the frequency
of rare, large excursions from the average position of the chain ends. This was confirmed by
theoretical modeling (100). For example, the typical exploration time at a distance D from a chain
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Figure 9
(A) Schematic of the polyethylene glycol tethered biotin (PEG-biotin) and streptavidin configurations in the
surface force apparatus measurement. The polymer molecular weight is 2000. Here D is the distance from
the outer edge of the streptavidin layer to the outer lipid head group surface on the opposing surface, and RF
is the Flory radius of the PEG chain. (B) Interaction force profile as a function of separation distance
between streptavidin and PEG-biotin normalized by the radius of curvature, R. The solid curve shows the
interaction between streptavidin and 5-mol% biotin-lipid without the PEG tether. Open symbols show
forces measured during approach and black symbols, during separation. The different sets of data correspond
to the first approach (open circles) and separation (black circles), second approach (open squares) and separation
(black squares), and third approach (open diamonds) and separation (black diamonds). Arrows ( J) denote jumps
into contact and jumps out of contact. The binding distance is the separation (b) from which the surfaces
jump into contact at the equilibrium separation (c). The distances from which the surfaces pull out of contact
(maximum adhesion) are indicated by right-pointing arrows (d). Reproduced with permission from (99).

anchor would be

τ = τ0 exp
(

Eext (D)
kB T

)
,

where τ 0 is the intrinsic relaxation time of a single chain, or the Zimm time, or

τ0 ≈ ηR3
F

kB T
.
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Tethered ligands:
ligands that are
connected to the
supporting surface via
long molecular linkers
(tethers). Tethers can
be flexible or rigid.

Here Eext(D) is the extension energy at D, η is the viscosity, and RF is the Flory radius of the chain.
Assuming a parabolic potential for the polymer extension,

Eext (D) = (D/RF )2 kB T
2

.

Thus, the typical exploration time for the free end of a 2000-MW chain near the fully extended
length of 16 nm is ∼1 ms, which is well within the measurement timescale of seconds to minutes.
These high-resolution, force-distance measurements together with theoretical calculations
demonstrate that polymer fluctuation dynamics and receptor-ligand bond energy determine
the binding efficiency of tethered ligands. They further define design rules for enhancing drug
targeting or cell capture with tethered ligands. As a practical example of the impact of tethering,
microparticles decorated with tethered ligands appear to exhibit higher affinity for vascular
endothelial cells in blood flow than for microparticles with ligands modified without tethers (101).

4.4. Multidomain Proteins and Modular Binding Interactions

SFA measurements also identified novel interactions between multidomain, homophilic adhesion
molecules. AFM measurements can identify adhesive states formed by NCAM and cadherins
(Section 3.4.2), but they give no information about the structures of the complexes corresponding
to the bound states. SFA measurements of the same proteins provide spatial details and force-
distance signatures that have identified distinct structural regions required for binding interactions.
As in the AFM studies, the quantitative impact of deleting domains on the force-distance signatures
demonstrated that NCAM and cadherins form multiple, spatially distinct bound states that require
different regions of the ectodomains.

The normalized force or energy/area as a function of the bilayer separation was measured
between oriented cadherin monolayers immobilized on supported lipid bilayers (see Figure 7B).
During approach, the cadherin monolayers repel (F > 0) at D < 55 nm, but upon separation,
they adhere at three distinct membrane gap distances: 39 nm, 53 nm, and 44 nm (Figure 10A).
The method used to detect these discrete adhesive minima is described elsewhere (102, 103). The
adhesion energies at the different distances also decreased in the order 39 nm >53 nm >45 nm
(Figure 10A).

The force-distance profiles and adhesive minima were interpreted in terms of the cadherin
structure by comparing the distances of adhesive minima to the extended length of the cadherin
ectodomain and accounting for the dimensions of the anchoring layers and for possible cadherin
configurations compatible with the distances. Structure-function analyses based on the impact of
EC domain deletion mutants on the force-distance signature (Figure 10A) mapped adhesion at
53 nm to EC1/EC1 binding (Figure 10B), but the stronger bond at 39 nm requires EC3 (see
Figures 4C and 10B) (104). Allowing for the possibility that cadherins could form both cis and trans
bonds, any of the models in Figures 10C and 10D could account for adhesion at the membrane
distance of 39 nm.

SFA measurements similarly demonstrated that NCAM forms two spatially separated bound
states that require different domains (79). Consistent with the AFM data, the weak and strong
bonds map to the first and third domains, respectively. The SFA measurements with NCAM also
ruled out binding interactions proposed on the basis of some crystal structures.

The flexibility of both cadherin and NCAM and their ability to bind identical proteins on an
opposing cell and on the same membrane prevents the unambiguous attribution of these bound
states to lateral or to adhesive interactions. Additional information is needed to determine how
these different binding interactions influence NCAM function on cell membranes. With cadherins,
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MP: micropipette
manipulation
technique

kinetic signatures (see Section 5.2, below) provided the needed data to begin to distinguish between
the different interpretations in Figures 10C and 10D.

5. CELL BINDING KINETICS TEST MECHANISMS OF
PROTEIN-MEDIATED INTERCELLULAR ADHESION

5.1 Micropipette Manipulation Measurements of Cell Binding Kinetics

Kinetic measurements of intercellular binding are used to develop and test mechanistic models
of protein-mediated cell adhesion and to quantify relevant rate constants and 2D affinities, when
feasible, for kinetic steps in the reaction pathway (105). This is analogous to studies of enzyme
reaction mechanisms in which comparisons of measured reaction time courses with kinetic model
predictions identify mechanisms underlying chemical conversions.

Micropipette manipulation (MP) measurements quantify the kinetics and 2D affinities of
protein-mediated cell binding (106). In this instrument, two cells held by opposing micropipettes
are brought into contact for a defined period and then separated (Figure 3D) (107). Kinetic
measurements (106) quantify the time evolution of the cell binding probability P(t), which is the
ratio of the number of binding events nadh to the total number Ntotal of cell–cell contacts, P(t) =
nadh/Ntotal. The rate of change of P(t) reflects kinetic pathways and associated 2D affinities and
kinetic rates of the binding reactions (106). Typically, one of the cells is an RBC, and the second
cell expresses the adhesion molecule of interest (Figure 3D). Cell adhesion causes the RBC to
distort during separation, and it recoils to its unperturbed shape at bond rupture. This approach
was used extensively to study the binding kinetics of Fcγ receptors, selectins, integrins, and CD8
with their respective receptors (106, 108–113). In contrast to bond rupture measurements, mea-
sured binding affinities are independent of the amount of force needed to break the bonds. MP is
also used to quantify cell adhesion (114) but is not considered here.

5.2. Cadherin-Mediated Intercellular Binding Kinetics

The model of cadherin-mediated adhesion, popularized by the structure of the ectodomain and
of ectodomain fragments (Figure 4C) (115), involves simple cadherin association via the binding
mechanism A + A → A2, where A is monomeric cadherin and A2 is the trans EC1–EC1 complex.
The probabilistic rate equation for this mechanism describes a single exponential rise in the binding
probability P(t) to a limiting plateau (Figure 11A).

Kinetic measurements were done with Chinese hamster ovary cells engineered to express
the full-length cadherin and with RBCs modified with immobilized, recombinant cadherin
ectodomains (Figure 3E). In contrast to the structure-based model (Figure 11A), the binding
kinetics exhibit an initial, fast increase in the binding probability to a first plateau at P(t) ∼ 0.4–0.5,
followed by a 2–5-s lag and a second plateau at a higher binding probability P2 ∼ 0.8 (Figure
11B). This additional complexity is not captured by the simple mechanism in Figure 4C.

This distinct kinetic fingerprint was exploited in structure-function analyses of cadherins. Stud-
ies with mutants lacking the transmembrane and cytoplasmic domains, EC3 domain, or EC3–5
mapped the two-stage kinetics to the ectodomain (105). The first, fast step requires the first domain
EC1, and the lag phase and rise to the second plateau P2 requires the third domain EC3.

Fitting the kinetic data to different models showed that the simple model A + A → A2 de-
scribes the first binding step but not the second stage. Comparisons with kinetic models instead
suggest that the second binding step, which requires EC3, may involve cadherin oligomerization
(D. Leckband, unpublished observations). The kinetic data was thus key to identifying
the functional contributions of the different binding interactions to intercellular adhesion.
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Together, these kinetic, AFM, and SFA measurements constitute a complementary, self-consistent
set of data that has identified multiple cadherin binding interactions and their roles in the assembly
of intercellular junctions.

5.3. Tethers Enhance Intercellular Binding Kinetics

MP measurements also assessed the effect of receptor tethering on intercellular binding kinetics.
The long, anchoring tethers of many cell surface glycoproteins are postulated to increase binding
to target ligands either in solution or on cells. Kinetic measurements quantitatively tested this
hypothesis.

P-selectins are long, cell-surface glycoproteins with binding sites at the ends of tethers that
are composed of nine consensus repeats (CRs) that extend ∼27 nm from the cell membrane.
E-selectin contains six CRs. To determine the impact of the receptor lengths on binding kinetics,
Huang et al. (116) used two different recombinant P-selectin constructs. The soluble P-selectin
(sP) comprises the LecEGF (lectin-epidermal growth factor) region and nine CRs, whereas the
sPE construct consists of the LecEGF domain and a C-terminal epitope tag but lacks CRs. The
different proteins were bound to the RBCs via antibodies such that sP was bound at the fourth
consensus repeat from the membrane whereas sPE was bound via the epitope tag. Thus, sP
extended beyond the sPE by five CRs, or ∼15 nm. Measured binding kinetics between the RBCs
modified either with selectin construct or with neutrophils displaying PSGL-1 demonstrated that
the increased length of the sP increased the binding rate by a factor of 1.9, but the dissociation
rates of both proteins were similar. Similarly, the 2D affinity of sP was 2.3-fold higher than that of
the sPE form. This rate enhancement derives from the length-dependent increase in the reaction
cross-section of the selectin (116).

Consequences of these length-dependent binding differences are apparent in studies of cell
or particle capture under flow, where the association kinetics affects capture efficiency. Under
static conditions, there is no apparent difference between neutrophil adhesion to surfaces coated
with either sPE or sP at similar densities, but under flow, only the longer sP construct supported
neutrophil rolling. P-selectin requires at least five CRs to support rolling (117). Similarly, CD2
and its ligands bind at intermembrane distances of 15 nm, a feature that enhances T lymphocyte
binding (14). Receptor tethering on flexible polymer chains also enhances liposome adhesion
under flow, with consequences for drug targeting to vascular tissues (101, 118).

6. CONCLUDING REMARKS

This review is only a snapshot of the rapidly evolving field of protein nanomechanics. Simulations
and sensitive force measurements have identified unique physical properties of adhesion proteins
and have proved to be powerful tools for defining the molecular design rules of these complex
molecular machines. Although this review focused on adhesion protein mechanochemistry, the
exploding interest in the mechanics of biological materials ensures the continued steep trajectory
of this field.

SUMMARY POINTS

1. Sensitive force measurement techniques and atomistic simulations identified force-
dependent properties of adhesion proteins that are not accessible from crystal structures,
solution binding measurements, or standard cell adhesion measurements.
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2. Force measurements identify the molecular-level properties that govern cell adhesion at
the macroscale.

3. The response of receptor-ligand bonds to time-varying forces depends on the force
history. This feature is used both to distinguish between different bound states and to
identify different force-dependent dissociation paths.

4. Atomic force microscopy, surface force apparatus, and micropipette manipulation mea-
surements probe different, complementary properties of receptor-ligand bonds. In the
cadherin example, the use of all three of these approaches identified different cadherin
binding interactions, mapped them to different structural regions of the proteins, and
determined their roles in intercellular adhesion.

5. When combined with protein engineering, these complementary theoretical and ex-
perimental approaches are powerful tools for defining how protein structures carry out
complex mechanical functions.

FUTURE ISSUES

1. Physical adhesion between cell surface proteins and their cognate receptors is only one of
the many functions of cell adhesion proteins. Many adhesion proteins are also signaling
molecules. A challenge is to determine how the magnitude and duration of adhesion
relates to the intracellular signaling that controls cell functions.

2. Adhesion proteins can also act as force sensors that probe their mechanical environments
and proportionally modulate cell functions. In such cases, the strength of protein bonds
may be less important than the capacity of the proteins to actuate changes in membrane
tension or to recruit other components to adhesive contacts in order to strengthen cell
adhesion.

3. Adhesion proteins do not operate in isolation. How does cross-talk between different
adhesion proteins regulate adhesion-related functions?

4. How does the spatial distribution of adhesion proteins contribute to cell morphology
and cell function?
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Figure 1
(A) Model of the CD2–CD58 complex based on the crystal structure of the complex of the two outer D1 domains of CD2 and CD58
(right). (B) Simulated force on the protein complex as a function of the simulation time. The pulling rate is ∼0.2 pN ps−1. The
discontinuities in the trajectory indicate intermolecular bond failure. (C ) Snapshots of the protein complex at points in the simulation
correspond to the indicated discontinuities in the force-time plot in (B ).
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Figure 4
Classical cadherin structure and binding model. (A) The classical cadherins are transmembrane proteins with
a cytoplasmic domain, a transmembrane region, and an ectodomain. The ectodomain folds into five
structurally homologous ECs numbered 1–5 from the N-terminus. (B) Crystal structure of the ectodomain
of Xenopus C-cadherin. (C ) Binding between N-terminal domains of the C-cadherin ectodomain in which
the tryptophan at position 2 (W2) from opposing cadherins docks into the hydrophobic pocket of the other
protein.
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Figure 5
Single bond rupture measurements with C-cadherin ectodomain fragments (CEC) 12 Fc and CEC1–5 Fc.
(A) Force histogram measured between CEC1–5 Fc fragments at rF = 69 pN s−1. The orange, green, blue,
and red curves are the distributions calculated by fitting the histograms to a superposition of four probability
distributions that correspond to four independent bonds. (B) Most probable rupture force Fmp for the peak
indicated by the arrow in (A) versus log (rF ). (C ) Force histogram measured with CEC12 Fc fragments at
rF = 68 pN s−1. The orange and green curves are the distributions calculated with the experimentally
determined parameters for each bond contributing to the histogram. These correspond with the orange and
green peaks measured with CEC1–5 Fc in (A). (D) Most probable rupture force Fmp for the peak indicated
by the arrow in (C ) versus log (rF ).
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A

B

x

Figure 6
Probing P-selectin cytoskeletal linkages with the biomembrane force probe (BFP). (A) Schematic of multiple
bonds in series. (B) P-selectin on a leukocyte was pulled away from P-selectin-glycoprotein-ligand-1
(PSGL-1) immobilized on a bead. In the absence of latrunculin A (organized actin cytoskeleton), bonds
subjected to a steady ramp force initially exhibited a linear force-time curve. The data deviate from the linear
ramp, and the pulling rate slows at ⊗, upon rupture of the P-selectin-cytoskeleton bond. At ∗, the
P-selectin/PSGL-1 bond fails. Latrunculin A disrupts actin and prevents P-selectin binding to the
cytoskeleton. With cells treated with latrunculin A, the force-time trajectory exhibits only the viscous drag
owing to the lipid nanotube extraction and the final P-selectin/PSGL-1 bond rupture.
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Figure 7
Principles of surface force apparatus (SFA) measurements (83). (A) Schematic of the samples in the
interferometer of the SFA. The samples are supported on two hemicylindrical lenses oriented at right angles
to each other. The equivalent geometry is a sphere interacting with a flat plate, as indicated here. The
samples, e.g., proteins, are on the surfaces of the two lenses. X indicates the radial distance from the center of
contact, where the surface separation distance is D. (B) Interference fringes transmitted by the
interferometer. The curvature of the fringes images the curvature of the contact region. X corresponds to the
radial distance from the center of contact, as in (A). (C ) Example of a typical sample configuration used in
the surface force apparatus experiment. In this example, the protein dendritic cell-specific integrin grabbing
nonintegrin (DC-SIGN) is immobilized via a hexahistidine tail (His6) at the N-terminus (DC-SIGN-His6).
The hexahistidine tail binds to 6-[9-[2,3-bis(dodecyloxy)propyl]-3,6,9-trioxanonyl-1-oxycarboxylamino]-2-
[di(carboxymethyl)-amino]-hexanoic acid (NTA-TRIG-DLGE) in the outer leaflet of the supported bilayer.
The opposing membrane contains a synthetic lipid with the glycan (ligand) head group. D is the absolute
separation between the bilayer surfaces. Man9GlnNAc2 is a carbohydrate (glycan) consisting of a core of two
N-acetyl-glucosamine (GlnNAc2) sugars coupled to a branched carbohydrate consisting of nine mannose
sugars (Man9). Abbreviations: DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; DTPC, 1,2-
ditridecanoyl-sn-glycero-3-phosphocholine.
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Figure 8
(A) Normalized force versus the distance between membranes displaying DC-SIGN ectodomains and
supported lipid bilayers with and without glycan ligand. The sample configuration is shown in Figure 7C.
The black squares show the approaching (open squares) and receding (filled squares) force measurements in the
absence of glycan ligand. The red circles show the approaching (filled circles) and receding (open circles) force
curves in the presence of glycan. The arrows show where the jump instabilities occur. At these points, the
surfaces jump into or out of adhesive contact. Here DEq is the equilibrium separation at which the surfaces
come to rest after jumping to contact. DRep is the position of the onset of steric repulsion between the two
surfaces. (B) Schematic of proposed DC-SIGN configuration and conformational change upon ligand
binding. The blue circles represent the carbohydrate recognition domains, and the chains of green ellipsoids
represent the neck region.
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Figure 10
(A) Force normalized by the radius (F/R) versus the distance D between lipid bilayers supporting oriented
cadherin monolayers. The blue circles indicate the normalized force during approach, and the yellow circles
show the three distances at which the protein monolayers adhere. The open arrows indicate the positions
from which the protein layers jump out of adhesive contact. The illustration shows possible protein
configurations corresponding to (B), the outer adhesive minimum at 55 nm, and (C ), possible cis EC3
alignments consistent with the adhesion at 39 nm. (D) Interdigitated cadherin configuration consistent with
trans (antiparallel) EC3 alignment and adhesion at 39 nm. In (B, C ), white ellipses indicate trans bonds
between opposing domains, whereas gray ellipses indicate possible cis (parallel) domain interactions.

www.annualreviews.org • Biomolecular Adhesion C-7

A
nn

u.
 R

ev
. C

he
m

. B
io

m
ol

. E
ng

. 2
01

0.
1:

36
5-

38
9.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

3/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



CH01CH17-Leckband ARI 2 June 2010 12:24

Contact Time, s

Control

C-CHO(10) / CEC1-5 Fc(12)

C-CHO(1) / CEC1-5 Fc(38)

0 10 20 30 40

0.2

0.4

0.6

0.8

1.0

0

Theoretical Binding Probability

0.2

0.4

0.6

0.8

1.0

0
0 10 20 30 40 50

A

B
B

in
di

ng
 P

ro
ba

bi
lit

y,
 P

Figure 11
Micropipette measurements of cadherin-mediated cell binding probability versus intercellular contact time.
(A) Profile of the binding probability P versus intercellular contact time predicted for the simple strand
exchange binding mechanism (see Figure 4C). (B) Experimentally measured binding probability time
courses obtained with Chinese hamster ovary (CHO) cells expressing C-cadherin and RBCs modified with
the cadherin ectodomain EC1–5Fc (see Figure 3E). The filled circles and filled squares were measured at
different cadherin surface densities on both the CHO and RBC surfaces. The numbers in parentheses are
cadherin densities in number of proteins per square micrometer. The open symbols show controls done with
ethylene di-amine tetra-acetic acid (EDTA) or blocking antibody, both of which inhibit cadherin binding
activity.
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