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ABSTRACT Direct measurements of the interactions between antiparallel, oriented monolayers of the complete extracellular
region of C-cadherin demonstrate that, rather than binding in a single unique orientation, the cadherins adhere in three distinct
alignments. The strongest adhesion is observed when the opposing extracellular fragments are completely interdigitated. A
second adhesive alignment forms when the interdigitated proteins separate by 70 6 10 Å. A third complex forms at a bilayer
separation commensurate with the approximate overlap of cadherin extracellular domains 1 and 2 (CEC1–2). The locations
of the energy minima are independent of both the surface density of bound cadherin and the stiffness of the force transducer.
Using surface element integration, we show that two flat surfaces that interact through an oscillatory potential will exhibit
discrete minima at the same locations in the force profile measured between hemicylinders covered with identical materials.
The measured interaction profiles, therefore, reflect the relative separations at which the antiparallel proteins adhere, and are
unaffected by the curvature of the underlying substrate. The successive formation and rupture of multiple protein contacts
during detachment can explain the observed sluggish unbinding of cadherin monolayers. Velocity–distance profiles, obtained
by quantitative video analysis of the unbinding trajectory, exhibit three velocity regimes, the transitions between which
coincide with the positions of the adhesive minima. These findings suggest that cadherins undergo multiple stage unbinding,
which may function to impede adhesive failure under force.

INTRODUCTION

Classical cadherins constitute a major component of a par-
ticular class of intercellular junctions. Cadherins are trans-
membrane, cell-surface proteins that bind to identical mol-
ecules on opposing cells and mediate adhesion in all soft
tissue. Besides their role in maintaining the architecture of
adult tissue; cadherins are involved in cell–cell recognition
and cell sorting during development (Takeichi, 1991, 1993,
1995; Gumbiner, 1996; Yap et al., 1997). Classical cad-
herins are single-pass transmembrane proteins, and the ex-
tracellular (EC) region is composed of five autonomously
folding, homologous EC domains (Shapiro et al., 1995),
numbered 1 through 5 from the outermost domain. The
tandemly arranged EC domains mediate adhesion in a cal-
cium-dependent fashion (Koch et al., 1999; Nagar et al.,
1996; Pertz et al., 1999; Pokutta et al., 1994). Atomic level
structural information on the cadherin EC region is avail-
able only for the first two domains of neural (NCAD) and
epithelial cadherins (ECAD). Early domain-swapping stud-
ies indicated that the tissue selectivity resides in the N-
terminal domain (Nose et al., 1990). Based on the antipar-
allel contacts observed in the crystal structure of the
outermost domain of NCAD (Shapiro et al., 1995) this
domain alone was thought to form the adhesive interface
(Shapiro et al., 1995; Weis, 1995). From electron micro-
graphs of ECAD pentamers, Pertz and coworkers (Pertz et

al., 1999) inferred that binding is between the outer do-
mains. However, the antiparallel contacts were not observed
in the crystal structures of ECAD12 and NCAD12 (Nagar et
al., 1996; Tamura et al., 1998). The different interdomain
contacts observed in four different crystal structures of the
outer domains resulted in contradictory models for the cad-
herin adhesive mechanism (Koch et al., 1999). In addition,
although Koch et al. demonstrated, by electron microscopy,
the effects of calcium on the rigidity of the EC domain, they
were unable to establish the mechanism oftransinteractions
between the proteins.

The hypothesis that cadherin binds by means of homo-
typic binding between the N-terminal domains alone was
tested by direct measurements, with a surface force appa-
ratus, of both the magnitude and the distance dependence of
forces between the EC domains of C-cadherin fromXeno-
pus (Sivasankar et al., 1999). The force–distance profiles
revealed two important aspects of cadherin binding. First,
the proteins bound in two distinct adhesive alignments. This
differs from the earlier predictions in that there were mul-
tiple binding alignments, and neither one involved direct
interactions between the amino-terminal domains. More-
over, the strongest bond is between the completely inter-
digitated, antiparallel ectodomains. Second, the successive
rupture of these multiple contacts during protein detachment
slows the unbinding velocity (Sivasankar et al., 1999).
However, the sluggish unbinding persisted over a distance
equivalent to the full range of ectodomain interaction. Thus,
the two adhesive minima could account for only part of the
region of impeded detachment, and suggested that addi-
tional binding interactions might be involved (Sivasankar et
al., 1999).

Received for publication 6 June 2000 and in final form 21 December 2000.

Address reprint requests to Deborah E. Leckband, Dept. of Chemical
Engineering, University of Illinois at Urbana-Champaign, 114 Roger Ad-
ams Lab., Box C-3, 600 S. Mathews Ave., Urbana, IL 61801.

© 2001 by the Biophysical Society

0006-3495/01/04/1758/11 $2.00

1758 Biophysical Journal Volume 80 April 2001 1758–1768



This study demonstrates that cadherin can undergo ho-
mophilic binding in three distinct adhesive alignments, the
positions of which are independent of the protein surface
densities and of the value of the force transducer stiffness.
The locations of the binding interactions (bonds) in the
force–distance profiles identified three distinct adhesive
complexes and the relative protein alignments in each. At all
protein coverages, both the strong primary and weaker
secondary sites of adhesion are at the identical protein
alignments as reported previously (Sivasankar et al., 1999).
In this paper, we report the presence of a third, previously
unidentified bond at a distance comparable to the overlap
between domains 1 and 2 (CEC1–2). Numerical calcula-
tions were used to determine the effects of geometry on
oscillatory, intersurface potentials. They confirm that oscil-
latory potentials between two flat surfaces give rise to
corresponding oscillations in force–distance profiles mea-
sured between two crossed cylinders. Finally, quantitative
video analysis of the unbinding trajectories show there are
three distinct unbinding velocities, and the transitions be-
tween the different velocity regimes occur at roughly the
same positions as the three measured attractive minima.

MATERIALS AND METHODS

Chemicals

The copper chelating lipid, distearoyl-glycerylether-iminodiacetic acid
(DSIDA) was purchased from Northern Lipids (Vancouver, Canada). Di-
stearoyl phosphatidyl choline (DSPC), di-tridecanoyl phosphatidyl choline
(DTPC), and dipalmitoyl phosphatidyl ethanolamine (DPPE) were from
Avanti Polar Lipids (Alabaster, AL). Hepes and Tris buffers were from
Sigma (St. Louis, MO), and all inorganic salts were from Fisher.N-
hydroxysulfosuccinimide (NHSS) and 1-ethyl-3-(3-dimethylaminopropyl-
)carbodiimide (EDAC) were from Molecular Probes (Eugene, OR), and
L-Lysine-Na,Na-diacetic acid (aminobutyl-NTA) was from Dojindo Molec-
ular Technologies (Gaithersburg, MD). All aqueous solutions were pre-
pared with water purified with a Milli-Q UV plus water purification system
(Millipore, Bedford, MA).

Protein purification

CEC1–5 with a six-histidine tag at the C-terminus was purified from the
conditioned medium of Chinese hamster ovary cells expressing CEC 1–5
off the pEE14 expression vector (Brieher et al., 1996). The purification
protocol involves the separation of the his-tagged cadherin on a nickel
chelating column, an ion exchange column, and finally a size exclusion
column (Brieher et al., 1996). We followed the published procedures with
a few minor changes. First, the protein was eluted from the ion exchange
column with a 10–600-mM NaCl gradient in 20 mM Tris and 2 mM CaCl2

at pH 8.0. Second, in the gel filtration step, the protein was eluted with a
solution containing 50 mM NaCl, and 2 mM CaCl2 in 20 mM Hepes at pH
7.5. The yield was typically 4–5 mg of CEC1–5 from 1 liter of conditioned
medium.

Bead aggregation assay

The cadherin adhesion activity was assayed by monitoring the ability of
his-tagged CEC1–5 to aggregate carboxylate-modified microspheres func-

tionalized with aminobutyl-NTA (TechNote #13c, Covalent Coupling Pro-
tocols; Bangs Laboratories, Inc., Fishers, IN). The cadherin was bound to
the NTA groups on the microsphere surface by its C-terminal polyhistidine
tag. Before activating the microspheres with aminobutyl-NTA, the fluo-
rescently dyed carboxyl-modified beads (5 mg of 1.2mm microspheres)
(Bangs Laboratories Inc.) were washed twice in 0.5 ml de-ionized water to
remove surfactant. The beads were then pelleted by centrifugation at
12003 g for 15 min. The supernatant was discarded, and the spheres were
resuspended in buffer. To activate the carboxylate groups on the micro-
sphere surface, 38 mg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDAC) and 7 mg ofN-hydroxysulfosuccinimide (NHSS) (Molecular
Probes) were reacted with the resuspended microspheres for 15 min with
continuous mixing. The activated beads were washed twice in 100 mM
Hepes buffer at pH 7.5 and resuspended in 0.25 ml of the same buffer.
L-Lysine-Na,Na-Diacetic acid (aminobutyl-NTA) (10 mg) was added to the
bead suspension and reacted for four hours with constant mixing. To
quench the coupling reaction and block the hydrophobic surface of the
polymer bead, the activated beads were washed and then resuspended in 5
ml of a solution containing 40 mM glycine and 1% w/v cytochrome c,
under gentle agitation for 30 min. The microspheres were then washed
twice and resuspended in 1 ml of 100 mM Hepes (pH 7.5), and 0.1% w/v
cytochrome c. To activate the NTA groups on the microsphere surface
before protein immobilization, NiSO4 was added to a final concentration of
20 mM. When purified, cadherin was added to resuspended beads in the
ratio of 0.1mg protein:2.0mg beads and incubated for 30 min, large bead
aggregates were observed with an Olympus epifluorescence microscope.
Beads did not aggregate when bovine serum albumin was used as a control.

Preparation of cadherin monolayers

Oriented C-cadherin monolayers were prepared by binding CEC1–5 via its
C-terminal polyhistidine tag to lipid monolayers containing DSIDA (Shnek
et al., 1994) (Fig. 1) (Northern Lipids). The lipid films contained 100 mol%
or 25 mol% DSIDA, which was mixed with DSPC (Avanti Polar Lipids).
The DSPC and DSIDA were shown by fluorescence microscopy to be
miscible in all proportions. Gel phase lipids were used in these studies
because lipids (melting temperatureTm , T) and DSIDA were shown to
phase separate above;40 mol% DSIDA. The lipid monolayers were
prepared by spreading a chloroform solution of the lipid mixture at the

FIGURE 1 Illustration of the immobilized cadherin monolayers used in
surface force measurements.
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air–water interface of a Langmuir trough (Nima Type 611, Coventry;
England). After chloroform evaporation, the monolayer was compressed to
an average lipid area of 45 Å2/lipid (DSPC matrix). The aqueous subphase
contained 0.25mM Cu(NO3)2, 50 mM Tris, 100 mM NaNO3 and 2 mM
Ca(NO3)2 at pH 7.5 and was maintained at 25°C. The monolayer was
transferred at constant pressure, by Langmuir–Blodgett deposition, onto a
hydrophobic substrate. For surface force measurements, the hydrophobic
substrate was a crystalline monolayer of DPPE (43 Å2/lipid) (Avanti Polar
Lipids) supported on atomically flat mica (Leckband et al., 1994). For
surface plasmon resonance (SPR) measurements, the hydrophobic sub-
strate was a monolayer of 1-octadecanethiol self assembled on a thin gold
film. The gold was thermally evaporated onto a glass slide, which was first
coated with a 15 Å chromium adhesion layer.

Oriented cadherin monolayers were prepared by transferring the sup-
ported lipid bilayers to a small beaker containing approximately 3mM of
CEC1–5 in 3 ml of a solution containing 0.25mM Cu(NO3)2, 50 mM Tris,
100 mM NaNO3, and 2 mM Ca(NO3)2 at pH 7.5. After incubating the
DSIDA membranes and protein for an hour, the buffer was exchanged for
identical buffer lacking protein. The samples were then gently rinsed with
a syringe to remove all nonspecifically adsorbed protein, and the supported
bilayer assembly was transferred to the force-measuring apparatus. For
SPR measurements, the supported DSIDA monolayers were first mounted
in a Teflon flow cell and attached to the sample stage of a home-built SPR
instrument (Lavrik and Leckband, 2000). Cadherin monolayers were pre-
pared by incubating the DSIDA lipid monolayers with 9mM of CEC1–5 in
a 1.0-ml solution of 0.25mM Cu(NO3)2, 50 mM Tris, 100 mM NaNO3, and
2mM Ca(NO3)2 at pH 7.5.

Force measurements between a CEC1–5 monolayer and a bare 25 mol%
DSIDA membrane served as a control. To prevent the adsorption of
adhesive dimers on the bilayer in the control experiments, the protein
solution was first desalted using Centricon-30 Concentrators (Amicon,
Beverly, MA). The removal of calcium with a 100-fold excess of EDTA
disrupted anytrans cadherin dimers (Brieher et al., 1996). Cadherin was
then bound to a 25 mol%-supported DSIDA monolayer in the absence of
calcium. Following the transfer of the samples to the surface forces
apparatus, calcium addition to the solution, bathing the proteins, reacti-
vated the cadherin. Bead aggregation assays demonstrated that cadherin
activity recovered after calcium re-addition.

Characterization of cadherin monolayers

The assembly of the cadherin monolayers was monitored using a home-
built SPR Instrument (Lavrik and Leckband, 2000) based on the
Kretschmann configuration. A Teflon flow cell housing the DSIDA mono-
layer was attached to a sample stage, which was rotated by a precision
goniometer driven by a stepper motor. A silicon photodiode detector
monitored the intensity of a GaAs laser beam reflected off the gold film as
a function of the external angle of incidence. Shifts in the resonance angle,
at which the reflected light intensity is minimum, were monitored contin-
uously during protein adsorption to the lipid film, and were converted to
changes in the optical thickness of the protein monolayer. This was done
by fitting the resonance curves to the Fresnel equations for a multilayer
film. Initially, we estimated the amount of bound protein from changes in
the index of refraction of the adsorbed layer. To do this, we assumed a
230-Å protein film thickness (Nagar et al., 1996; Pokutta et al., 1994;
Sivasankar et al., 1999) and a refractive index of 1.44 for the pure protein.

The optical method of quantifying protein coverage is less accurate on
account of uncertainties in the refractive index of the protein. Errors in the
latter parameter can result in fairly large errors in the determined coverage
of thick monomolecular films. For this reason, we quantified the cadherin
surface coverage by measuring the amount of125[I]-labeled cadherin bound
to supported bilayers containing different amounts of Cu-IDA-lipid. Ra-
diolabeling and protein quantification were done according to procedures
described elsewhere (Vijayendran and Leckband, 1999; Yeung and Leck-
band, 1997; Yeung et al., 1999).

Surface force measurements

Forces between oriented monolayers of CEC1–5 were measured with the
Mark III Surface Forces Apparatus (SFA) (SurForce; Santa Barbara, CA)
(Israelachvili and McGuiggan, 1990). The SFA quantifies the force be-
tween thin films confined to the surfaces of two, crossed hemicylindrical
lenses as a function of their intersurface separation (Israelachvili and
Adams, 1978; Israelachvili and McGuiggan, 1990). The net force between
the two cylinders, normalized by their geometric average radius,Fc(D)/R,
is related to the corresponding interaction energy per unit areaEf(D)
between two equivalent planar surfaces by the Derjaguin Approximation:
Ef 5 Fc/2pR. This relationship holds when the separation distanceD ,,
R (Hunter, 1989; Israelachvili, 1992b).

The intersurface spacing is measured with a resolution of61 Å by
multiple beam interferometry (Israelachvili, 1973). The normalized forces
are measured with a resolution of 0.1 mN/m from the deflection of a
sensitive leaf spring that supports one of the silica lenses (Israelachvili and
Adams, 1978). The measurements quantify the total force, integrated over
the entire area of contact between the two surfaces, and reflects the
interactions of.100,000 proteins. The use of oriented protein monolayers,
therefore, insures that the signal is due to a single protein orientation.

All measurements were carried out at 25°C with the samples bathed in
a solution of 0.25mM Cu(NO3)2, 50 mM Tris, 100 mM NaNO3, and 2 mM
Ca(NO3)2 at pH 7.5. Forces between cadherin monolayers bound to 25 and
40 mol% DSIDA/DTPC lipid bilayers were measured using a spring
stiffness of 3.873 105 mN/m. The forces between cadherin on 25:75
DSIDA:DSPC membranes were measured with a soft spring constant of
9.053 104 mN/m. Similarly, forces between cadherin immobilized on 100
mol% DSIDA monolayers were measured using both a soft (k 5 3.87 3
105 mN/m) and a stiff (k 5 1.713 106 mN/m) spring.

Analysis of protein unbinding trajectories

The velocity of cadherin detachment was quantified with a video camera
(Dage MTI Inc., Michigan City, IN), video recorder (Panasonic AG-7350,
Japan), time–date generator (Panasonic, WJ-810), and video micrometer
(Colorado Video Inc., Boulder, CO) interfaced with the surface force
apparatus. The time-dependent increase in the wavelengths of the interfer-
ence fringes as the protein monolayers jumped out of contact was recorded
in real time with a video camera placed at the spectrometer exit. The rate
of change in the wavelengths was converted to the velocity as a function of
the bilayer separation.

RESULTS

Surface density of immobilized cadherin

Surface Plasmon Resonance was used to follow the adsorp-
tion of cadherin onto the different DSIDA monolayers used
in these studies (Table 1). A typical time course for cadherin
adsorption is shown in Fig. 2. Upon injection of the protein
solution, there is a rapid rise in the apparent amount of
bound cadherin. The increase in the signal following the
buffer injection is due to both protein adsorption and
changes in the refractive index of the bathing medium. The
decrease in the signal following the injection of buffer
lacking protein is due to the washout of nonspecifically
adsorbed protein and a return of the bulk refractive index of
the buffer to its initial value. The limiting final value is used
to estimate the equilibrium amount of bound cadherin.

The cadherin surface densities were quantified by deter-
mining the amount of radioactively labeled protein bound to
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the membranes. The cadherin coverage on membranes con-
taining gel phase DSPC and 25 or 100 mol% DSIDA were,
respectively, 1.953 104 cadherin/mm2 and 3.943 104

cadherin/mm2 (Table 1). In studies done with 25 or 40 mol%
DSIDA in a fluid DTPC matrix (Sivasankar et al., 1999), the
cadherin densities were 5.43 103 and 1.03 104, respec-
tively. These results were based on the results of four
independent measurements for each membrane composi-
tion. Although the fluid DTPC lipid allows for lateral cad-
herin mobility, the binding efficiency of the DSIDA lipid
appears to decrease in a fluid lipid matrix.

Definition of the intersurface separation distance
at which D 5 0

In measurements of the normalized force versus the sepa-
ration distance between identical cadherin monolayers, the
distanceD is the separation between the surfaces of the
supporting lipid bilayers (Fig. 1). The intersurface distance
D was determined in two ways. In the first approach, we
determined the change in total thicknessT1 (Fig. 1) of the
molecular assembly between the crystalline DPPE mono-
layers after depositing the DSIDA/DSPC monolayer and the

immobilization of protein. ThusD 5 T1 2 2 3 TDSIDA,
where TDSIDA is the thickness of the DSIDA monolayer.
The cadherin thickness was then determined from the dis-
tance D at the onset of the repulsive force between the
protein and a bare lipid or between two dilute cadherin
monolayers. In the second approach, the thickness of the
organic layers between the mica substratesT2 (Fig. 1) was
determined. After draining the apparatus of buffer solution,
the surfaces were rinsed with de-ionized water, and all
organic layers were removed by ultraviolet irradiation.
Thus, the membrane–membrane separationD 5 T2 2 2 3
(TDPPE 1 TDSIDA), where TDPPE is the thickness of the
DPPE monolayer. The 25-Å thickness of a DPPE film and
the 32-Å thickness of a DSIDA monolayer were determined
in independent measurements, and have also been reported
elsewhere (Marra and Israelachvili, 1985; Sivasankar et al.,
1999). Thus, because the bilayer thickness is determined
independently and eitherT1 or T2 are measured directly in
every experiment,D 5 0, and hence the intersurface dis-
tance, is determined unambiguously. The measured interbi-
layer distance allows the determination of both the thickness
of the cadherin monolayers and their extent of interdigita-
tion.

Cadherin extracellular domains bind in three
different relative alignments

Figure 3 shows the force profiles measured on both ap-
proach and separation of cadherin monolayers at the rela-
tively low surface density of 1.953 104 cadherin/mm2 and
with a spring constantk 5 9.05 3 104 mN/m. As D
decreases, there is no force between the dilute protein films
atD . 250 Å (Sivasankar et al., 1999) (Fig. 3a). Due to the
230-Å linear dimension of the cadherin extra-cellular region
and the estimated 10-Å length of the iduronic acid spacer
(Sivasankar et al., 1999), the proteins interdigitate com-
pletely atD 5 250 Å (Fig. 3b). At D , 250 Å, we observe
the onset of steric repulsion between the protein and the
opposing bilayer surface.

Upon separating the surfaces, we measured an adhesive
minimum at an intersurface distanceD 5 2516 3 Å (Table
1) (Fig. 3a). The location of the energy minimum indicates

TABLE 1 Locations of attractive minima and strength of adhesion as a function of the cadherin coverage

Mole
Fraction of
Cu-DSIDA

Surface
Density

Cadherin/mm2

Spring
Constant
(mN/m)

First
Minimum

(Å)
Adhesion
(mN/m)

Second
Minimum

(Å)
Adhesion
(mN/m)

Third
Minimum

(Å)
Adhesion
(mN/m)

25% 1.953 104 0.913 105 2516 3 20.56 0.2 3176 8 20.36 0.1 3936 10 20.36 0.2
25%* 3.103 103 3.873 105 2556 10 20.56 0.2 3206 10 20.36 0.2 — —
40%* 5.623 103 3.873 105 2606 10 20.96 0.1 n.d. n.d. n.d. n.d.

100% 3.943 104 17.103 105 2596 6 29 6 2 3346 7 27 6 2 3986 8 23 6 1
100% 3.943 104 3.873 105 2566 5 29 6 2 3306 10 26.96 0.7 4056 10 23 6 1

n.d.: Not determined.
*Measurements with DSIDA in a fluid DTPC lipid matrix, from Sivasankar et al. (1999).

FIGURE 2. Cadherin adsorption time course determined by surface plas-
mon resonance. The figure shows the adsorption time course in terms of the
surface density of cadherin (cadherin/mm2). After the injection of the
protein solution into the flow cell, an initial rise in the signal indicates
protein binding. After the signal equilibrated, the flow cell was rinsed with
buffer lacking protein. The final total change in the signal indicates the
total amount of cadherin bound specifically to the membranes.
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that the cadherin ectodomains are completely interdigitated.
The strength of adhesion between the cadherin monolayers
was 20.5 6 0.2 mN/m (Table 1). Although we cannot
identify the specific domain(s) involved, the attraction is
attributed to binding between the completely interdigitated,
antiparallel cadherin EC domains (Fig. 3b).

Control experiments confirmed that the adhesion at
251 6 3 Å was due to the formation of interprotein bonds
and not to adhesion between the histidine on the amino-
terminal domain and free IDA groups on the opposing
bilayer. To show this, we measured the normalized force–
distance profile between a cadherin monolayer and a bare
25 mol% DSIDA membrane (Fig. 4.). The cadherin was
bound to the lipid bilayers in the absence of calcium. This
would prevent any cadherin from binding as an antiparallel
adhesive dimer. If the latter occurred, then the exposed
histidine tags of some of the proteins could adhere to the
opposing membrane. Before the measurements, calcium
was re-added to the buffer bathing the sample to reactivate
the protein. The force profiles measured between cadherin
and the bare membrane during both approach and separation
were reversible, and exhibited no adhesion (Fig. 4). There
was no force atD . 250 Å, and the repulsion atD , 250

Å was due to steric repulsion between the protein and the
opposing bilayer. The range of the repulsive force confirms
both that the repulsion between protein monolayers in Fig.
3 is due to protein–bilayer repulsion, and that the cadherin
is oriented end-on. The 230-Å steric thickness of the cad-
herin ectodomain, determined from the range of the repul-
sion, agrees with the length estimated from x-ray structures
and electron micrographs (Nagar et al., 1996; Pokutta et al.,
1994).

To test whether cadherin also binds through other relative
alignments, i.e., through the N-terminal domains, we probed
for additional binding interactions at different degrees of
protein interdigitation. To do this, we controlled the degree
of protein overlap by varying the interbilayer spacingD
(Fig. 3). For example, at the surface density of 1.953 104

cadherin/mm2, the interbilayer separation between cadherin
monolayers was reduced toD 5 430 Å, and then the
proteins were separated (Fig. 3). In the absence of adhesion,
the forward and the reverse force profiles were identical
(diamonds). The formation of adhesive bonds caused a
negative deviation in the receding force profile, and the
surfaces jumped out of contact from the position of the
energy minimum (maximum attraction).

This approach initially identified a second minimum at
D 5 3206 10 Å, and the adhesion was20.3 6 0.1 mN/m

FIGURE 3 (a) Normalized force versus distance profile between cad-
herin monolayers at 1.953 104 cadherin/mm2. Experimental conditions are
given in the text. The spring constantk 5 9.05 3 104 mN/m. Filled
symbols indicate the force curves measured on approach, whereas the open
symbols show the receding force profiles. The dashed lines are merely to
guide the eye. The outward-directed arrows indicate the bilayer distances
at which the cadherin bonds rupture, and the proteins jump apart. (b)
Illustration of the proposed relative cadherin alignments at the positions of
the three attractive minima.

FIGURE 4 Normalized force versus distance curves measured between
oriented cadherin (1.953 104 cadherin/mm2) and a bare 25 mol% DSIDA
membrane. The normalized force–distance curves measured on approach
(filled symbols) and separation (open symbols) are completely repulsive
and reversible. Experimental conditions are described in the text.
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at 1.953 104 cadherin/mm2 (Table 1). This second mini-
mum could explain the slowed movement of the bilayers
from 260 to 320 Å, if the proteins were being caught in the
second minimum after the bonds at 260 Å failed. The
adhesion at 320 Å could not, however, account for the full
150-Å range of the sluggish unbinding.

The formation of an additional bond atD . 320 Å was
not detected at the modest spring constants and protein
densities used previously (Sivasankar et al., 1999). To lo-
cate other binding orientations, in this study, we increased
the signal-to-noise ratio by reducing the force constant of
the measuring spring and by increasing the cadherin cover-
age. The softer spring allowed us to identify weaker bonds
between cadherin.

At the highest achievable cadherin surface density (with
these bilayers) of 3.943 104 cadherin/mm2 and a force
constant ofk 5 1.713 106 mN/m, we measured binding at
three separations (Fig. 5). On approach, the longer range
repulsion atD , 400 Å, is due to steric and osmotic forces
between the crowded protein layers (Fig. 5a). As expected,
the repulsion is larger than that observed between less dense
cadherin monolayers. The minimum in the receding force
curve atD 5 259 6 6 Å agrees with the measurements at

lower coverages (Table 1 and Fig. 5A). The adhesion at the
primary minimum is29 6 2 mN/m. Between 280 and 400
Å, we measured two additional adhesive minima. The sec-
ond was at 3346 7 Å and the adhesion was27 6 2 mN/m
(Table 1 and Fig. 5A). The position of the latter site of
adhesion is, within the limits of error, identical to the
findings at lower cadherin densities. We detected a third
adhesive alignment at 3986 8 Å, and the attractive force
was23 6 1 mN/m (Table 1 and Fig. 5A). Only these three
minima at 2566 5 Å, 3306 10 Å, and 4006 10 Å were
observed with the dense cadherin layers when the stiffness
of the measuring spring was reduced to 3.873 105 mN/m
(data not shown). Reducing the spring constant to 9.053
104 mN/m did enable us to detect the third binding align-
ment at 3906 10 Å with 1.953 104 cadherin/mm2 (Fig.
3 a). No additional minima were detected between dilute
cadherin monolayers with the softer spring. Thus, there are
only three sites of adhesion, and their locations are inde-
pendent of both the transducer stiffness and the protein
surface density. These findings are summarized in Table 1.

Cadherin unbinding dynamics

One consequence of these multiple binding alignments is
the sluggish detachment of the protein monolayers upon
failure of the interprotein bonds at;250 Å (Sivasankar et
al., 1999). Typically, receptor–ligand bond rupture causes
the surfaces to abruptly snap out of contact from the posi-
tion of bond failure (Leckband et al., 1994, 1995b; Moy et
al., 1994). However, the detachment of dense cadherin
layers is unusual in that unbinding occurs relatively slowly
in what appeared to be three distinct stages (Sivasankar et
al., 1999).

To quantitatively analyze the dynamics of the cadherin
unbinding, we used a video camera and timer to record the
time-dependent changes in the interference fringes as the
proteins jumped out of contact. Frame-by-frame analysis of
the changes in the interference fringe wavelengths gave the
interbilayer separation as a function of time. From these
data, we determined the detachment velocity as a function
of the bilayer separation, and hence of the degree of pro-
tein–protein overlap. The velocity–distance trace in Fig. 6a
clearly shows that cadherin unbinding occurs in three quan-
titatively distinct stages (Fig. 6a). In the first regime, fol-
lowing the initial rupture of the primary adhesive complex,
the membranes slowly move from 2506 10 Å to 3306 20
Å at an average velocity of 0.16 0.05 Å/s. In the second
regime, which commences at 3206 20 Å, the detachment
velocity increases gradually from 0.16 0.05 Å/s to 1.06
0.5 Å/s. In the third stage, the surfaces abruptly snap out of
contact atD 5 4006 10 Å. Thus, after the first bonds break
at 250 Å, the cadherin is apparently caught in the second
minimum, and this impedes the detachment. Near 320 Å,
the velocity increases, presumably because the third, weaker
minimum is less effective at retarding the cadherin pull-off.

FIGURE 5 (a) Normalized versus distance profiles showing the three
measured energy minima between cadherin monolayers at a surface density
of 3.943 104 cadherin/mm2. The spring constantk 5 1.713 106 mN/m.
Filled symbols indicate the force curves measured during approach,
whereas open symbols show the receding force profiles. The dashed lines
are merely to guide the eye. The different symbols correspond to different
measurements in which the proteins were allowed to interact at different
bilayer distances before they were separated. (b) The proposed protein
alignments at the positions of the three attractive force minima.
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Finally, the proteins abruptly snap out of contact from the
third adhesive minimum (Fig. 6b).

This detachment behavior can potentially arise from three
different mechanisms: namely, 1) adhesion at multiple sites
along the protein unbinding pathway, 2) the restricted fluid
flow into the gap between the curved surfaces due to the
surface-anchored protein (Klein, 1983), or 3) frictional drag
between antiparallel cadherin rods. We confirmed the pres-
ence of multiple adhesive minima along the unbinding
trajectory. Previous calculations also showed that the fric-
tional drag on the proteins as they slide past each other is
negligible at the measured velocities (Sivasankar et al.,
1999). Finally, Appendix A describes calculations of the
hydrodynamic drag resulting from the flow of solvent into
the narrow gap formed during surface separation. Although
this dissipative force is enhanced by the presence of the
oriented, rod-like protein ectodomains, which are an addi-
tional source of hydrodynamic friction, the drag is negligi-
ble at the detachment velocities observed in these studies.
The slow unbinding is, therefore, due to the rupture and
formation of successive bonds along the unbinding path.

DISCUSSION

These direct-force measurements suggest that, instead of
binding in a single unique orientation, cadherins bind in
three distinct adhesive alignments. These alignments at the
interbilayer separations of 250, 320, and 400 Å were iden-
tified from the locations of the corresponding minima in the
measured energy–distance profiles (Figs. 3 and 5). The
strongest binding interaction occurs when the proteins are
completely interdigitated. A second adhesive alignment is at
a distance where the interdigitated proteins are separated by
1.56 0.5 EC domains. Finally, the third adhesive contact at
400 6 10 Å corresponds approximately to the overlap

between the outer two domains (CEC1–2) of each protein.
Unfortunately, we could not obtain more precise measure-
ments of the locations of the outer two minima. The610 Å
error is not due to the uncertainty in the distance measure-
ment technique. It is because of the difficulty in identifying
the exact distance at which the protein bonds fail and the
opposing proteins begin to slowly move apart. The latter
determination is particularly difficult at high cadherin den-
sities where the detachment is very slow.

These data contradict previous assumptions about the
importance of the direct interactions between the N-terminal
domains in cadherin-mediated adhesion because the stron-
gest adhesion is between completely interdigitated, antipa-
rallel EC domains. Because the N-terminal domain is in
potential contact with the opposing protein in each mea-
sured antiparallel binding alignment, the data are neverthe-
less consistent with data implicating the N-terminal do-
mains in tissue specificity. The additional binding
configurations atD , 400 Å could not have been identified
in the crystal structures because only EC1 and EC1–2 were
crystallized. Similar interdigitated cadherin configurations
were not observed in electron micrographs of pentamers of
chimeras E-cadherin and the cartilage oligomeric matrix
protein. The splay between adjacent cadherins imposed by
the formation of the pentamers may inhibit this. Alterna-
tively, the presentation of the proteins may impede lateral
interactions that could affect binding at the high densities on
the cell surface. In qualitative agreement with the observa-
tions of Tomschy et al. (1996), the bonds formed when the
CEC1–2 segments of CEC1–5 overlap are weak. However,
the range of this attraction is inconsistent with the end-on
N-terminal domain interactions proposed by Shapiro et al.
(1995).

Because the oriented protein monolayers are confined to
the surfaces of hemicylindrical silica lenses oriented per-
pendicular to each other, it is reasonable to address the issue
of how the curved surfaces might affect the measured force–
distance profile. First, the SFA measures the total force
between the two surfaces, integrated over the entire region
of the interaction. In the experiments, the radius of curva-
ture of the supporting crossed-cylinders isR 5 1.5–2 cm,
whereas the range of the molecular interactions relevant to
this study is,50 nm. Thus, the local regions of the inter-
acting surfaces are essentially flat on a molecular scale, so
that the domain registry of adjacent and/or antiparallel pro-
teins differs by less than 2 Å over a radial distance of;1
micron, i.e., within a 3mm2 area. The net force between
curved surfacesFc(D), determined by integrating the force
between these locally flat patches over the entire surface, is
directly proportional to the energy per area between two
equivalent flat surfacesEf(D): Fc(D) 5 2pREf(D) (Is-
raelachvili, 1992b). Here,R is the geometric average radius
of the cylinders. The latter relationship is the Derjaguin
approximation, and is derived in several textbooks (Hunter,
1989; Israelachvili, 1992b; Russell et al., 1989). It is valid

FIGURE 6 (a) The measured rate of detachment of cadherin monolayers
as a function of the interbilayer distance (3.943 104 cadherin/mm2). (b)
The proposed protein orientations at the positions of transition between the
three distinct stages.
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for radii R .. D, whereD is the range of the force. The
non-intuitive consequence of this is that curvature does not
smear out the discrete peaks and valleys in the interaction
potential between two flat surfaces exposing molecules,
which interact via an oscillatory potential. Our exact nu-
merical calculations (Appendix B) reconfirm that this rela-
tionship holds for oscillatory potentials forR . 1 micron.
Therefore the minima in the force–distance curve between
the crossed cylinders correspond with the positions of max-
imum attraction between identical proteins on opposed flat
plates.

Importantly, oscillatory or periodic forces have been
measured with the SFA in several different systems (Is-
raelachvili, 1992a, 1987; Israelachvili and Kott, 1988; Is-
raelachvili and Pashley, 1983; Horn and Israelachvili, 1981,
1988; Christenson and Horn, 1983; Christenson and Is-
raelachvili, 1984; Christenson, 1985; Leckband et al., 1994;
Kekicheff et al., 1990). These oscillations also extended up
to 20 nm in a few cases. In several of those reports, the
surface force measurements confirmed the theoretically pre-
dicted oscillations in the intersurface potentials between two
flat plates (Israelachvili, 1987). Moreover the periods of the
oscillations corresponded to the dimensions of the mole-
cules confined between the surfaces (Israelachvili and Pa-
shley, 1983; Horn and Israelachvili, 1981, 1988; Christen-
son et al., 1987; Christenson, 1985; Christenson and
Israelachvili, 1984; Christenson and Horn, 1983; Kekicheff
et al., 1990; Leckband et al., 1994).

In surface force measurements of other receptor–ligand
interactions, the distance dependence of the measured ad-
hesion between the cytochrome c/cytochrome b5, streptavi-
din/biotin, CD2/CD48, and Fab9/fluorescein pairs were
within 3 Å of thepredicted distances based on the crystal-
lographically determined protein structures (Helm et al.,
1991; Leckband et al., 1994, 1995a,b; Yeung and Leckband,
1997; Yeung et al., 1999). The latter protein dimensions
ranged from 3 to 7 nm, which are only 3–10-fold smaller
than cadherin. In some cases, the proteins were bound by
long (2.7 nm) tethers. In every instance, upon bond failure,
the proteins and ligands abruptly jumped out of contact
from a single intersurface separation. On a molecular length
scale, the substrate curvature 1/R 5 1⁄2 cm (5 50 m21) will
have a similarly negligible impact on a 7 nm (1/D ;
108m21) interaction as on a 25–40-nm interaction (1/D ;
107m21). As discussed above, the negligible effect of sur-
face geometry on the positions of the minima in the oscil-
latory intersurface energy–distance curves has been dem-
onstrated both experimentally and theoretically. The
spatially distinct minima reported in this study, therefore,
reflect the different protein alignments in which cadherin
binds (cf. Appendix B).

We propose that these multiple cadherin binding config-
urations may function as “brakes” to slow the abrupt failure
of cadherin junctions. In particular, the positions of the three
transitions in the velocity–distance profiles in Fig. 6a cor-

respond to each of the three minima in the interaction
profile (Fig. 6b). The impeded detachment of the adherent
cadherin monolayers appears to be due to the successive
rupture and formation of bonds as the proteins slide past
each other. The multiple minima along the unbinding path-
way of cadherin, therefore, appear to serve as catches that
prevent the abrupt failure of the cadherin cross-bridges.

To our knowledge, there are only two reports of a similar
sluggish jump-out from an adhesive minimum. The very
slow (100 s) pull-off of adsorbed polymers was attributed to
the hydrodynamic drag caused by the fluid flow through the
dense polymer layers (Klein, 1983). Flexible polymers can
form highly entangled networks (de Gennes, 1988), but the
hydrodynamic friction between oriented, relatively stiff
rods is significantly lower. Our calculations (Appendix A)
show that the lubrication force between the interdigitated
protein layers has no effect on the protein detachment.
Another study of the separation of Protein A-coated mica
surfaces found that separation occurs in two stages with
jump-out times ranging from 1 to 5 s. This multiple stage
rupture was attributed to the formation of nonspecific ad-
hesive bridges between either Protein A and the opposing
mica surface or between Protein A molecules on opposing
surfaces (Ohnishi et al., 1998). In our experiments however,
the absence of adhesion between a cadherin monolayer and
an opposing bare DSIDA membrane rules out the involve-
ment of such bridging interactions.

Although the positions of the adhesive minima are inde-
pendent of the cadherin density and the force constant of the
spring, the adhesion (depth of the minimum) does increase
with the amount of protein on the membranes. At the
primary minimum, with cadherin layers on gel phase lipids
at surface densities of 1.953 104 cadherin/mm2, the adhe-
sion was20.5 6 0.3 mN/m. An increase in the cadherin
density to 3.93 104 cadherin/mm2 increased the adhesion to
29 6 2 mN/m. The adhesion is related to the energy per
area between deformable materials byF/R 5 1.5pE (John-
son et al., 1971; Israelachvili, 1992b). The estimated aver-
age energy per cadherin bound to the gel phase membranes
would be;1 kT at 1.953 104 cadherin/mm2 and 12 kT at
3.943 104 cadherin/mm2. This increase may be due, in part,
to density-dependent lateral association between proteins
(Brieher et al., 1996) and to the higher probability of bind-
ing between the denser protein monolayers. Consistent with
the latter argument, the bond energy estimated from the
adhesion between proteins on fluid–lipid membranes, which
consisted of 25:75 and 40:60 DSIDA:DTPC mixtures, was
4–5 kT (Sivasankar et al., 1999). In the latter case, the
proteins could move relatively freely over the surface. All of
these values are lower than those measured in conjunction
with the extraction of lipid anchors from the membrane
(Leckband et al., 1995a), or with the rupture of antibody–
antigen bonds (Leckband et al., 1995b). However, these
bond energies are only estimates because 1) the dynamic
binding and unbinding make it difficult to determine the
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absolute numbers of proteins that are involved in adhesion
(Saterbak and Lauffenburger, 1996; Seifert, 2000; Vijayen-
dran et al. 1998) and 2) it is difficult to determine the
number of opposing proteins in register at the time of the
measurement (Leckband et al., 1995a). The main points are
that the adhesion increases with the number of proteins on
the membranes, and, most importantly, that the positions of
the adhesive minima are independent of both the protein
densities and the lateral mobility of the cadherin.

In summary, these direct measurements of the adhesion
between the EC segments of C-cadherin as a function of the
relative protein separation show that the proteins bind in
three distinct antiparallel alignments. These adhesive align-
ments correspond to the velocity transitions along the pro-
tein unbinding trajectory. The data suggest that, upon failure
of the bonds at the primary minimum, the additional minima
along the unbinding trajectory serve as traps or catches,
which retard cadherin detachment. This built-in catch-
mechanism prevents sudden adhesive failure, and may func-
tion to stabilize cadherin junctions between cells.

APPENDIX A

The lubrication force between two surfaces coated with rigid rods is given
by (Fredrickson and Pincus, 1991)

FH 5
26pR2hV

h 2 2L
, (A1)

whereR is the radius of curvature of the surface,h is the bulk solvent
viscosity, V is the detachment velocity,h is the intersurface separation
distance, andL is the length of the rods. When the rods are completely
interdigitated, the hydrodynamic force is given by the scaling expression
(Fredrickson and Pincus, 1991; Rabin et al., 1991),

FH 5 2phVR2E
h

2L h9 2 h

h9j~h9!2 dh9. (A2)

Herej(h9) is the hydrodynamic screening length. Unlike flexible polymers
in good solvents that interdiffuse at contact to form entangled networks (de
Gennes, 1988), the cadherin monolayers resemble a dilute solution of
oriented rods. The hydrodynamic screening length for a suspension of stiff,
slender rods of lengthL and diameterd is given byj(h9) 5 duLog f/fu1/2,
where f is the volume fraction of the rods (Shaqfeh and Fredrickson,
1990). If the ectodomains are spaced a distanceS apart, then,

j~h9! 5 dULog~2d2/h9s2!

2Ld2/h9s2 U. (A3)

The time required to jump out from the primary adhesive minimum can
then be calculated, using a simple force balance between the hydrodynamic
force FH, the surface forceFS, and the restoring force of the cantilever
springFk: FH 1 FS 5 Fk (Klein, 1983). As the surfaces jump out from the
first minimum at h1 to a distanceh2, it can be shown that the timet
required to traverse the 2L distance to the ends of the ectodomains is

t 5 phR2E
h1

h2 *h
2L~h9 2 h!/h9j~h9!2)dh9

Fs 2 Fk
dh. (A4)

From Eqs. 3 and 5, the detachment time in the nonoverlapping region (h .
2L) is

t 5 E
h1

h2 6pR2h

~h 2 2L!~Fs 2 Fk!
dh. (A5)

We calculated the effect of hydrodynamic drag on the detachment of
cadherin monolayers at a surface density of 3.943 104 cadherin/mm2. An
oscillatory function with minima at 250, 320, and 400 Å represented the
intersurface forceFs. The restoring force was given by the deflection of the
spring multiplied by the spring constant. With the dimensions of the
cadherin EC domain (Nagar et al., 1996; Pertz et al., 1999; Pokutta et al.,
1994; Shapiro et al., 1995) and experimental values for the radius, protein
surface density, and spring constant from our measurements, the calculated
detachment time is;1 s. This is much shorter than the experimentally
measured 10.5 min, and shows that the lubrication force has an insignifi-
cant effect on cadherin detachment.

APPENDIX B: NUMERICAL CALCULATIONS OF
THE FORCE—DISTANCE PROFILE BETWEEN
TWO SURFACES INTERACTING THROUGH AN
OSCILLATORY POTENTIAL

We investigated the effect of the crossed-cylinder geometry on the mea-
sured normalized force–distance profiles between two surfaces interacting
through an oscillatory potential. To do this, we used the surface element
integration method (Battacharjee and Elimelech, 1997) to calculate the
exact forceFSEI between a sphere and flat plate in terms of the interaction
energy per unit areaE(D) between two flat plates of identical composition
separated by a distanceD. An oscillatory function, which exhibited attrac-
tive minima at the same locations as those measured with the force
apparatus, was used to describe the distance dependence of the local
interaction energy per area between the opposing parallel plates.

With the surface element integration method, one calculates the exact
interaction energy between a sphere and a flat surface for any arbitrary
one-dimensional, interaction potentialE(h) per area:

USEI~D! 5 2pE
0

R

ESD 1 R2 RÎ1 2
a2

R2Da da

22pE
0

R

ESD 1 R1 RÎ1 2
a2

R2Da da. (B1)

Here,R is the radius of the sphere, andD is the closest distance between
the sphere and the plane. The above integrals were evaluated by numerical
integration with values ofD ranging from 240 to 440 Å in 0.5-Å steps. The
net energyUSEI between the sphere and a flat plate at each distanceD 1
DD/2 was calculated from the relationFSEI 5 2DUSEI/DD, whereDD 5
D(i11) 2 D(i) andDUSEI 5 USEI(i11) 2 USEI(i).

To compare the exact surface element integration results with the
Derjaguin Approximation (DA), which assumes that curvature effects are
negligible for large radii, we also used the approximation to calculate the
energy between a sphere and flat plate (Hunter, 1989; Israelachvili, 1992b).
This gives the interaction energyUDA between a sphere and flat plate in
terms of energy per area between equivalent flat surfaces (Hunter, 1989):

UDA~D! 5 2pRE
D

`

E~h! dh. (B2)
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Here,h is the distance between the two flat planes, andD is the closest
distance between the sphere and the plane. Recall thatFDA(D) 5 2dUDA/
dU 5 2pRE(D). The above integral was also evaluated numerically in
0.5-Å steps between 240 and 440 Å.E(h) was a polynomial function with
coefficients chosen to yield three minima atD 5 250, 330, and 400 Å. This
exhibits the periodicity of the adhesive minima over the same range of
interaction, but is not a measurement of the protein–protein potential.

The surface element integration method (Battacharjee and Elimelech,
1997) was used to calculate the exact energy–distance profile between a
sphere of radius 1.5 cm (a typical value ofR in SFA experiments) and a flat
surface interacting through an oscillatory potential. The exact calculations
of the integrated force between the sphere and flat surface reproduced the
oscillations in the potential. Moreover, results with the SEI calculations
agreed quantitatively with calculations done using the DA (Fig. 7).

We then identified the critical radius below which substrate curvature
generates significant deviations in the normalized force profiles relative to
the energy–distance curves between two flat surfaces. To do this, we
systematically varied the radiusR from 100 Å to 1.5 cm in steps of 100 Å,
while simultaneously monitoring the change in the shape of the force–
distance curve. For radii of curvatureR . 1.0 mm, the exact surface
element integration results quantitatively agreed with those calculated with
the DA. BelowR; 1 mm, the attractive potential wells calculated with the
DA become shallower and broader (data not shown). Thus, substrate
curvature distorts the potential only for spheres with radii below 1mm,
which is four orders of magnitude smaller than used in the surface force
measurements. These calculations confirm that the multiple minima ob-
served in our normalized force profiles reflect the protein–protein interac-
tions, and are not distorted by the slight curvature of the underlying
substrate.
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