
Nanomechanics of adhesion proteins
Deborah Leckband
Recent advances in molecular force measurements have

resulted in the quantification of the nanomechanical properties

of single molecular bonds, and elucidated novel relationships

between molecular architecture and biomolecular adhesion.

The measured forces to rupture single intermolecular bonds

revealed novel and unexpected ways that proteins respond

to mechanical force. Measurement of the magnitude of

interprotein forces and the distances over which they act

further determined how protein architecture may contribute

to both the stability and structural organization of adhesive

junctions.
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Introduction
Molecular force probes are powerful tools for investigat-

ing the nanomechanical properties of cell adhesion mole-

cules (CAMs) [1]. Force measurements reveal the links

between chemistry and adhesion [2��,3], and between

structure and molecular mechanics, and probe macromo-

lecular unfolding [4��,5�]. This review highlights recent

force measurements of the mechanical properties of

CAMs. These investigations elucidated new binding
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mechanisms, structural models of CAM adhesion and

novel responses to mechanical force.

Principles of force measurement
Molecular forces can be quantified using a variety of

approaches [1], including the surface force apparatus

(SFA), the atomic force microscope (AFM), optical twee-

zers (OT) and the BioForce Probe (BFP). The instru-

mental details differ, but the principles of the force

measurement, as outlined in Figure 1, are similar. (See

also the Glossary of terms.)

Atomic force microscope

The high absolute cantilever sensitivity (DF �10 pN) of

the AFM allows the measurement of single-molecule

interactions between a small (R �10 nm) probe tip and

a surface [1]. The AFM measures the relative cantilever

displacement (DDc; Figure 1) within �1 Å, but the abso-

lute distance between the surfaces (D) cannot be deter-

mined. This technique is especially well suited for

measuring weak, short-range forces, such as bond

strengths or molecular force-extension profiles, for which

knowledge of the absolute distance between the surfaces

and the local geometry is not critical.

Surface force apparatus

The SFA measures the force (F) and absolute surface

separation (D) between macroscopic surfaces, as well as

the local geometry (R) [1]. The absolute intersurface

distances (D; c.f. Figure 1) are determined within �1 Å

by interferometry. The SFA measures the force between

macroscopic curved surfaces, where R = 1–2 cm. A spring

quantifies the total integrated force between the surfaces

with an absolute force sensitivity (DF) of �10 nN.

This sensitivity is lower than that of the AFM, but

forces between macroscopic surfaces scale with the

surface dimensions (e.g. with R; c.f. Figure 1) [6].

The normalized force sensitivity of the SFA is DFc(D)/

R = �10�5 N/m2, whereas that of the AFM is 10 pN/

10 nm �10�3 N/m2. Thus, accurate normalized force-

distance profiles can be measured between large surfaces

without high absolute force sensitivity [1]. The SFA is

therefore the method of choice for accurately quantifying

force-distance profiles between surfaces.

Functional significance of the modular cell
adhesion molecule architecture
The molecular architectures of the extracellular regions

of a large fraction of CAMs comprise multiple, tandemly

repeated domains [7,8] (Figure 2). The atomic-level

structures of only a few of these proteins have been

determined, because of challenges inherent to structure
www.sciencedirect.com
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Figure 1
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Principles of force measurement. (a) Schematic showing the sample geometry and parameters relevant to force measurement with the SFA and

AFM. The curved probe is supported on a cantilever spring with force constant Kc. The cantilever deflection, DDc, quantifies the intersurface

force at each separation. The movement of the external position control determines the probe displacement (DD0) and DDc. The absolute surface

separation (D) is determined by DD0, DDc and substrate (tip) deformations (DDs). The AFM tips (R = 100–1000 Å) are smaller than the SFA probe

radius (R = 1–2 cm). (b) Hypothetical force-distance profile between two surfaces. At large distances (i), there is no intersurface force. Closer

in, the force becomes attractive (F < 0) and reaches its maximum value at the minimum in the curve (Dmin). At (ii) D > Dmin, the gradient in the

force exceeds the spring constant Kc and the surfaces jump into contact (arrow). The depth of the minimum, relative to F = 0, determines the

intersurface adhesion. At D < Dmin (iii), the force increases due to a repulsive force (F > 0). If D again increases, the force decreases to Dmin

and the surfaces jump out of contact from Dmin (arrow) [1].

Figure 2

Cadherin

CD2

NCAM
determination of large molecules. Of primary interest are

the relationship between the modular architecture and

adhesive function, the identities of the functional mod-

ules and atomic-level details of the adhesive interface(s).
SFA measurements tested hypotheses concerning the

regulation of intermembrane space by protein architec-

ture. Studies focused on the binding of CD2 and CD48

(or CD58), which may play both structural and adhesive

roles in organizing immunological synapses [9�,10]. CD2

is expressed on T cells and its ligand, CD48 (in rats) or

CD58 (in humans), is expressed on antigen-presenting

cells (APCs) [11]. The extracellular regions of CD2 and

CD48 comprise two tandemly linked immunoglobulin

(Ig) domains, and are approximately 7.5 nm in total length

(Figure 2).

Biochemical evidence suggests that CD2 binds its ligands

in a head-to-head configuration spanning �13.5 nm

(Figure 3a) [11,12]. Importantly, this �13.5 nm gap
Glossary of terms

D absolute distance between surfaces

Dmin position of the minimum in the force curve

DDc deflection in the cantilever spring

DDs deformation in a soft substrate or probe tip

Ef energy per area between two parallel flat surfaces

F force

Fc force between curved surfaces

Kc bending modulus of the ‘cantilever’ spring

Ks bending modulus of a soft deformable substrate

R radius of curved or spherical probe tip

www.sciencedirect.com
matches the dimensions of the complex between major

histocompatibility complex (MHC) and thymus cell

receptor (TCR), which triggers the immune response.

CD2 is postulated to control intermembrane spacing,
Current Opinion in Structural Biology

Illustration of the modular architecture of adhesion proteins. The

circles represent cadherin domains, ellipses represent Ig-type

domains and the rectangles are FN type III domains.

Current Opinion in Structural Biology 2004, 14:524–530
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Figure 3
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Molecular mechanism of CD2–CD48 adhesion. (a) Proposed CD2–CD48 binding configuration (ellipses represent Ig domains). (b) Normalized

force-distance profile between supported bilayers displaying CD2 and CD48. The proteins are immobilized via hexahistidine binding to

NTA-modified lipids. Upon approach (filled circles), the proteins repel (F > 0) at D < 16 nm. Upon separation (open squares), the proteins adhere

(F < 0) and the bonds fail at Dmin = 15.3 � 0.5 nm (arrow).
thereby correctly positioning the opposing MHC and

TCR proteins [11]. The dimensions of the complex are

also of more general interest because protein size segre-

gation may facilitate protein organization at adhesive

junctions [9�,10,13��].

Force measurements between CD2 and CD48 on oppo-

site membranes (Figure 3a) confirmed their head-to-head

binding configuration [14��]. In normalized force-distance

profiles (Figure 3b), the repulsive force (F > 0) at

D < 16 nm is due to steric repulsion between the proteins

[14��]. Upon separation, the proteins adhere (F < 0) and

bond failure occurs at the minimum in the force curve at a

membrane separation of Dmin = 15.3 � 0.5 nm [14��]. The

end-to-end complex length, defined by the position of

bond failure, is 15.3 – (2 � 1 nm) = 13.3 nm, accounting

for the �1 nm NTA (nitrilo-tri-acetic acid) anchors

(Figure 3) [15]. This directly measured 13.3 nm distance

agrees quantitatively with the predicted complex size [11]

and is direct evidence of head-to-head binding between

these proteins. These measurements also quantitatively

confirmed that the CD2–CD48 and TCR–MHC com-

plexes are dimensionally matched.

The ectodomains of many CAMs exhibit more compli-

cated structures than the CD2 family [7,8]. This makes

the identification of functional domains and binding

modes difficult using standard biochemical and structural

analyses. For example, the neural cell adhesion molecule

(NCAM) is a multidomain member of the Ig superfamily

that binds to NCAM on adjacent cells [8]. Its extracellular

region contains five Ig domains and two fibronectin (FN)

type III domain repeats [7] (Figure 2). There is a distinct
Current Opinion in Structural Biology 2004, 14:524–530
bend between the fifth Ig domain (Ig5) and the FN

domains [16,17] (Figure 2). Three different models of

NCAM adhesion are based on biochemical [18–20] and

structural data [21,22,23�]. In model 1 (Figure 4a), the five

Ig domains overlap completely and isologous Ig3 contacts

form the principal adhesive interface [18,19]. In model 2

(Figure 4b) [21,22], Ig domains 1 and 2 from each NCAM

form antiparallel, double reciprocal bonds. Model 3

(Figure 4c–e) is based on the structure of the fragment

comprising Ig domains 1–3 [23�]. Here, Ig domains 1 and

2 are proposed to form lateral bonds. Two putative

adhesive bonds involve antiparallel contacts between

Ig2 and Ig3 (Figure 4d), and between Ig1 and Ig3

(Figure 4e) [23�]. Each of these models predicts the

formation of different, spatially distinct NCAM com-

plexes. Given the accuracy of force-distance profiles

measured with the SFA, this approach was used to

discriminate between these three possible binding

mechanisms [24��].

In normalized force-distance profiles between NCAM Ig

domains 1–5 (Figure 5a) [24��], the fragments formed two

bound states at membrane separations of Dmin = 18 �
0.5 nm and 29 � 0.5 nm. The bond at 18 � 0.5 nm

corresponds to model 1 (Figure 4a), in which adherent

Ig1–Ig5 segments overlap fully. The position of the

second bond at 29 � 0.5 nm agrees quantitatively with

model 2 (Figure 4b). The full NCAM ectodomain also

formed two bound states (Figure 5b), although the bind-

ing distances were shifted outward due to the additional

FN domains and the bend at the FN–Ig junction [16,17].

These data support models 1 and 2, but contradict

model 3.
www.sciencedirect.com
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Figure 4
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Models of NCAM adhesion. (a) In model 1, NCAM binds with its five Ig domains in an antiparallel configuration, mediated primarily by Ig3–Ig3

bonds. (b) In model 2, NCAM adheres via double reciprocal bonds between Ig domains 1 and 2. In model 3, the outer Ig domains 1 and 2

form lateral bonds (c), and both antiparallel Ig2–Ig3 (d) and antiparallel Ig1–Ig3 (e) form adhesive bonds.
The interpretation of all force measurements in terms of

protein structure benefits substantially from measure-

ments with protein mutants [2��,5�,25�,26]. The adhesive

domains of NCAM were thus identified from changes in

the force-distance curves upon removing individual Ig

domains [24��]. Johnson et al. [24��] thereby confirmed
www.sciencedirect.com
that the inner bond requires Ig3, and the outer bond

involves Ig1 and Ig2 (Figure 5c,d). Independent equili-

brium binding measurements with the fragments further

validated the proposed domain interactions (Figure 5c,d).

Together, these data support the binding mechanism

shown in Figure 5d.
Current Opinion in Structural Biology 2004, 14:524–530
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Figure 5
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Mechanism of NCAM adhesion. (a) Normalized force-distance profile between membranes displaying NCAM Ig1–Ig5 fragments. The surfaces

repel (F > 0) at D < 37 nm (closed circles). Upon separation from D < 18 nm (open circles), the proteins adhere (F < 0), with Dmin = 18 nm.

At distances 19 nm < D < 29 nm, the proteins bind at 29 nm (open squares). (b) Normalized force-distance profile between full-length NCAM.

The proteins bind at Dmin = 31 nm and 39 nm. (c,d) Proposed NCAM domain interactions.
Cell adhesion molecule unfolding under
force?
A proposed consequence of the multidomain architecture

of CAMs is that individual domains may unfold under

force and impart elasticity to adhesive junctions, as titin

does in muscle [5�]. Reported Ig domain unfolding forces

typically exceed the strengths of CAM bonds [2��,3,5�].
However, protein elasticity depends on both the domain

sequence and the direction of force relative to the protein

axis [4��,5�]. The Ig domains of melanoma cell adhesion

molecule (MelCAM), for example, do unfold at forces

<100 pN [27]. Some CAM sequences may thus facilitate

unfolding under weak, adhesive forces.

In SFA investigations of CD2–CD48, NCAM and cad-

herin, interprotein bonds abruptly ruptured at unique

distances consistent with the structures of the intact

proteins [14��,24��,25�]. There was no apparent unfolding

and measured bond strengths were low. Simulations

further showed that CD2 adhesive bonds fail before

the Ig domains unfold [28�]. Although protein unfolding

may indeed contribute to the mechanical properties of

adhesive junctions, this has not yet been demonstrated.

Bond mechanics depend on the force
history
Intuitively, force causes bond rupture and larger forces

increase bond failure rates. This is characteristic of ‘slip

bonds’. However, ‘catch bonds’ strengthen under force,
Current Opinion in Structural Biology 2004, 14:524–530
so that the failure rate decreases with increasing force.

Although catch bonds were predicted, their existence was

controversial until recently [2��]. Marshall et al. sought to

resolve apparent inconsistencies in the reported lifetimes

of selectin–PSGL-1 (P-selectin glycoprotein ligand 1)

bonds measured by single bond pulling versus rupture

by shear [2��]. One difference between these approaches

is that pulling measurements, as typically conducted with

the AFM, increase the applied force at a constant rate

until the bond fails. The dependence of the rupture force

on the loading rate gives the bond lifetime [29]. By

contrast, in flow chamber measurements, the shear stress

on the bond instantly reaches a certain value and the

lifetime is measured as a function of the (constant) shear

stress [1]. These force histories differ, that is, the bond

experiences a force ramp in the former case and a constant

force in the latter.

Marshall et al. [2��] successfully compared lifetime mea-

surements from AFM and flow chamber assays, modifying

the AFM measurements to mimic shear assays. They

measured the bond lifetime under constant force, follow-

ing an initial rapid jump in the applied force. Their

measurements showed that, at low forces, the selectin–

PSGL1 bond lifetime increases with force, as expected

for catch bonds, whereas at high forces, it decreases with

force, typical of slip bonds. The bond mechanics there-

fore depend on the force history. Furthermore, catch

bond behavior is only observed at <20–50 pN, which is
www.sciencedirect.com
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below the forces investigated in prior AFM and flow

chamber studies [2��].

Conclusions
These examples illustrate the increasing prominence of

mechanical measurements as powerful tools for obtaining

unique information that is central to understanding adhe-

sion protein function. The insights gained from such

studies are often difficult to obtain by standard biochem-

ical methods. More generally, the resulting discovery of

physical principles relating chemistry to nanomechanics

continues to open up new approaches to investigating

fundamental principles of protein structure and function.

Update
A recent report [30��] has now shown that the transition

between the catch bond and slip bond behavior of the

selectin–PSGL-1 bond results from mechanically

induced switching between two kinetic dissociation path-

ways. Although this study used the BFP, the physics of

the measurement is similar to that of the AFM pulling

experiment. When the selectin–ligand bonds are loaded

at rates between 300 and 30 000 pN/s, the linear increase

in the strength of the selectin bond with the loading rate

indicates that bond rupture occurs via a single pathway.

However, at loading rates <300 pN/s, the bond strength

falls abruptly, suggesting that bond failure follows a

different kinetic pathway. However, if the bonds are first

tugged by an abrupt ‘jump’ in force to 20–30 pN, they

then become much stronger, even when subjected to

loading rates <300 pN/s. This behavior suggests that

the selectin–PSGL-1 bond acts as a mechanochemical

switch, whereby the force history causes the protein to

select between two different kinetic pathways that each

have different mechanical characteristics. The detection

of this mechanical switching was enabled by a new ‘jump/

ramp’ mode of force measurement, in which the applica-

tion of an abrupt force jump is followed by a slower force

ramp leading to bond rupture.
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at different pulling rates showed that the heterophilic protein bonds break
before the domains unfold, except at ultrafast pulling speeds. The
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plex ruptures at the protein–protein interface under loading rates
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This report follows on from the findings described in [2��]. These authors
used the BFP [1] to quantify the dependence of the selectin–PSGL-1 bond
strength on the rate of loading, or dF/dt. This approach differs from the
lifetime measurement of [2��], whereby the force is held constant and the
lifetime is measured at each constant force. In this case, they measured
the bond strength as a function of the logarithm of the constant loading
rate (dF/dt). They found that the strength increases logarithmically with
dF/dt at >300 pN/s. This indicates that bond rupture follows a single
kinetic path. However, at dF/dt <300 pN/s, the bond strength falls
abruptly, suggesting that rupture occurs by a different unbinding path-
way. To determine what governs this mechanical switching, the authors
altered the force history of the bonds, by first rapidly ‘jumping’ the force
by 20–30 pN. This jump was then followed by a steady force ‘ramp’ dF/dt.
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