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MOLECULAR MECHANISMS OF CELL ADHESION:
NEW PERSPECTIVES FROM SURFACE
FORCE MEASUREMENTS

Deborah Leckband
Department of Chemical and Biomolecular Engineering and
Department of Chemistry, Center for Biophysics and Computational
Biology, University of Illinois at Urbana-Champaign,
Urbana, Illinois, USA

This review highlights recent surface force measurements of the molecular interac-
tions of protein adhesives. These studies identified novel molecular-binding
mechanisms that are intimately linked to the protein structures. Central to these
findings is the precise force and distance sensitivity achieved with the surface force
apparatus. They illustrate that a mechanistic understanding of the nanomechani-
cal properties of biomolecular adhesives requires measurements of both the
strength of adhesion and the range of the protein interactions.

Keywords: Cell adhesion; Surface force apparatus; Cadherin; NCAM; CD2; Polysialic
acid

INTRODUCTION

Cell adhesion to surfaces or to other cells is central to a multitude of
processes including, for example, biofouling, viral and bacterial infec-
tion, wound healing, and embryonic development. Moreover, biological
adhesives display a rich variety of properties, switching on or off in
response to changes in pH or metal concentrations [1], for example.
Other bonds strengthen or weaken in response to applied force [2, 3].
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Cell adhesion has both commercial importance and fundamental
biological significance. The ability to control or exploit the biological
components responsible for this behavior hinges on the elucidation
of the fundamental molecular design rules governing their adhesive
function.

To first order, colloidal forces govern cell interactions. Absent
specific adhesive proteins on their surfaces, cells would generally repel
due to the substantial repulsive colloidal forces between them [4�6],
arising from negatively charged lipids, proteins, and both charged
and neutral carbohydrates. While there is a weak van der Waals
attraction between the membranes, the net intercellular forces are
primarily repulsive (Figure 1). The dense carbohydrate surface coat-
ing (glycocalyx) in particular can extend several hundred Ångstroms
from the membrane, and is the principal repulsive barrier at the cell
surface. Thus, cells adhere to other cells or substrates via specific mole-
cular binders displayed on their surfaces. These adhesive proteins
generate sufficient attractive forces to overcome or circumvent the
large, repulsive barriers. Alternatively, they could generate adhesive
interactions at distances beyond the range of the repulsive terms.

In order to form the types of tight, protein-mediated junctions seen
between cells, the steric barriers would have to be compressed or
displaced from the contact zone. Alternatively, as in the case of yeast
or fungi, adhesins may be covalently linked to the outer edge of the
dense carbohydrate barrier [7]. In higher, multicellular organisms,
the adhesion receptors are anchored to the lipid membranes and
either displace the barriers [8] or engage their complementary rec-
eptors at distances beyond the range of repulsion (Figure 1) [9�11].
The latter suggests that both the tensile strengths of the bonds and
the intersurface binding distance control cell adhesion.

A distinctive feature of many adhesion proteins is their molecular
architecture. The structures of most cell adhesion proteins comprise
single polypeptide chains that fold into multiple, tandemly repeated
domains [10, 11]. Figure 2 shows cartoons of the multidomain struc-
tures of some common adhesion proteins. These cartoons are based
on biochemical data, some structural data, and sequence homologies
with proteins of known structure [10]. Proteins related to those shown
are not rigid rods, in most cases, but their structures are much stiffer
than unstructured polymer chains. The individual modules differ in
their chemical composition while possessing very similar overall struc-
tures. The atomic level structures of only a few of these proteins have
been determined, due to the difficulty in crystallizing such large
macromolecules. In some instances, the structures of protein frag-
ments were determined, and in some cases the exact binding inter-
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faces have been elucidated [10]. The domain lengths are �4nm, so
that the total end-to-end lengths of the protein segments on the
exterior cell surface (extracellular domains) can be several hundred
Ångstroms. The proteins in Figure 2 are a very small subset of the
now hundreds of known cell adhesion molecules (CAMs) [10, 11].

One hypothesis for the functional significance of this molecular
design is that the modular architectures could enable the proteins to
bridge cell membranes at relatively large distances [9]. However, this
hypothesis can only be tested by comparing the range and magnitude
of the receptor-ligand (binding partner) attraction relative to the
repulsive forces between cells. To this end, my laboratory is conduct-
ing surface force measurements of the force-distance profiles of several
different adhesion proteins [12�15]. These studies uncovered much
richer mechanisms than the simple picture suggested by Figure 1.
Other force probe techniques such as atomic force microscopy and
optical tweezers have been used to determine the strengths of protein
bonds [16] or the force-induced unfolding of proteins [17]. However,
as demonstrated in this review, these techniques lack the absolute
distance resolution [18] required to determine how protein structures
and their binding modes impact intersurface potentials.

FIGURE 1 Hypothetical interaction potential between cell membranes.
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This review describes our recent surface force measurements of
adhesion proteins that have elucidated molecular design rules under-
lying the function of some of these important proteins. The measure-
ments focus on the relationships between the modular protein
architectures (c.f. Figure 2) and their impact on intersurface poten-
tials, their molecular mechanisms of binding and adhesive failure,
and their regulation by posttranslational modifications. These find-
ings exemplify the centrality of both the magnitudes and the ranges
of molecular interactions in bioadhesion. They also illustrate the
power of surface force measurements to both quantify these
parameters and determine molecular mechanisms of bioadhesion.

SURFACE FORCE MEASUREMENTS REVEAL NOVEL
MECHANISMS OF BIOLOGICAL ADHESION

Surface Force Apparatus

The surface force apparatus (SFA) technique is used to quantify the
ranges and magnitudes of the forces exerted between two extended

FIGURE 2 Multidomain structures of representative cell adhesion proteins.
These cartoons illustrate schematically the structures of adhesion proteins
CD2, NCAM, L1, and cadherin. The filled circles represent ‘‘immuno-
globulin-type’’ (Ig) structural modules or domains, the squares are ‘‘fibronectin
type III’’ (FN III) structural domains, and the open ovals are ‘‘cadherin’’ (EC)
domains. The proteins are anchored to the membranes by lipids or protein
segments, some of which extend inside the cell. These architectures are
inferred primarily on the basis of biochemical data, sequence analysis, and
homology with other related proteins [10, 11].
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surfaces as a function of their separation distance [19]. In these experi-
ments, sample materials are coated on the surfaces of cleaved mica
sheets that are glued to the surfaces of two curved macroscopic fused
silica lenses. The back surfaces of the mica are coated with a reflective
silver film, so that the region between the silver mirrors is the
resonant cavity of a Fabry-Perot interferometer [20]. White light
incident on the interferometer generates a series of interference
fringes of equal chromatic order (FECO), whose wavelengths are
determined by the thickness and refractive index of the various films
between the two silver mirrors. From the wavelengths of these fringes,
we determine the absolute surface separation with a resolution of
�1 Å [20].
The total force between the surfaces is determined with a resolution

of �0.1mN=m from the deflection of a sensitive leaf spring that sup-
ports the lower disk [19]. The silica disks are machined to the shape
of hemicylinders, and the opposite disks are oriented at right angles
to each other so that they contact at a point. Because the net force
between the disks scales with the surface dimensions, the total
measured force between the curved surfaces, Fc, is normalized by
the geometric average radius of the hemicylinders, R ¼ (R1R2)

1=2: Fc=R
[21]. The sensitivity in the normalized force, Fc=R, between these
extended surfaces is sufficient to measure weak forces such as the
van der Waals attraction between membranes [22]. This instrument
is currently the most sensitive technique for quantifying the normal-
ized force-distance profiles between surfaces over large distances [18].

The normalized force, Fc(D)=R, between the hemicylinders is
related to the corresponding interaction energy per unit area, Ef(D),
between two equivalent planar surfaces by the Derjaguin Approxi-
mation: Ef ¼ Fc=2pR [23]. This relationship holds when the separation
distance D�R. The Derjaguin approximation thereby directly relates
the total integrated force measured with the SFA to the interaction
potential between extended planar surfaces of identical composition.
The geometry only affects the measurements through the 2pR scaling
prefactor. Additionally, the adhesion energy per area, Ead, between
the two surfaces is determined from the normalized pulloff force,
Fpo=R. According to the Johnson-Kendall-Roberts theory [18, 24],
these quantities are related by Ead ¼ 2Fpo=3pR. The adhesion energy
per bond can be estimated by normalizing the adhesion energy by
the protein coverage C. The estimated energy per bond is thus Ead=C.
This scaling, however, assumes that all proteins on the surfaces
engage in adhesion, and that all proteins in the population are active.
In addition, on fluid membrane surfaces some proteins may be con-
vected to the perimeter of the contact region, increasing the protein
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density at the edge [25]. Thus, the energy per bond determined from
JKR theory and the protein density is merely an estimate, and is
generally accurate to within a factor of 2�3 of the bond energies
determined from equilibrium-binding measurements [26, 27].

In summary, the SFA measurements directly quantify the intersur-
face potentials and the adhesion energies between surfaces, both of
which are central parameters defining cell adhesion [9].

Dual Functions: Cell Adhesion Proteins as
Scaffolds and Adhesives

Cellular-based immunity results from interactions between thymus
cells (T cells) and antigen-presenting cells (APCs). Several proteins
mediate this intercellular association, and the adhesive junction that
forms between the cells is referred to as the ‘‘immunological synapse’’
[28, 29]. This association triggers an immune response. In particular,
binding between two principal proteins called the major histocompat-
ibility complex on the APC and the T cell receptor (TCR) on T cells
triggers the response [30]. However, both the formation of the ‘‘immu-
nological synapse’’ and the association of the MHC and TCR are facili-
tated by a host of auxiliary proteins. The latter proteins display a
range of dimensions and kinetic properties that are believed to drive
their organization into functionally significant protein patterns at
the cell�cell junctions [29, 31].

One pair of these auxiliary proteins is CD2 on T cells and its ligand
CD48 (in rats) on APCs [32�34]. The structures of the individual
proteins have been determined [35�38], but their complex has not
been crystallized. CD2 and CD48 comprise two tandemly linked
structural modules—immunoglobulin (Ig) type domains—that are
bound to cell membranes by hydrophobic anchors (Figure 2). The
ligands of CD2 all have similar structures to CD2, although their
chemical compositions differ substantially [32, 33]. The linear dimen-
sions of the extracellular regions of CD2 and its ligands are �75 Å
(Figure 3) [33].

Biochemical evidence suggests that CD2 binds its ligands in a head-
to-head orientation such that the complex spans a membrane gap of
�135Å (Figure 3a) [33]. The complex formed between the outer
domains of human CD2 and CD58, which is the human homolog of
CD48 [39], suggests that the adhesive interface is stabilized by several
ionic bonds between charged amino acids on the opposing proteins
[40]. Moreover, the �135 Å membrane gap spanned by the complex
is thought to be important because models of the complex match the
dimensions of the MHC-TCR complex. Thus, CD2 has been proposed
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to act as a scaffold, which controls the intermembrane spacing,
enabling the correct alignment of MHC and TCR between adjacent
cells [32, 33].

To test this structural binding model and to quantify the adhesion
energy of the rCD2-CD48 bond, Zhu et al. used the surface force appar-
atus to measure the normalized force versus distance profiles between
protein-coated membranes [12]. rCD2 and CD48 are among the most
studied proteins in this class. In the force measurements, a model cell
membrane was constructed by selectively binding the proteins to the
surfaces of lipid bilayers, supported on mica sheets. These are fixed
to the surfaces of transparent silica lenses in the apparatus (Figure
3b). The proteins were engineered with short polypeptide tails (hexa-
histidine) on their C-terminal ends to ensure their selective immobili-
zation and proper orientation on the membranes. This short
hexahistidine tether specifically anchors noncovalently to the nitrilo-
triacetic acid (NTA) headgroups of synthetic lipids in the supporting
membranes, so that the proteins bind to the membranes and orient
as shown in Figure 3b. Thus, the integrated force measured between
the two hemicylindrical disks represents a uniform, homogeneous pro-
tein population.

Figure 4 shows the normalized force-distance profiles measured
between the oriented arrays of CD2 and CD48. The distance, D, is the

FIGURE 3 (a) Proposed model of the CD2-CD48 complex (from Davis and
van der Merwe [33]). (b) Illustration of the oriented protein arrays used in
surface force measurements. The proteins were engineered with hexahistidine
polypeptide tags at their C-terminal ends. These tags bind directly to the NTA
headgroups in the outer leaflet of the supported lipid bilayers. The proteins
self-assemble on the reactive membranes to form oriented monolayers.
Modified from Davis and van der Merwe [33].
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distance between the surfaces of the lipid membranes (c.f. Figure 3b).
In these measurements, the forces are measured during both approach
(loading) and separation (unloading). During approach the onset of the
repulsion at D < 160 Å agrees with the expected range of steric
repulsion between end-on oriented proteins. Separation of the
membranes resulted in the hysteresis due to the protein�protein
attraction. Adhesive failure occurred at a membrane distance
of 153� 5 Å [12], which is the position of the maximum gradient
in the intersurface potential. The latter distance includes a �10 Å
contribution from each of the anchoring tethers. Thus, the complex
dimensions are 153� 5� (2� 10 Å) ¼ 133� 5 Å, which agrees quanti-
tatively with the predicted molecular dimensions of the complex [33].

The adhesion energy measured with these proteins was relatively
low. From the pulloff force of �1.3� 0.2mN=m, the adhesion energy
density is �0.3mJ=m2 [12]. At D ¼ 153 Å, this is too small to be due
to the van der Waals attraction between the bilayers, which is esti-
mated to be �4� 10�3mN=m at this distance. The adhesion is thus
attributed to protein binding [22]. Normalizing the energy density
by the protein coverage on the membranes (6.6� 0.3� 104=mm2), the
estimated energy per bond is 1.2kBT, where kB is the Boltzmann
constant and T is the absolute temperature. Because these bonds

FIGURE 4 Normalized force versus distance profiles measured between
CD2 and CD48. Forces were measured between the oriented CD2 and CD48
monolayers as a function of the distance D between the bilayers. The proteins
repel at D < 160 Å but adhere during separation. The out arrows indicate the
point of adhesive failure between the protein monolayers. Modified from
reference 12.
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are relatively weak, cell�cell junctions likely involve many proteins in
order to stabilize the junctions and elicit a biological response [28, 29].
The absolute density needed for this is unknown, however, because
the latter is more a functional definition�that is, what stimulates
the correct biological response—than a quantitative one.

The absolute distance-measuring capability of the SFA thus
enabled the direct verification of the predicted CD2-CD48 complex
dimensions. These surface force measurements were also the first to
confirm directly that the CD2-CD48 complex is structurally matched
to the dimensions of the TCR-MHC complex, which the adhesive
junctions must accommodate. The membrane separation spanned
by the complex also supports the proposed scaffolding role of these
adhesion proteins.

Modular Architectures Allow Adhesive Junction Assembly
in Multiple, Sequential Steps

A second class of adhesion proteins, cadherins, forms tight intercellu-
lar junctions in soft tissues by binding to identical proteins on adjacent
cells [1]. In addition to maintaining the structural integrity of soft
tissues, the proteins also play an important role in tissue morphogen-
esis [41, 42]. At an early stage an embryogenesis, cells begin to sort out
into three cell layers by a process called gastrulation [30]. These three
germ layers in turn differentiate, roughly, into the different organ
systems of the organism. This cell segregation process depends on
the different cadherins expressed on the cells comprising these
different layers.

Classical cadherins consist of an adhesive, extracellular region, a
membrane-spanning segment, and an intracellular domain (Figure 2).
The polypeptide segment on the outer surface of the cell folds into five
tandemly arranged extracellular (EC) domains that are each 43 Å in
length and are numbered 1�5, beginning at the outermost domain
(Figure 2) [1]. The structural folds of the EC domains are similar,
but their compositions differ. There are five different classical cadher-
ins: namely, epithelial (E-), neural (N-), compaction (C-), placental
(P-), and cardiac (R-) cadherins. These are each classified according
to their tissue specificity, and they display different binding selec-
tivity. For example, N-cadherin is located primarily in nerve tissue,
and it adheres to N-cadherin but not to E-cadherin, which is expressed
in epithelial tissue [41].

There are two main hypotheses for the molecular basis of cell segre-
gation during gastrulation. The ‘‘differential adhesion hypothesis’’
postulates that differences in cohesion between identical cadherins,
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e.g., N-Cad=N-Cad versus adhesion between different cadherins, e.g.,
N-Cad=E-Cad, drives cell segregation by the same physics that govern
liquid�liquid phase separation [43, 44]. On the other hand, the
‘‘chemoaffinity hypothesis’’ postulates that cell segregation is driven
by selective molecular recognition events, which in turn trigger
processes that drive the cell segregation [45]. These mechanisms are
not mutually exclusive and they do share some features, but they have
not yet been tested at the molecular level.

An initial model for cadherin adhesion proposed that the proteins
bind at large (385�400 Å) cell�cell distances through their end
(EC1) domains [46]. The crystal structure of the cadherin ectodomain
suggests the proteins adhere merely by inserting the hydrophobic side
chain of a tryptophan amino acid in EC1 into a hydrophobic pocket of
the EC1 domain of an opposing protein. Early studies localized the
tissue specificity to this domain [47], and the mutation of the tryp-
tophan in the EC1 domain appeared to abrogate adhesion [48]. How-
ever, this binding interaction is highly conserved in all classical
cadherins, which begs the question of the molecular basis of cadherin
selectivity. On the other hand, other experimental data suggest a more
complex mechanism that involves additional cadherin domains.
Studies with cadherin fragments showed that strong cell adhesion
requires more than the EC1 domain alone [49]. Another study showed
that cells still adhere weakly after removing the EC1 domain [50].

Direct force measurements of cadherin adhesion revealed a more
complex mechanism that involves the formation of multiple bound
states with different strengths [13�15]. Surface force measurements
were used to test the initial model based on crystallography by directly
quantifying the distance dependence of the forces between oriented
monolayers of cadherin extracellular domains [13�15]. Genetically
engineered fragments of the cadherin were bound and oriented on
planar lipid bilayers as described above for CD2 and CD48. X-ray
reflectivity studies further confirmed that the proteins are oriented
normal to the membrane surface, as shown in Figure 5 (lower
panel) [51].

Instead of forming a unique complex at a single intermembrane
distance, the normalized force-distance measurements showed that
cadherin forms three bound states, each of which spans a different
membrane separation (Figure 5). In particular, the cadherins bound
at 250� 10 Å, 330� 10 Å, and 400� 10 Å (Figure 5, lower panel)
[14, 15]. The positions of these three adhesive states correspond to
the relative domain alignments shown in Figure 5. The strongest
adhesion involves the full interdigitation of the antiparallel pro-
teins. The weakest bond is between the outermost domains (EC1).
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Independent atomic force microscope (AFM) studies of cadherin bind-
ing also detected three bound states [52]. However, because of the in-
ability to measure the absolute separation distance with the AFM, the
latter authors were unable to determine the structural origins of their
observations.

This multisite cadherin-binding mechanism illustrated in Figure 5
was initially based on a geometric interpretation of the normalized
force�distance profiles. Both the model and the identities of the
adhesive domains are now supported by force measurements with
genetically engineered cadherin fragments [13]. By engineering
cadherin extracellular regions that lacked different EC domains [49]
we determined how distinct domains contribute to the oscillatory
force�distance profile in Figure 5 (upper panel). By selectively delet-
ing domains EC12, EC3, EC4, and EC5, we confirmed that EC3=EC3
EC3 contacts form the strongest, bound state at 250 Å [13]. Direct
EC1=EC1 contacts form the outer, weakest bound state, and the inter-
mediate state requires EC1 and EC3 [13]. Removing EC5, for example,
reduced the protein length by 43� 2 Å [53]. The EC1�4 fragments
nevertheless displayed three bound states, but the positions of their
adhesive minima were shifted in by 86 Å (¼2� 43 Å) (Table 1). Remov-
ing EC4 and EC5 shifted the three bound states inward by an

FIGURE 5 Normalized force versus distance between cadherin extracellular
domains. The force�distance profiles were measured between oriented cad-
herin monolayers. During approach, the proteins repel at D < �400 Å. Upon
separation from distances between 250 Å and 400 Å, the proteins adhere at
the three different membrane separations indicated by the out arrows at the
minima in the curves. The three bound states correspond with the three rela-
tive protein alignments shown in the cartoon. Modified from Sivasankar et al.
[14].
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additional 86 Å, in quantitative agreement with the change in the
protein lengths (Table 1). Thus, EC4 and EC5 do not contribute
significantly to homophilic cadherin adhesion. By contrast, removing
EC3 alone (EC1245) eliminated the inner and intermediate bonds,
but the proteins still bound through their outer domains. Likewise,
removing EC12 abolished the middle and outer bonds, but EC345 frag-
ments bound at a distance that agreed quantitatively with contact
between EC3 domains (Table 1). Six different engineered proteins
were used, and measurements were conducted both between identical
proteins and between different protein fragments [13]. The aggregate
data in Table 1 established the domain interaction model in Figure 5
(lower panel).

These force measurements are supported by independent cell
adhesion studies with these deletion mutants [49] and by cell aggre-
gation studies with similar truncated cadherin fragments [50]. This
modular cadherin architecture therefore appears to generate a modu-
lar binding mechanism that involves multiple segments of the
molecule. This unusual mechanism contrasts with most recognition
interactions, which typically involve unique binding sites on both
the receptor and ligand, e.g., CD2 and CD48.

Although the binding interface between the outer EC1 domains was
identified in crystal structures of both the full-length extracellular
region and the outer two EC1 and EC12 domains [46, 54, 55], the bind-
ing interface of the EC3=EC3 contact and the middle bound state have
not yet been established. The absence of these structural data is due to
the fact that only one structure of the full-length cadherin has been
solved, and there was only one adhesive interface reported in that
structure [53]. However, the bound states identified by force measure-
ments are mutually exclusive. It is highly unlikely that the crystal
lattice would accommodate all three contacts. More work is clearly
required to define the structures of the other interfaces. In this in-
stance, the absence of the additional adhesive interfaces in the crystal
means only that those interfaces were not compatible with the lattice
formed under the crystallization conditions used. Although the surface
force measurements don’t identify the exact binding interface, they
can identify the functional regions in the absence of structural data,
and they allow the direct testing of different models.

If a single bound state is sufficient to bridge two cells, what could
be the significance of having multiple binding sites? The direct force
measurements revealed a possible consequence of this hierarchy of
bound states. Ordinarily, once the receptor-ligand bonds break under
force, the surfaces snap apart (<1s) from the position of the maximum
gradient in the intermolecular potential [18]. In contrast to the latter
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behavior, upon rupture of the deeply bound state (250 Å) the cadherin
layers instead separated slowly over a distance of �200 Å, which is the
length of the extracellular domain [14]. This separation rate was di-
rectly quantified, at the molecular level, from the time-dependent
changes in the interference fringes used to measure distances in the
surface force apparatus [14]. The spontaneous detachment occurred
in three stages, marked by different separation velocities (Figure 6).
The transitions between the three velocity regimes occurred roughly
at the locations of the three attractive minima (Figure 6) [14]. Thus,
upon failure of the strongest bond (250 Å), the protein detachment
appears to be slowed by additional binding at the middle and outer
minima, before finally abruptly breaking contact. The proposed
explanation for this ‘‘viscous’’ pulloff is that the sequential rupture
and formation of multiple bonds along the unbinding trajectory slows
the kinetics of adhesive failure.

Conversely, if the proteins are brought to a distance where only
their EC1 domains contact, i.e., at 400 Å, then the protein monolayers
spontaneously jump-in to the primary, lower energy configuration at
250 Å [14]. This process was directly observed with the interferometer
of the SFA. Thus, the potential energy gradient, generated by the
hierarchy of bond strengths, drives the spontaneous zipping-up of
the protein�protein junction. This jump-in, which occurs when the
gradient of the intersurface potential exceeds the spring constant
[19], occurs slowly over a period of �5min. These dynamics suggest

FIGURE 6 Detachment velocity versus distance following the failure of
cadherin bonds. The rate at which the proteins jump out of contact was quan-
tified from the time-dependent changes in the interference fringes. Once the
bonds at 250 Å fail, the proteins separate slowly at �0.1 Å=s and then begin
to accelerate at D > 320 Å. They abruptly snap out of contact from �390 Å.
Modified from Sivasankar et al. [14].
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that the outer, weak bonds may initially engage cells at large
membrane separations, and enable the subsequent, slower formation
of stronger bonds. Ongoing structural studies as well as kinetic
measurements are now testing the impact of the different bound states
on the dynamics and mechanisms of cadherin junction assembly.

Nonspecific Colloidal Forces Regulate the Neural Cell
Adhesion Molecule (NCAM)

The Molecular Mechanism of NCAM Adhesion
The neural cell adhesion molecule, NCAM, also mediates cell�cell

adhesion by binding to identical proteins on adjacent cell surfaces
during neural development [11]. This essential protein is one of the
most abundant adhesion proteins in the brain, and it is linked to
long-term memory formation and circadian rhythms [11]. NCAM is
also a multidomain adhesion protein, and its extracellular region
contains seven modular repeats, which are structurally similar but
differ in their chemical composition [10] (Figure 2). The architecture
in Figure 2 is based primarily on biochemical data and sequence
analyses [11]. The first five domains are immunoglobulin-type (Ig)
domains and are numbered 1�5 (Ig1�5), beginning with the outer-
most domain. The last two domains are referred to as fibronectin type
III (FN III) repeats. An additional feature of the extracellular domain
is the distinct bend between the Ig5 and the first fibronectin domain
identified by electron microscopy [56, 57] (Figure 2). The functional
significance of the latter has not been determined.

There are three different models for the mechanism of homophilic
NCAM binding (Figure 7). These models are based on binding studies
with NCAM fragments, solution NMR and X-ray structures of NCAM
fragments, and the ability of peptides to inhibit NCAM-mediated cell
adhesion. Model 1 (Figure 7a) proposes that the NCAM adhesive
complex involves the fully aligned, antiparallel Ig1�5 segments. Stu-
dies with different NCAM fragments identified Ig3 as the principal
adhesive domain. The latter findings indicated that Ig3=Ig3 contacts
form the strongest NCAM bond, and heterophilic binding by the flank-
ing domains augment the adhesive strength [58]. However, removing
this domain abrogated cell adhesion [59]. Despite these findings,
attempts to measure the self-association of excised Ig3 domains in
solution failed to detect any interaction [60, 61].

Model 2 (Figure 7b) is based on equilibrium binding studies with
NCAM fragments [62], and on both X-ray and NMR structures of a
complex between the outer Ig1 and Ig2 domains [62�64]. In this
model, the outer Ig1 and Ig2 domains form an antiparallel complex
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mediated by saltbridges between the two proteins. The data demon-
strating the functional relevance of this interaction are nevertheless
contradictory [60].

Finally, Model 3 (Figures 7c�7e) is based on the crystal structure of
the Ig1�3 fragment and on the ability of certain peptides to inhibit
NCAM-mediated cell adhesion [65]. In this model, the Ig1 and Ig2
domains are proposed to form bonds between proteins on the same

FIGURE 7 Proposed models for homophilic NCAM adhesion. (a) In Model 1,
the proteins are proposed to form a complex via the antiparallel overlap of the
Ig1�5 regions [58, 59]. (b) Model 2 proposes that NCAM binds via the double-
reciprocal association of Ig1 and Ig2 domains [61]. (c)�(e) In Model 3, NCAM is
proposed to associate laterally via the Ig1 and Ig2 domains (c). In addition,
opposing proteins bind by the association of the Ig2 and Ig3 domains (d), as
well as between the Ig1 and Ig3 domains [65]. Modified from Johnson et al. [66].
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membrane. An additional proposed bond lies between antiparallel Ig1
and Ig3 domains, and they proposed an interface between antiparallel
Ig2 and Ig3 domains [65]. This model, while accounting for some of the
data used to support Models 1 and 2, predicts an entirely different
binding pattern between NCAM extracellular regions (Figure 7c�7e).

Directly measured force�distance profiles between membrane-
anchored NCAM extracellular domains discriminated between these
different possibilities. Each model in Figure 7 predicts NCAM binding
at a different membrane distance. Because of the bend in the protein,
the simplest measurement to interpret is that between engineered
Ig1�5 fragments bound to the membrane via C-terminal hexahisti-
dine tags. The binding distances between these Ig1�5 fragments
validated Models 1 and 2 and disproved Model 3.

Figure 8 (upper panel) shows the normalized force�distance profile
between oriented Ig1�5 domains [66]. X-ray and neutron reflectivity
studies verified the end-on orientation of the protein (unpublished
results). The length of the Ig1�5 segment is also �180 Å [56]. The
proteins bound at two-membrane gap distances corresponding to the
domain overlaps in Figure 8 (lower panel). The adhesion at 80� 5 Å
agrees with Model 1 (Figure 7a), in which the proteins bind in a fully
aligned configuration. Similarly, the second bound state at 290� 5 Å
agrees quantitatively with Model 2 (Figure 7b), in which NCAM forms
a double-reciprocal bond between Ig1 and Ig2. In contrast to Model 3,
the latter finding confirms that the Ig1 and Ig2 domains bind to the
Ig1 and Ig2 domains on an opposed NCAM molecule. The force data
are also incompatible with the Ig1�Ig3 interface proposed by Model
3 (Figure 7e). The third interface proposed by Model 3 (Figure 7(d))
could not be ruled out from the binding distances alone, but it was
eliminated by studies with different NCAM domain deletion mutants
[66]. As with cadherin, additional force-distance measurements with
both the full NCAM extracellular domain and with Ig domain deletion
mutants confirmed the model indicated in Figure 8(lower panel).
Therefore, as with cadherin, the modular structure of NCAM similarly
generates a modular binding mechanism.

This example further illustrates the importance of determining
both force and distance in evaluating the adhesion mechanisms of
these complicated molecules. Traditional biophysical approaches such
as equilibrium binding measurements and crystallography can
provide important information concerning the binding mechanisms.
However, measurements of force and the absolute distance give
unique functional and structural information that may be difficult to
deduce from individual, static structures and single parameters such
as binding affinities.

Molecular Mechanisms of Cell Adhesion 425

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
0
2
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



Regulating NCAM Adhesion by Nonspecific Colloidal Forces

Perhaps one of the most interesting features of NCAM is that it has
two forms: an adhesive form and an antiadhesive form [67, 68].
The antiadhesive form is covalently modified with two long, linear
polymers of polysialic acid (PSA) attached to the fifth Ig domain
of the extracellular region [69]. The adhesive form is unmodified.
The antiadhesive form is linked to neural plasticity in the developing
brain, to the regulation of circadian rhythms, and to tumor
progression in some cancers [67, 70, 71].

In vivo, cell surfaces in different tissues or at various stages in
development display different amounts and types of carbohydrates.
In particular, high levels of PSA in the brain are associated with
neural plasticity—or the ability to break and form new cell con-
tacts—in the early stages of development [67, 68, 72]. Electron micro-
graphs also show that PSA modification of NCAM increases
intercellular spacing [73]. In one hypothesis, PSA’s biological activity
is attributed to increased intersurface repulsion by the grafted poly-
electrolytes that weaken intercellular adhesion (Figure 9a) [67, 68,
74]. Although such steric repulsion is not unfamiliar to colloid scien-
tists [75], biological regulation is typically believed to occur via specific
interactions rather than nonspecific colloidal forces. An alternative
explanation, however, is that PSA disrupts interactions between

FIGURE 8 Normalized force versus distance profiles between membranes
coated with oriented Ig1�5 fragments. The engineered Ig1�5 segment of
NCAM was immobilized on supported lipid bilayers. During approach (upper
panel, filled circles), the proteins repel at distances D < 350 Å. Upon separ-
ation (lower panel, open circles), the proteins adhere at 180� 10 Å and at
290� 10 Å. The lower panel shows the domain alignments consistent with
these force data. Modified from Johnson et al. 66.
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proteins on the same cell surface (Figure 9c) and thereby switches off
their adhesive activity [11]. The latter mechanism requires that PSA
only act within the plane of the membrane, whereas the former
requires PSA to influence intermembrane forces at least to the range
of homotypic NCAM binding. In other words, if PSA attenuates NCAM
adhesion by nonspecific steric repulsion, then the increased repulsion
should be sufficient to overwhelm both bound states of NCAM.

Surface force measurements carried out with both the modified and
unmodified NCAM ectodomains directly demonstrated that PSA
increases the nonspecific intermembrane repulsion at the expense of
the intersurface adhesion (Figure 10) [76]. The range of the adhesive
interactions between unmodified NCAM is slightly different from that
in Figure 9 due to the addition of the two FNIII domains and the bend
at the FN III�Ig5 junction. Although the range of the repulsion
between PSA-NCAM monolayers was only slightly larger than

FIGURE 9 Proposed mechanism of the PSA-modulation of NCAM adhesion.
(a) NCAM and other proteins bridge cell membranes by interacting with ident-
ical, monomeric proteins on the opposite membrane. PSA modification is
proposed to increase the excluded volume of NCAM and hence the disjoining
pressure between the membranes (b). Alternatively, protein dimers on the
same membrane are proposed to bind to dimers on the opposite membranes
(c). PSA modification disrupts these lateral interactions, switching off the
adhesive function and causing the membranes to separate (b). Modified from
Rutishauser [67].
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between NCAM in 150mM 1:1 electrolyte, the magnitude of the repul-
sion increased significantly. This was sufficient to abrogate adhesion
at both binding distances (Figure 10) [76].

The ionic strength dependence of the repulsion due to PSA demon-
strates that the abrogation of adhesion was due to nonspecific colloidal
forces. PSA is a polyelectrolyte, and the hydrodynamic radius depends
on the ionic strength [77]. Thus, in 1M electrolyte, the repulsion
decreased substantially as the chains collapsed. In turn, the protein
attraction reemerged at the same distances as measured with unmodi-
fied protein [76]. Thus, merely tuning the electrosteric repulsion with
salt modulates the impact of PSA on NCAM-mediated adhesion.
Furthermore, the enzymatic cleavage of the polysialic acid chains
restored the adhesion at both membrane separations [76]. These data
confirm that PSA modulates cell adhesion primarily by increasing the
nonspecific repulsion between membranes at the expense of the
protein-mediated attraction. This mechanism contrasts dramatically
with the vast majority of regulatory processes in biology that involve
specific protein interactions or enzyme reactions [30].

While this is one example in which biology actively uses colloidal
forces to modulate biological function, other proteins are emerging
as possible candidates for this type of regulatory mechanism. For
example, neurofascin is another large, multidomain adhesion protein
that plays a role in axon guidance and neural development [78]. Simi-
lar to NCAM, it is also present in multiple forms, and the antiadhesive

FIGURE 10 Normalized force versus distance profiles between NCAM and
PSA-NCAMmonolayers. The circles show the force�distance profile measured
between unmodified, adhesive NCAM during approach (filled symbols) and
retraction (open symbols). The out arrows indicate the locations of bond
failure, and the upward pointing arrows show the distances where this occurs.
The filled and open squares show the force�distance profiles measured
during, respectively, approach and separation of PSA-NCAM monolayers.
Modified from Johnson et al. [76].
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form of neurofascin contains a region that is extensively decorated
with carbohydrates [78]. It remains to be seen whether these carbohy-
drates have a similar impact on neurofascin-mediated cell adhesion.
Importantly, as we demonstrated in these examples, clarifying the
molecular basis of the modulation of the adhesive functions of these
proteins requires the ability to quantify the ranges and magnitudes
of both the attractive and repulsive forces controlling the adhesion
between cell membranes.

SUMMARY

These examples highlight recent force measurements that have led to
a better understanding of the molecular mechanisms by which cells
form adhesive contacts. They clearly show the importance of both
the magnitude and range of specific binding interactions for adhesion
protein function, and the dependence of intermembrane potentials on
the complicated architectures of these molecules. Our unique ability to
measure forces between adhesion proteins as a function of the inter-
surface distance resulted in the discovery of multidomain, modular
interactions between cell adhesion proteins. They further reveal that
the molecular mechanisms of protein-mediated adhesion, in general,
are much richer than originally thought.

ABBREVIATIONS

APC antigen-presenting cell
EC1-5 cadherin extracellular (EC) domains one through five
EC1 cadherin extracellular domain one
Ig immunoglobulin
FN III fibronectin type III
MHC major histocompatibility complex
NCAM neural cell adhesion molecule
PSA polysialic acid
rCD2 CD2 purified from rat tissue
hCD2 CD2 purified from human tissue
SFA surface force apparatus
TCR Tcell receptor
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