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Direct Measurements of Multiple Adhesive Alignments and Unbinding
Trajectories between Cadherin Extracellular Domains
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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 = 10 A. 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 paial., 1999) inferred that binding is between the outer do-
ticular class of intercellular junctions. Cadherins are transmains. However, the antiparallel contacts were not observed
membrane, cell-surface proteins that bind to identical molin the crystal structures of ECAD12 and NCAD12 (Nagar et
ecules on opposing cells and mediate adhesion in all sotil., 1996; Tamura et al., 1998). The different interdomain
tissue. Besides their role in maintaining the architecture otontacts observed in four different crystal structures of the
adult tissue; cadherins are involved in cell-cell recognitionouter domains resulted in contradictory models for the cad-
and cell sorting during development (Takeichi, 1991, 1993 herin adhesive mechanism (Koch et al., 1999). In addition,
1995; Gumbiner, 1996; Yap et al., 1997). Classical cadalthough Koch et al. demonstrated, by electron microscopy,
herins are single-pass transmembrane proteins, and the &xe effects of calcium on the rigidity of the EC domain, they
tracellular (EC) region is composed of five autonomously\ere unable to establish the mechanisrtrafisinteractions
folding, homologous EC domains (Shapiro et al., 1995)petween the proteins.

numbered 1 through 5 from the outermost domain. The The hypothesis that cadherin binds by means of homo-
tandemly arranged EC domains mediate adhesion in a cagpic binding between the N-terminal domains alone was
cium-dependent fashion (Koch et al., 1999; Nagar et al.tested by direct measurements, with a surface force appa-
1996; Pertz et al., 1999; Pokutta et al., 1994). Atomic levelaq,s of hoth the magnitude and the distance dependence of

structural information on the cadherin EC region is avail-ty.ces petween the EC domains of C-cadherin fogemo-
able only for the first two domains of neural (NCAD) and g (sjyasankar et al., 1999). The force—distance profiles

epithelial cadherins (ECAD). Early domain-swapping stud-ye\eajed two important aspects of cadherin binding. First,

ies |lnd||c3ted t.hatNthe tlssule iglgegtlvgy redS|desh|n the Nipe proteins bound in two distinct adhesive alignments. This
terminal domain (Nose et al., ). Based on the antipalgise s from the earlier predictions in that there were mul-

aII(teI conttac(;ts opser}/eISCXDthghcrystal tStr:JCtT;eg;ft;hetiple binding alignments, and neither one involved direct
outermost doman o (Shapiro et al., ) ISinteractions between the amino-terminal domains. More-

domain alone was thought to form the adhesive interfac%ver the strongest bond is between the completely inter-
(Shapiro et al., 1995; Weis, 1995). From electron micro- ' g pletely

igitated, antiparallel ectodomains. Second, the successive

graphs of ECAD pentamers, Pertz and coworkers (Pertz qu P : . .

rupture of these multiple contacts during protein detachment

slows the unbinding velocity (Sivasankar et al., 1999).
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This study demonstrates that cadherin can undergo hdionalized with aminobutyl-NTA (TechNote #13c, Covalent Coupling Pro-
mophilic binding in three distinct adhesive alignments, thetocols; Bangs Laboratories, Inc., Fishers, IN). The cadherin was bound to

. - : . he NTA groups on the microsphere surface by its C-terminal polyhistidine
positions of which are mdependent of the protein surfac ag. Before activating the microspheres with aminobutyl-NTA, the fluo-

densities ?—nd of the Valf"e .Of the force_ transducer St!ﬁnes%scently dyed carboxyl-modified beads (5 mg of L2 microspheres)
The locations of the binding interactions (bonds) in the(Bangs Laboratories Inc.) were washed twice in 0.5 ml de-ionized water to
force—distance profiles identified three distinct adhesiveremove surfactant. The beads were then pelleted by centrifugation at
complexes and the relative protein alignments in each. At aft200% L‘J'dl? ”E)'”];fThe SUPEVT‘aTathG‘S d'bscar:jed' and the Sphﬁfes were
protein coverages, both the strong primary and weakelfsusPended in buffer. To activate the carboxylate groups on the micro-
. . . . .sphere surface, 38 mg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
sepondary sites of adhespn are a.t the identical prme'ﬂEDAC) and 7 mg ofN-hydroxysulfosuccinimide (NHSS) (Molecular
alignments as reported previously (Sivasankar et al., 1999robes) were reacted with the resuspended microspheres for 15 min with
In this paper, we report the presence of a third, previouslyontinuous mixing. The activated beads were washed twice in 100 mM
unidentified bond at a distance comparable to the Ove”ablepes buffer at pH 7.5 and resuspended in 0.25 ml of the same buffer.
] i N N i et e Ay . )
between domains 1 and 2 (CEC1-2). Numerical calculat’-ySine\"N*Diacetic acid (aminobutyl-NTA) (10 mg) was added to the
. . bead suspension and reacted for four hours with constant mixing. To
tlon§ were _used to demrmme. the effects OT geometry .Orduench the coupling reaction and block the hydrophobic surface of the
oscillatory, intersurface potentials. They confirm that 0scil-polymer bead, the activated beads were washed and then resuspended in 5
latory potentials between two flat surfaces give rise toml of a solution containing 40 mM glycine and 1% w/v cytochrome c,
corresponding oscillations in force—distance profiles meatnder 9‘3”“9 ag'ta“(‘;”df?f 30 e The microspheres were ‘hde” ‘“(’)aSh/ed
sured between two crossed cylinders. Finally, quantitativé"'ce and resuspended in 1 mi of 100 mM Hepes (pH 7.5), and 0.1% wiv
. . .. . . cytochrome c. To activate the NTA groups on the microsphere surface
video a_na]yss of Fhe. unb'nd'n_g_ trajectories show_t_here Alefore protein immobilization, NiSQwas added to a final concentration of
three distinct unbinding velocities, and the transitions be20 uM. When purified, cadherin was added to resuspended beads in the
tween the different velocity regimes occur at roughly theratio of 0.1ug protein:2.0ug beads and incubated for 30 min, large bead

same positions as the three measured attractive minima. 299regates were observed with an Olympus epifluorescence microscope.
Beads did not aggregate when bovine serum albumin was used as a control.

MATERIALS AND METHODS

Chemicals

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

The copper chelating lipid, distearoyl-glycerylether-iminodiacetic acid ) - A .
(DSIDA) was purchased from Northern Lipids (Vancouver, Canada). Di-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).

stearoyl phosphatidyl choline (DSPC), di-tridecanoyl phosphatidyl choline. .
(DTPC), and dipalmitoyl phosphatidyl ethanolamine (DPPE) were fromThe _DSP_C and DSID_A were shown b)_/ fluorescence m_|croscopy to _be
Avanti Polar Lipids (Alabaster, AL). Hepes and Tris buffers were from miscible n ‘aII propqrtlons. Gel phase lipids were used in these studies
Sigma (St. Louis, MO), and all inorganic salts were from Fisher. because lipids (melting temperatfg, < T) and D.S.IDA were shown to
hydroxysulfosuccinimide (NHSS) and 1-ethyl-3-(3-dimethylaminopropyl- phase separate abgve40 mol% DSIDA. The lipid rqopolayers were
)carbodiimide (EDAC) were from Molecular Probes (Eugene, OR), andprepared by spreading a chloroform solution of the lipid mixture at the
L-LysineN®N*-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). Mica—

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 Cadherin
protocol involves the separation of the his-tagged cadherin on a nickel 230 A
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 CaCl

at pH 8.0. Second, in the gel filtration step, the protein was eluted with a
solution containing 50 mM NaCl, and 2 mM Cg@h 20 mM Hepes at pH

7.5. The yield was typically 4-5 mg of CEC1-5 from 1 liter of conditioned
medium.

€
<

CRDCHTTDCHETX oD

Bead aggregation assay

The cadherin adhesion activity was assayed by monitoring the ability oFIGURE 1 lllustration of the immobilized cadherin monolayers used in
his-tagged CEC1-5 to aggregate carboxylate-modified microspheres funsurface force measurements.
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air-water interface of a Langmuir trough (Nima Type 611, Coventry; Surface force measurements

England). After chloroform evaporation, the monolayer was compressed to

an average lipid area of 45%Aipid (DSPC matrix). The aqueous subphase Forces between oriented monolayers of CEC1-5 were measured with the
contained 0.25uM Cu(NOs),, 50 mM Tris, 100 mM NaN@ and 2 mM Mark Il Surface Forces Apparatus (SFA) (SurForce; Santa Barbara, CA)
Ca(NQ,), at pH 7.5 and was maintained at 25°C. The monolayer was(Israelachvili and McGuiggan, 1990). The SFA quantifies the force be-
transferred at constant pressure, by Langmuir—Blodgett deposition, onto &veen thin films confined to the surfaces of two, crossed hemicylindrical
hydrophobic substrate. For surface force measurements, the hydrophodignses as a function of their intersurface separation (Israelachvili and
substrate was a crystalline monolayer of DPPE (48igid) (Avanti Polar Adams, 1978; Israelachvili and McGuiggan, 1990). The net force between
Lipids) supported on atomically flat mica (Leckband et al., 1994). Forthe two cylinders, normalized by their geometric average raéiy®)/R,
surface plasmon resonance (SPR) measurements, the hydrophobic su®-related to the corresponding interaction energy per unit &é2)
strate was a monolayer of 1-octadecanethiol self assembled on a thin goleetween two equivalent planar surfaces by the Derjaguin Approximation:
film. The gold was thermally evaporated onto a glass slide, which was firstts = FJ/2@R. This relationship holds when the separation disteDce<

coated with a 15 A chromium adhesion layer. R (Hunter, 1989; Israelachvili, 1992b).
Oriented cadherin monolayers were prepared by transferring the sup- The intersurface spacing is measured with a resolutiortdfA by
ported lipid bilayers to a small beaker containing approximatey\8 of multiple beam interferometry (Israelachvili, 1973). The normalized forces

CEC1-5 in 3 ml of a solution containing 0.28V Cu(NOQ;),, 50 mM Tris, are measured with a resolution of 0.1 mN/m from the deflection of a
100 mM NaNQ, and 2 mM Ca(NQ), at pH 7.5. After incubating the  sensitive leaf spring that supports one of the silica lenses (Israelachvili and
DSIDA membranes and protein for an hour, the buffer was exchanged foAdams, 1978). The measurements quantify the total force, integrated over
identical buffer lacking protein. The samples were then gently rinsed withthe entire area of contact between the two surfaces, and reflects the
a syringe to remove all nonspecifically adsorbed protein, and the supporteigiteractions of>100,000 proteins. The use of oriented protein monolayers,
bilayer assembly was transferred to the force-measuring apparatus. Fdterefore, insures that the signal is due to a single protein orientation.
SPR measurements, the supported DSIDA monolayers were first mounted All measurements were carried out at 25°C with the samples bathed in
in a Teflon flow cell and attached to the sample stage of a home-built SPRx solution of 0.25:M Cu(NO;),, 50 mM Tris, 100 mM NaN@, and 2 mM
instrument (Lavrik and Leckband, 2000). Cadherin monolayers were preCa(NQ,), at pH 7.5. Forces between cadherin monolayers bound to 25 and
pared by incubating the DSIDA lipid monolayers witu® of CEC1-5in 40 mol% DSIDA/DTPC lipid bilayers were measured using a spring
a 1.0-ml solution of 0.2M Cu(NOs),, 50 mM Tris, 100 mM NaN@, and stiffness of 3.87x 10° mN/m. The forces between cadherin on 25:75
2mM Ca(NQ,), at pH 7.5. DSIDA:DSPC membranes were measured with a soft spring constant of
Force measurements between a CEC1-5 monolayer and a bare 25 mo9®5 x 10* mN/m. Similarly, forces between cadherin immobilized on 100
DSIDA membrane served as a control. To prevent the adsorption ofmol% DSIDA monolayers were measured using both a $oft (3.87 X
adhesive dimers on the bilayer in the control experiments, the proteirl0°> mN/m) and a stiff k = 1.71 X 10° mN/m) spring.
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 Analysis of protein unbinding trajectories
then bound to a 25 mol%-supported DSIDA monolayer in the absence of

calcium. Following the transfer of the samples to the surface forcesThe velocity of cadherin detachment was quantified with a video camera

apparatus, calcium addition to the solution, bathing the proteins, realcti(Dage MT! Inc., Michigan City, IN), video recorder (Panasonic AG-7350,

vated the cadherin. Bead aggregation assays demonstrated that cadheiﬁpan)’ tlme‘—date generator (Panasonlc, WJ_S]‘O).’ and video micrometer
activity recovered after calcium re-addition. 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

B . B in real time with a video camera placed at the spectrometer exit. The rate
Characterization of cadherin monolayers of change in the wavelengths was converted to the velocity as a function of

The assembly of the cadherin monolayers was monitored using a homéhe bilayer separation.
built SPR Instrument (Lavrik and Leckband, 2000) based on the

Kretschmann configuration. A Teflon flow cell housing the DSIDA mono- ESULTS

layer was attached to a sample stage, which was rotated by a precisicﬁ

goniometer driven by a stepper motor. A silicon photodiode detectorsurface density of immobilized cadherin
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 anglesyrface Plasmon Resonance was used to follow the adsorp-

at which the reflected light intensity is minimum, were monitored contin- tion of cadherin onto the different DSIDA monolayers used
uously during protein adsorption to the lipid film, and were converted to. th tudi Table 1). A tvpical ti f dheri
changes in the optical thickness of the protein monolayer. This was donHq ese studies ( able ) ypical ime course tor cadhernn

by fitting the resonance curves to the Fresnel equations for a multilayefdsorption is shown in Fig. 2. Upon injection of the protein
film. Initially, we estimated the amount of bound protein from changes insolution, there is a rapid rise in the apparent amount of

the index of refraction of the adsorbed layer. To do this, we assumed &§ound cadherin. The increase in the signal following the
230-A protein film thickness (Nagar et al., 1996; Pokutta et al., 1994;buffer injection is due to both protein adsorption and

Sivasankar et al., 1999) and a refractive index of 1.44 for the pure protein, . L . .
The optical method of quantifying protein coverage is less accurate ors:hanges in the refractive index of the bathmg medium. The

account of uncertainties in the refractive index of the protein. Errors in thed€crease in the signal following the injection of buffer
latter parameter can result in fairly large errors in the determined coveragkacking protein is due to the washout of nonspecifically
of thick monomolecular films. For this reason, we quantified the cadheringdsorbed protein and a return of the bulk refractive index of
surface coverage by measuring the amouritdf]-labeled cadherin bound e pyffer to its initial value. The limiting final value is used
to supported bilayers containing different amounts of Cu-IDA-lipid. Ra- . ey .
diolabeling and protein quantification were done according to procedure&o estimate th_e equilibrium ar_n_ount of bound _C_adherm‘
described elsewhere (Vijayendran and Leckband, 1999; Yeung and Leck- | he cadherin surface densities were quantified by deter-

band, 1997; Yeung et al., 1999). mining the amount of radioactively labeled protein bound to
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TABLE 1 Locations of attractive minima and strength of adhesion as a function of the cadherin coverage

Mole Surface Spring First Second Third
Fraction of Density Constant Minimum Adhesion Minimum Adhesion Minimum Adhesion
Cu-DSIDA Cadherinim? (mN/m) A (mN/m) A) (mN/m) A (mN/m)
25% 1.95x 104 0.91x 10° 251+ 3 —-0.5*+0.2 317+ 8 -0.3+0.1 393+ 10 —-0.3+0.2
25%* 3.10x 10° 3.87x 10° 255+ 10 -0.5+0.2 320+ 10 -0.3+0.2 — —
40%* 5.62X 10° 3.87x 10° 260+ 10 -09*+0.1 n.d. n.d. n.d. n.d.
100% 3.94x 10* 17.10x 1C° 259+ 6 —-9*2 334+7 —7*2 398+ 8 -3x1
100% 3.94x 10* 3.87x 10° 256+ 5 -9+2 330+ 10 -6.9+ 0.7 405+ 10 -3x1

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

the membranes. The cadherin coverage on membranes cdmmobilization of protein. ThuD = T, — 2 X Tpgpas
taining gel phase DSPC and 25 or 100 mol% DSIDA werewhere Tpgpa IS the thickness of the DSIDA monolayer.
respectively, 1.95x 10* cadherinkm? and 3.94x 10  The cadherin thickness was then determined from the dis-
cadherinum? (Table 1). In studies done with 25 or 40 mol% tanceD at the onset of the repulsive force between the
DSIDA in a fluid DTPC matrix (Sivasankar et al., 1999), the protein and a bare lipid or between two dilute cadherin
cadherin densities were 54 10° and 1.0x 10% respec- monolayers. In the second approach, the thickness of the
tively. These results were based on the results of fouprganic layers between the mica substraig¢Fig. 1) was
independent measurements for each membrane composietermined. After draining the apparatus of buffer solution,
tion. Although the fluid DTPC lipid allows for lateral cad- the surfaces were rinsed with de-ionized water, and all
herin mobility, the binding efficiency of the DSIDA lipid organic layers were removed by ultraviolet irradiation.
appears to decrease in a fluid lipid matrix. Thus, the membrane—membrane separdiion T, — 2 X
(Toppe T Tosipa)s Where Tpppe is the thickness of the

s . . . DPPE monolayer. The 25-A thickness of a DPPE film and
Deflnl_tlon of the intersurface separation distance the 32-A thickness of a DSIDA monolayer were determined
at whichD = 0 in independent measurements, and have also been reported
In measurements of the normalized force versus the sep&isewhere (Marra and Israelachvili, 1985; Sivasankar et al.,
ration distance between identical cadherin monolayers, th&999). Thus, because the bilayer thickness is determined
distanceD is the separation between the surfaces of théndependently and eithél, or T, are measured directly in
supporting lipid bilayers (Fig. 1). The intersurface distanceevery experimentD = 0, and hence the intersurface dis-
D was determined in two ways. In the first approach, wetance, is determined unambiguously. The measured interbi-
determined the change in total thickndgs(Fig. 1) of the layer distance allows the determination of both the thickness
molecular assembly between the crystalline DPPE monoef the cadherin monolayers and their extent of interdigita-
layers after depositing the DSIDA/DSPC monolayer and thdion.

5.0 Cadherin extracellular domains bind in three
é;g 40| different relative alignments
%N; 30| Figure 3 shows the force profiles measured on both ap-
% = proach and separation of cadherin monolayers at the rela-
8 § 20} tively low surface density of 1.9% 10* cadherinkm? and
05) S 10l with a spring constank = 9.05 X 10° mN/m. As D
8 decreases, there is no force between the dilute protein films
0.0 atD > 250 A (Sivasankar et al., 1999) (Figa® Due to the

-20 0 20 40 60 80  230-A linear dimension of the cadherin extra-cellular region
and the estimated 10-A length of the iduronic acid spacer
(Sivasankar et al., 1999), the proteins interdigitate com-
FIGURE 2. Cadherin adsorption time course determined by surface plagpletely atD = 250 A (Fig. 3b). At D < 250 A, we observe
mon resonance. The figure shows the adsorption time course in terms of thiye onset of steric repulsion between the protein and the
surface density of cadherin (cadherind?). After the injection of the opposing bilayer surface.

protein solution into the flow cell, an initial rise in the signal indicates Upon separating the surfaces. we measured an adhesive
protein binding. After the signal equilibrated, the flow cell was rinsed with p p Ing u » W u v

buffer lacking protein. The final total change in the signal indicates theMinimum at an intersurface distanbe= 251 + 3 A (Table
total amount of cadherin bound specifically to the membranes. 1) (Fig. 3a). The location of the energy minimum indicates

Time (minutes)
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FIGURE 3 @) Normalized force versus distance profile between cad-

herin mon0|ayers at 1.9% 104 Cadherinﬂmz_ Experimental conditions are FIGURE 4 Normalized force versus distance curves measured between
given in the text. The spring constakt= 9.05 X 10° mN/m. Filled oriented cadherin (1.9% 10* cadherinium?) and a bare 25 mol% DSIDA
symbols indicate the force curves measured on approach, whereas the op@gmbrane. The normalized force—distance curves measured on approach
symbols show the receding force profiles. The dashed lines are merely ttfilled symboly and separationopen symbolsare completely repulsive
guide the eye. The outward-directed arrows indicate the bilayer distanceand reversible. Experimental conditions are described in the text.

at which the cadherin bonds rupture, and the proteins jump ap@rt. (

lllustration of the proposed relative cadherin alignments at the positions of

the three attractive minima. . . .
A was due to steric repulsion between the protein and the

opposing bilayer. The range of the repulsive force confirms
that the cadherin ectodomains are completely interdigitatecboth that the repulsion between protein monolayers in Fig.
The strength of adhesion between the cadherin monolayefsis due to protein—bilayer repulsion, and that the cadherin
was —0.5 = 0.2 mN/m (Table 1). Although we cannot is oriented end-on. The 230-A steric thickness of the cad-
identify the specific domain(s) involved, the attraction is herin ectodomain, determined from the range of the repul-
attributed to binding between the completely interdigitatedsion, agrees with the length estimated from x-ray structures
antiparallel cadherin EC domains (FigbB and electron micrographs (Nagar et al., 1996; Pokutta et al.,

Control experiments confirmed that the adhesion atl994).

251 + 3 A was due to the formation of interprotein bonds  To test whether cadherin also binds through other relative
and not to adhesion between the histidine on the aminocalignments, i.e., through the N-terminal domains, we probed
terminal domain and free IDA groups on the opposingfor additional binding interactions at different degrees of
bilayer. To show this, we measured the normalized force-protein interdigitation. To do this, we controlled the degree
distance profile between a cadherin monolayer and a baref protein overlap by varying the interbilayer spacibg
25 mol% DSIDA membrane (Fig. 4.). The cadherin was(Fig. 3). For example, at the surface density of 1:93.0
bound to the lipid bilayers in the absence of calcium. Thiscadherinim?, the interbilayer separation between cadherin
would prevent any cadherin from binding as an antiparallemonolayers was reduced © = 430 A, and then the
adhesive dimer. If the latter occurred, then the exposegroteins were separated (Fig. 3). In the absence of adhesion,
histidine tags of some of the proteins could adhere to th¢he forward and the reverse force profiles were identical
opposing membrane. Before the measurements, calciufdiamond}. The formation of adhesive bonds caused a
was re-added to the buffer bathing the sample to reactivateegative deviation in the receding force profile, and the
the protein. The force profiles measured between cadherigurfaces jumped out of contact from the position of the
and the bare membrane during both approach and separatienergy minimum (maximum attraction).
were reversible, and exhibited no adhesion (Fig. 4). There This approach initially identified a second minimum at
was no force aD > 250 A, and the repulsion & < 250 D = 320+ 10 A, and the adhesion was0.3 = 0.1 mN/m
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at 1.95x 10* cadherinkm? (Table 1). This second mini- lower coverages (Table 1 and FigAk The adhesion at the
mum could explain the slowed movement of the bilayersprimary minimum is—9 = 2 mN/m. Between 280 and 400
from 260 to 320 A, if the proteins were being caught in theA, we measured two additional adhesive minima. The sec-
second minimum after the bonds at 260 A failed. Theond was at 334~ 7 A and the adhesion was7 + 2 mN/m
adhesion at 320 A could not, however, account for the full(Table 1 and Fig. 3\). The position of the latter site of
150-A range of the sluggish unbinding. adhesion is, within the limits of error, identical to the
The formation of an additional bond Bt > 320 A was  findings at lower cadherin densities. We detected a third
not detected at the modest spring constants and proteidhesive alignment at 398 8 A, and the attractive force
densities used previously (Sivasankar et al., 1999). To lowas—3 = 1 mN/m (Table 1 and Fig. B). Only these three
cate other binding orientations, in this study, we increasedninima at 256+ 5 A, 330+ 10 A, and 400+ 10 A were
the signal-to-noise ratio by reducing the force constant obbserved with the dense cadherin layers when the stiffness
the measuring spring and by increasing the cadherin coveof the measuring spring was reduced to 3:87.0° mN/m
age. The softer spring allowed us to identify weaker bondgdata not shown). Reducing the spring constant to %05
between cadherin. 10* mN/m did enable us to detect the third binding align-
At the highest achievable cadherin surface density (witment at 390+ 10 A with 1.95x 10* cadherinim? (Fig.
these bilayers) of 3.94& 10* cadherinkm? and a force 3a). No additional minima were detected between dilute
constant ok = 1.71 x 10° mN/m, we measured binding at cadherin monolayers with the softer spring. Thus, there are
three separations (Fig. 5). On approach, the longer rangenly three sites of adhesion, and their locations are inde-
repulsion aD < 400 A, is due to steric and osmotic forces pendent of both the transducer stiffness and the protein
between the crowded protein layers (Figa)5As expected, surface density. These findings are summarized in Table 1.
the repulsion is larger than that observed between less dense
cadherin monolayers. The minimum in the receding force . - .
curve atD = 259 = 6 A agrees with the measurements atCadherln unbinding dynamics
One consequence of these multiple binding alignments is
the sluggish detachment of the protein monolayers upon
a failure of the interprotein bonds at250 A (Sivasankar et
al., 1999). Typically, receptor-ligand bond rupture causes

12
ous Advancing t_he surfaces tq abruptly snap out of contact from the posi-
€ 5. N _ tion of bond failure (Leckband et al., 1994, 1995b; Moy et
> : ona Receding al., 1994). However, the detachment of dense cadherin
£ 4. (‘i'. layers is unusual in that unbinding occurs relatively slowly
2] T e in what appeared to be three distinct stages (Sivasankar et
° o aAn, al., 1999).
x 0 L A F'_'E"*\“—'r‘“*' To quantitatively analyze the dynamics of the cadherin
8 Q ; 4 unbinding, we used a video camera and timer to record the
S 4 5 ° ﬁ&/y time-dependent changes in the interference fringes as the
LL 5 Uy o .
b EE proteins jumped out of contact. Frame-by-frame analysis of
-8 AT“/’ the changes in the interference fringe wavelengths gave the
0 100 200 300 400 500 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. 6
clearly shows that cadherin unbinding occurs in three quan-
titatively distinct stages (Fig. &). In the first regime, fol-
lowing the initial rupture of the primary adhesive complex,
the membranes slowly move from 25010 A to 330+ 20

A at an average velocity of 0.1 0.05 A/s. In the second
FIGURE 5 @) Normalized versus distance profiles showing the three reglm_e' WhICh commences at 32020 A’ the detachment
measured energy minima between cadherin monolayers at a surface densi@lOCity increases gradually from 0:% 0.05 Als to 1.0+

of 3.94 x 10* cadherinim?. The spring constarkt = 1.71x 10° mN/m. 0.5 A/s. In the third stage, the surfaces abruptly snap out of
Filled symbols indicate the force curves measured during approachgontact aD = 400+ 10 A. Thus, after the first bonds break
whereas open symbols show the rgceding force profiles. The dashed lineg 250 A, the cadherin is apparently caught in the second
are merely to guide the eye. The different symbols correspond to different_. . ..

measurements in which the proteins were allowed to interact at diﬁerenmlmmum_’ a_nd this |mpedes the detachment. Ne_ar 320 A’
bilayer distances before they were separaté)i.The proposed protein ~ the velocity increases, presumably because the third, weaker
alignments at the positions of the three attractive force minima. minimum is less effective at retarding the cadherin pull-off.
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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. Th&0 A
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-

FIGURE 6 @) The measured rate of detachment of cadherin monolayersgred antiparallel binding alignment, the data are neverthe-

as a function of the interbilayer distance (3.8410* cadherinim?). (b)
The proposed protein orientations at the positions of transition between th

three distinct stages.

Ieess consistent with data implicating the N-terminal do-
mains in tissue specificity. The additional binding
configurations aD < 400 A could not have been identified

in the crystal structures because only EC1 and EC1-2 were

Finally, the proteins abruptly snap out of contact from thecrystallized. Similar interdigitated cadherin configurations

third adhesive minimum (Fig. B).

were not observed in electron micrographs of pentamers of

This detachment behavior can potentially arise from threehimeras E-cadherin and the cartilage oligomeric matrix
different mechanisms: namely, 1) adhesion at multiple siteprotein. The splay between adjacent cadherins imposed by
along the protein unbinding pathway, 2) the restricted fluidthe formation of the pentamers may inhibit this. Alterna-
flow into the gap between the curved surfaces due to thévely, the presentation of the proteins may impede lateral
surface-anchored protein (Klein, 1983), or 3) frictional draginteractions that could affect binding at the high densities on
between antiparallel cadherin rods. We confirmed the presthe cell surface. In qualitative agreement with the observa-
ence of multiple adhesive minima along the unbindingtions of Tomschy et al. (1996), the bonds formed when the
trajectory. Previous calculations also showed that the fricCEC1-2 segments of CEC1-5 overlap are weak. However,
tional drag on the proteins as they slide past each other ihe range of this attraction is inconsistent with the end-on
negligible at the measured velocities (Sivasankar et al.N-terminal domain interactions proposed by Shapiro et al.
1999). Finally, Appendix A describes calculations of the (1995).

hydrodynamic drag resulting from the flow of solvent into

Because the oriented protein monolayers are confined to

the narrow gap formed during surface separation. Althoughhe surfaces of hemicylindrical silica lenses oriented per-

this dissipative force is enhanced by the presence of thpendicular to each other, it is reasonable to address the issue
oriented, rod-like protein ectodomains, which are an addiof how the curved surfaces might affect the measured force—
tional source of hydrodynamic friction, the drag is negligi- distance profile. First, the SFA measures the total force
ble at the detachment velocities observed in these studiebetween the two surfaces, integrated over the entire region
The slow unbinding is, therefore, due to the rupture andf the interaction. In the experiments, the radius of curva-
formation of successive bonds along the unbinding path. ture of the supporting crossed-cylindersRs= 1.5-2 cm,
whereas the range of the molecular interactions relevant to
DISCUSSION thig study is<50 nm. Thus., the local regions of the inter-
acting surfaces are essentially flat on a molecular scale, so
These direct-force measurements suggest that, instead thfat the domain registry of adjacent and/or antiparallel pro-
binding in a single unique orientation, cadherins bind inteins differs by less than 2 A over a radial distance~df
three distinct adhesive alignments. These alignments at thaicron, i.e., within a 3um? area. The net force between
interbilayer separations of 250, 320, and 400 A were idencurved surface§ (D), determined by integrating the force
tified from the locations of the corresponding minima in the between these locally flat patches over the entire surface, is
measured energy—distance profiles (Figs. 3 and 5). Thdirectly proportional to the energy per area between two
strongest binding interaction occurs when the proteins arequivalent flat surface&((D): F.(D) = 2#RE(D) (ls-
completely interdigitated. A second adhesive alignment is ataelachvili, 1992b). HereR is the geometric average radius
a distance where the interdigitated proteins are separated lof the cylinders. The latter relationship is the Derjaguin
1.5+ 0.5 EC domains. Finally, the third adhesive contact atapproximation, and is derived in several textbooks (Hunter,
400 = 10 A corresponds approximately to the overlap1989; Israelachvili, 1992b; Russell et al., 1989). It is valid
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for radii R > D, whereD is the range of the force. The respond to each of the three minima in the interaction
non-intuitive consequence of this is that curvature does nagprofile (Fig. 6b). The impeded detachment of the adherent
smear out the discrete peaks and valleys in the interactiocadherin monolayers appears to be due to the successive
potential between two flat surfaces exposing moleculestupture and formation of bonds as the proteins slide past
which interact via an oscillatory potential. Our exact nu-each other. The multiple minima along the unbinding path-
merical calculations (Appendix B) reconfirm that this rela- way of cadherin, therefore, appear to serve as catches that
tionship holds for oscillatory potentials fét > 1 micron.  prevent the abrupt failure of the cadherin cross-bridges.
Therefore the minima in the force—distance curve between To our knowledge, there are only two reports of a similar
the crossed cylinders correspond with the positions of maxsluggish jump-out from an adhesive minimum. The very
imum attraction between identical proteins on opposed flaslow (100 s) pull-off of adsorbed polymers was attributed to
plates. the hydrodynamic drag caused by the fluid flow through the
Importantly, oscillatory or periodic forces have beendense polymer layers (Klein, 1983). Flexible polymers can
measured with the SFA in several different systems (Isform highly entangled networks (de Gennes, 1988), but the
raelachvili, 1992a, 1987; Israelachvili and Kott, 1988; Is- hydrodynamic friction between oriented, relatively stiff
raelachvili and Pashley, 1983; Horn and Israelachvili, 1981rods is significantly lower. Our calculations (Appendix A)
1988; Christenson and Horn, 1983; Christenson and Isshow that the lubrication force between the interdigitated
raelachvili, 1984; Christenson, 1985; Leckband et al., 1994protein layers has no effect on the protein detachment.
Kekicheff et al., 1990). These oscillations also extended ugnother study of the separation of Protein A-coated mica
to 20 nm in a few cases. In several of those reports, theurfaces found that separation occurs in two stages with
surface force measurements confirmed the theoretically prgump-out times ranging from 1 to 5 s. This multiple stage
dicted oscillations in the intersurface potentials between twaupture was attributed to the formation of nonspecific ad-
flat plates (Israelachvili, 1987). Moreover the periods of thehesive bridges between either Protein A and the opposing
oscillations corresponded to the dimensions of the molemica surface or between Protein A molecules on opposing
cules confined between the surfaces (Israelachvili and Pasurfaces (Ohnishi et al., 1998). In our experiments however,
shley, 1983; Horn and Israelachvili, 1981, 1988; Christen-the absence of adhesion between a cadherin monolayer and
son et al, 1987; Christenson, 1985; Christenson andn opposing bare DSIDA membrane rules out the involve-
Israelachvili, 1984; Christenson and Horn, 1983; Kekicheffment of such bridging interactions.
et al., 1990; Leckband et al., 1994). Although the positions of the adhesive minima are inde-
In surface force measurements of other receptor—ligangendent of the cadherin density and the force constant of the
interactions, the distance dependence of the measured aspring, the adhesion (depth of the minimum) does increase
hesion between the cytochrome c/cytochrome b5, streptavivith the amount of protein on the membranes. At the
din/biotin, CD2/CD48, and FdHluorescein pairs were primary minimum, with cadherin layers on gel phase lipids
within 3 A of thepredicted distances based on the crystal-at surface densities of 1.98 10* cadherinim?, the adhe-
lographically determined protein structures (Helm et al.,sion was—0.5 £ 0.3 mN/m. An increase in the cadherin
1991; Leckband et al., 1994, 1995a,b; Yeung and Leckbandiensity to 3.9< 10* cadherinim? increased the adhesion to
1997; Yeung et al., 1999). The latter protein dimensions—9 = 2 mN/m. The adhesion is related to the energy per
ranged from 3 to 7 nm, which are only 3—-10-fold smaller area between deformable materialsfiR = 1.57E (John-
than cadherin. In some cases, the proteins were bound Ison et al., 1971; Israelachvili, 1992b). The estimated aver-
long (2.7 nm) tethers. In every instance, upon bond failureage energy per cadherin bound to the gel phase membranes
the proteins and ligands abruptly jumped out of contacwould be~1 kT at 1.95x 10* cadherinim? and 12 kT at
from a single intersurface separation. On a molecular lengtB.94 X 10* cadherinum?. This increase may be due, in part,
scale, the substrate curvatur®H ¥> cm (= 50 m %) will to density-dependent lateral association between proteins
have a similarly negligible impactroa 7 nm (1D ~ (Brieher et al., 1996) and to the higher probability of bind-
10°m™~ 1) interaction as on a 25—-40-nm interaction{1+~ ing between the denser protein monolayers. Consistent with
10‘m™1Y). As discussed above, the negligible effect of sur-the latter argument, the bond energy estimated from the
face geometry on the positions of the minima in the oscil-adhesion between proteins on fluid—lipid membranes, which
latory intersurface energy—distance curves has been demensisted of 25:75 and 40:60 DSIDA:DTPC mixtures, was
onstrated both experimentally and theoretically. The4-5 KT (Sivasankar et al., 1999). In the latter case, the
spatially distinct minima reported in this study, therefore,proteins could move relatively freely over the surface. All of
reflect the different protein alignments in which cadherinthese values are lower than those measured in conjunction
binds (cf. Appendix B). with the extraction of lipid anchors from the membrane
We propose that these multiple cadherin binding config{Leckband et al., 1995a), or with the rupture of antibody—
urations may function as “brakes” to slow the abrupt failureantigen bonds (Leckband et al., 1995b). However, these
of cadherin junctions. In particular, the positions of the threebond energies are only estimates because 1) the dynamic
transitions in the velocity—distance profiles in Figa@or-  binding and unbinding make it difficult to determine the
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absolute numbers of proteins that are involved in adhesiofrom Egs. 3 and 5, the detachment time in the nonoverlapping refgien (

(Saterbak and Lauffenburger, 1996; Seifert, 2000; Vijayen2L) is

dran et al. 1998) and 2) it is difficult to determine the o

number of opposing proteins in register at the time of the o J 6mRn dh (A5)

measurement (Leckband et al., 1995a). The main points are (h—=2L)(Fs—F)

that the adhesion increases with the number of proteins on !

the membranes, and, most importantly, that the positions C\f\/e calculated the effect of hydrodynamic drag on the detachment of

the adhesive minima are independent of both the proteigadherin monolayers at a surface density of 3020* cadherinim2. An

densities and the lateral mobility of the cadherin. oscillatory function with minima at 250, 320, and 400 A represented the
In summary, these direct measurements of the adhesidﬁtgrsurfaee_fqrc&. The restoring force was gi\{en by thg deﬂef:tion of the

between the EC segrments o C-cadnerin as a ucion of ' THIPIEC b e s corcnt i e aenens o e

relative protein separation show that the proteins bind Moo, Shapiro et al., 1995) and experimental values for the radius, protein

three distinct antiparallel alignments. These adhesive aligrsurface density, and spring constant from our measurements, the calculated

ments correspond to the velocity transitions along the prodetachment time is-1 s. This is much shorter than the experimentally

tein unbinding trajectory. The data suggest that, upon failur@easured 10.5 min, a_md shows that the lubrication force has an insignifi-

of the bonds at the primary minimum, the additional minima 2"t éffect on cadherin detachment.

along the unbinding trajectory serve as traps or catches,

which rgtard cadherin detachmeqt. Th_is built-in - catch-AppENDIX B: NUMERICAL CALCULATIONS OF
mechanism prevents sudden adhesive failure, and may fungy e FORCE —DISTANCE PROFILE BETWEEN

h

tion to stabilize cadherin junctions between cells. TWO SURFACES INTERACTING THROUGH AN
OSCILLATORY POTENTIAL
APPENDIX A We investigated the effect of the crossed-cylinder geometry on the mea-

L L .. sured normalized force—distance profiles between two surfaces interacting
The Iubrlc_atlon force b_etween two surfaces coated with rigid rods is glVer}hrough an oscillatory potential. To do this, we used the surface element
by (Fredrickson and Pincus, 1991) integration method (Battacharjee and Elimelech, 1997) to calculate the

—67R2nV exact forceF g, between a sphere and flat plate in terms of the interaction
"= 777, (Al) energy per unit areB(D) between two flat plates of identical composition
h—2L separated by a distan€e An oscillatory function, which exhibited attrac-

tive minima at the same locations as those measured with the force
whereR is the radius of curvature of the surfacg,is the bulk solvent  apparatus, was used to describe the distance dependence of the local
viscosity, V is the detachment velocityy is the intersurface separation jnteraction energy per area between the opposing parallel plates.
distance, and. is the length of the rods. When the rods are completely  ith the surface element integration method, one calculates the exact
interdigitated, the hydrodynamic force is given by the scaling expressionnteraction energy between a sphere and a flat surface for any arbitrary

(Fredrickson and Pincus, 1991; Rabin et al., 1991), one-dimensional, interaction potenti&(h) per area:
Ap — , R 2
Fu=—mVR | gy dh’ (A2)  Ug(D) = 2wj E(D +R—Ry1— Rz)a da
h
0

Here&(h') is the hydrodynamic screening length. Unlike flexible polymers R
in good solvents that interdiffuse at contact to form entangled networks (de

Gennes, 1988), the cadherin monolayers resemble a dilute solution of _ZWJ E<D + R+ Ry1- Rz)a da. (Bl)
oriented rods. The hydrodynamic screening length for a suspension of stiff,

slender rods of length and diameted is given by&(h’) = d|Log ¢/d|*/?,

where ¢ is the volume fraction of the rods (Shagfeh and Fredrickson,Here,R is the radius of the sphere, afldis the closest distance between

2

1990). If the ectodomains are spaced a diste®epart, then, the sphere and the plane. The above integrals were evaluated by numerical
o integration with values o ranging from 240 to 440 A in 0.5-A steps. The
, LOQ(Zd /h,sz) net energyUgg, between the sphere and a flat plate at each distBnee
§(h ) =d 2Ldn’'s? |° (AS) AD/2 was calculated from the relatidfyg, = —AUgg/AD, whereAD =

D+1y — Dg andAUgg = Usgr1y — Useigy
The time required to jump out from the primary adhesive minimum can To compare the exact surface element integration results with the
then be calculated, using a simple force balance between the hydrodynamiRerjaguin Approximation (DA), which assumes that curvature effects are
force F,,, the surface forcé g, and the restoring force of the cantilever negligible for large radii, we also used the approximation to calculate the
springF,: F, + F5 = F, (Klein, 1983). As the surfaces jump out from the energy between a sphere and flat plate (Hunter, 1989; Israelachvili, 1992b).
first minimum athl to a distanceh2, it can be shown that the time  This gives the interaction enerdy,, between a sphere and flat plate in
required to traverse theLXistance to the ends of the ectodomains is  terms of energy per area between equivalent flat surfaces (Hunter, 1989):

f“z Jar(h = hy/h'&(h')?)dh’
7= mR®
Fs— Fy

dh.  (A4) Upa(D) = 2R f wE(h) dh. (B2)

hl D
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Here, h is the distance between the two flat planes, @ni the closest REFERENCES
distance between the sphere and the plane. RecalFhdD) = —dUp,/
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