
Introduction
Classical cadherins are a family of cell surface adhesion
molecules that are essential for maintaining the structural
integrity of all vertebrate solid tissues. Cadherins determine
cell-cell recognition during morphogenesis and have signalling
functions that influence cell migration and differentiation
(Cavallaro and Christofori, 2004; Hirano et al., 2003; Thiery,
2003; Wheelock and Johnson, 2003). Adhesive interactions by
cadherins are mostly, but not exclusively, homophilic and
cadherin type-specific. Classical cadherins comprise five
extracellular β-barrel-like domains, a transmembrane domain
and a cytoplasmic domain. Adhesion requires the presence of
calcium bound in the interdomain junctions and it is known
that this rigidifies the cadherin molecule into a curved rod-like
structure projecting from the cell (Boggon et al., 2002; He et
al., 2003; Miyaguchi, 2000; Pokutta et al., 1994). Despite more
than a decade of research, the mechanism by which cadherin
extracellular domains form adhesive contacts remains
controversial.

Insights into the process of adhesion have come mainly from
four experimental strategies: observations of the effects of
point mutations or domain deletions on cell adhesion; co-
immunoprecipitation of epitope-tagged cadherin molecules in
adhesive complexes between cells; structural studies of
cadherins by NMR or X-ray crystallography; and physical
studies, including measurements of intermolecular forces

between cadherin molecules and direct observation of
cadherins by electron microscopy. Cumulatively, these
techniques have led to several alternative models for adhesion.

Amino acids that coordinate calcium in the junction between
the first and second domains, ECD1 and ECD2, have been
shown to play an essential role in adhesion (Corps et al., 2001;
Klingelhofer et al., 2002) and structural studies have suggested
that calcium will instigate dimerization of the recombinant
protein ECD1-ECD2 via contact surfaces in the domain
junction and ECD1 (Haussinger et al., 2002; Pertz et al., 1999).
This effect of calcium has been demonstrated by physical
measurements and electron microscopy (Alattia et al., 1997).
Scanning mutagenesis in the N-terminal domain (ECD1) has
shown that tryptophan 2 (Trp2), the second amino acid of the
mature cadherin molecule, and amino acids lining an adjacent
hydrophobic pocket are also indispensable for adhesion
(Kitagawa et al., 2000; Tamura et al., 1998). The importance
of Trp2 has been confirmed by immunoprecipitation studies,
which have demonstrated that this residue is required for the
formation of both adhesive (trans) dimers and lateral (cis)
dimers (Laur et al., 2002; Ozawa, 2002). A possible
explanation for the significance of Trp2 has been provided by
three X-ray crystallography studies which have revealed a
mechanism for dimerization in which Trp2 in β strand A of
ECD1 docks into a hydrophobic pocket in ECD1 of its
neighbour, a mutual process which holds the two ECD1
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The mechanism by which classical cadherins mediate cell
adhesion and, in particular, the roles played by calcium and
Trp2, the second amino acid in the N-terminal domain,
have long been controversial. We have used antibodies to
investigate the respective contributions of Trp2 and calcium
to the stability of the N-terminal domain of N-cadherin.
Using a peptide antibody to the βB strand in domain 1,
which detects a disordered structure, we show that both
Trp2 and calcium play crucial parts in regulating stability
of the domain. The epitope for another antibody, mAb
GC4, has been mapped to the base of domain 1. Binding of
GC4 to this epitope was shown to depend on intramolecular
‘docking’ of Trp2 into the domain 1 structure. Using this
property, we provide evidence that calcium regulates a
dynamic equilibrium between docked and undocked Trp2.
Finally, a novel technique has been developed to test

whether Trp2 cross-intercalation between cadherin
molecules from adjacent cells (strand exchange) is central
to cadherin-mediated cell adhesion. Guided by crystal
structures showing strand exchange, we have introduced
single cysteine point mutations into N-cadherin domain 1
in such a way that a disulphide bond will form between
opposing N-cadherin molecules during cell adhesion if
strand exchange occurs. The bond requires complementary
cysteines to be precisely juxtaposed according to the strand
exchange model. Our results demonstrate that the
disulphide bond forms as predicted. This provides
compelling evidence that strand exchange is indeed a
primary event in cell adhesion by classical cadherins.
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protomers together (Boggon et al., 2002; Haussinger et al.,
2004; Shapiro et al., 1995). In principle, this interaction (strand
exchange) could mediate dimerization in either cis- or trans-
alignment. A recent immunoprecipitation study that was
designed to discriminate between strand exchange and a
calcium-mediated mechanism for dimerization is consistent
with the strand exchange model (Troyanovsky et al., 2003).

A different perspective has emerged from measurements
of intermolecular forces between recombinant cadherin
molecules. The data here suggest that contact surfaces on two
or more cadherin domains are required for adhesion and that
opposing cadherin molecules can engage in several alternative
anti-parallel alignments (Chappuis-Flament et al., 2001;
Sivasankar et al., 2001; Zhu et al., 2003). This idea is at
variance with direct observation, by electron microscopy, of
purified recombinant cadherin molecules and cadherins in
junctional complexes. These images suggest that both cis- and
trans-dimerization takes place exclusively via ECD1 (Ahrens
et al., 2003; Ahrens et al., 2002; He et al., 2003; Pertz et al.,
1999). A central issue in these conflicting models is whether
Trp2 serves only to stabilise an adhesive contact surface in
domain 1 or whether strand exchange is the primary event in
adhesion.

In the present report we have used antibodies to detect
conformational changes in ECD1 of N-cadherin, prepared as
an Fc-fusion protein, to investigate the effect of Trp2 and Ca2+

on the stability of this domain. In addition, we have
investigated the effect of calcium on the propensity of Trp2 to
dock into a hydrophobic pocket in its own domain. Finally, we
provide persuasive evidence for strand exchange as the primary
event in adhesion. A novel strategy has been used involving the
formation of a ‘reporter’ disulphide bond that captures mutant
cadherin molecules in trans-alignment as cells undergo
adhesion. This bond can form only if the molecules are
orientated by strand exchange.

Materials and Methods
Antibodies to N-cadherin
A polyclonal sheep antiserum was prepared by standard methods
against the synthetic peptide PQELVRIRSDRDK, which spans the βB
strand of chicken N-cadherin. The peptide was conjugated to keyhole
limpet haemocyanin for immunisation. Preliminary experiments
established that this antibody did not react with wild-type N-cadherin-
Fc in its native conformation but gave a strongly positive result with
N-cadherin-Fc that had been partially denatured by direct adsorption
to a plastic surface. The rat mAb NCD-2, specific for an epitope in
the BC loop of domain 1 of chicken N-cadherin, was obtained from
R & D Systems (code BTA6). Mouse mAb 8C11, specific for domain
4 of human N-cadherin, was a gift from M. J. Wheelock (Puch et al.,
2001) and mouse mAb GC4 (also known as GB-9) was obtained from
Sigma (code C2542). A rabbit pan anti-cadherin antiserum specific
for a conserved sequence of 24 amino acids in the cytoplasmic domain
(Sigma, code C3678) was used for immunoblotting.

Antibody binding tests
Antibody binding to N-cadherin-Fc fusion proteins was detected by
enzyme-linked immunosorbent assay (ELISA) based on a previously
described method (Corps et al., 2001). Briefly, assay plates were
coated with varying levels of monomeric or dimeric N-cadherin Fc-
fusion proteins via rabbit or goat anti-human Fc. Assay plates were
then pre-equilibrated for 7 minutes with varying levels of calcium

chloride added to calcium-free Hanks balanced salt solution (HBSS),
containing 0.075% Tween 20. Antiserum K7 (1:75) or mAb GC4 (2
µg/ml) was then added in HBSS containing the appropriate level of
calcium and incubated for 1 hour at room temperature. Antibody
binding was detected with anti-sheep or anti-mouse HRP-labelled
secondary antibody. Assays were conducted in duplicate or triplicate
and results are presented as mean±s.e.m.

Design of cysteine point mutations
Predictions of disulphide bond formation were based on the strand
exchange structure PDB 1NCI (Shapiro et al., 1995). It was viewed
and manipulated using Swiss PDB Viewer (http://www.expasy.org/
spdbv/). Two extra amino acids at the N-terminus of this structure
were removed to give the correct sequence. Alternative pairs of
mutations, D1C,R25C or D1C,D27C, were introduced so that either
pair would form a disulphide bond between the two domain 1
protomers; numbering refers to the mature cadherin protein.
Formation of the C1-C25 disulphide bond required torsion, within
Ramachandran limits, of psi angles in the α-carbon backbone of the
βA strand in the vicinity of Val3, while maintaining the side chain of
Trp2 in an unchanged position. Formation of the C1-C27 disulphide
bond required only rotation of the side chain of C1. Adjustments were
also made to the side chains of C25 and C27. After energy
minimisation, the β carbon atoms of the paired cysteines for both
bonds were within 4Å, which is optimal for disulphide bond
formation. There were no amino acid clashes in either case.

DNA construction and transfection
Full-length chicken N-cadherin cDNA in pcDNA3.1 was obtained
from P. Doherty (King’s College, London). The point mutations D1C,
R25C and D27C were introduced using a QuikChange mutagenesis
kit (Stratagene). Mutant and wild-type constructs were stably
transfected into the human myeloid leukaemia cell line K562 by
electroporation and selection in G418 (1 mg/ml G418 in DMEM +
10% FCS). Clonal cell lines were obtained by limiting dilution and
were matched for equal expression of N-cadherin by cell surface
immunofluorescent staining and flow cytometry. Chicken N-cadherin-
Fc fusion protein linked by disulphide bonds at the Ig hinge region to
form a dimer was prepared as follows: cDNA for the five extracellular
domains of N-cadherin, coding up to the amino acid sequence GLGT,
was isolated by PCR and cloned into the vector pIgSig (R&D
Systems). This vector provides a signal sequence from CD33 and adds
the CH2 and CH3 domains and the hinge region of human IgG1 heavy
chain. The construct was modified to produce monomeric N-cadherin-
Fc by introducing the mutations F405A and Y407A into the CH3
domain of Fc (Dall’Acqua et al., 1998), which prevent dimerization
of this domain. The fidelity of all DNA constructs was verified by
sequencing.

Soluble N-cadherin-Fc fusion protein was obtained by transient
transfection of Cos7 cells as previously described (Corps et al., 2003).
Wild-type monomeric N-cadherin-Fc and the double mutant
W2G,D134A were checked for molecular size by gel filtration on a
Superdex-200 PC3.2/30 column equilibrated with 50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1 mM CaCl2 and were shown to be
monodisperse and monomeric. Soluble N-cadherin-Fc was routinely
quantified using an ELISA for Fc, standardised against purified
cadherin-Fc fusion proteins.

Cadherin-mediated cell adhesion tests
96-well immunoassay plates (Costar) were coated overnight with
affinity-purified goat anti-human Fc (Sigma, code I 2136) at 5 µg/ml
in PBS, then blocked with 1% BSA for 2 hours at room temperature.
Monomeric or dimeric N-cadherin-Fc fusion protein in Cos cell
supernatants was added as described for the ELISA assay. DX3
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713Mechanism of adhesion by cadherins

cells, a human melanoma cell line that expresses N-cadherin, were
dissociated with cell dissociation solution (Sigma, code C5789),
resuspended in HBSS with 2% FCS and assessed for adhesion
to wild-type or mutant N-cadherin-Fc as previously described
(Corps et al., 2001). Microscopic examination established that the
cells were present as a single cell suspension as they settled onto
the plate. For assays conducted in reducing conditions, 10 mM DTT
was present during the adhesion and washing steps. Determinations
were conducted in triplicate and results are presented as
mean±s.e.m.

Formation of reporter disulphide bonds during cell adhesion
Monomeric N-cadherin-Fc (1 µg/ml) bearing the three alternative
cysteine point mutations, D1C, R25C or D27C, was immobilised on
96-well plates with goat anti-human IgG Fc as previously described
for E-cadherin-Fc (Corps et al., 2001). Unbound cadherin was
removed by washing with HBSS, 0.1% BSA, followed by HBSS
alone. The plates were not blocked with additional protein. K562
transfectants expressing N-cadherin bearing complementary or non-
complementary point mutations (6×104 cells in 100 µl HBSS
containing 10 mM DTT) in single cell suspension, were added to the
coated wells containing 100 µl HBSS. The final concentration of DTT
was therefore 5 mM during the adhesion stage. The cells were allowed
to settle for 10 minutes at room temperature before incubation at 37°C
for 30 minutes to complete adhesion. Microscopic examination of the
wells before washing showed that the cells were not clumped but
remained as a carpet of single cells on the surface of the plate. Non-
adherent cells were then removed by washing with HBSS without
DTT to restore oxidising conditions (4-6 washes over 15-20 minutes).
Adherent cells from a pool of four wells for each experimental
condition were then solubilised in sample buffer for SDS-PAGE and
analysed on NuPAGE Novex gradient gels, 3-8% or 4-12%
(Invitrogen), under non-reducing or reducing conditions. Cellular
cadherin was detected by immunoblotting using rabbit pan anti-
cadherin antiserum specific for the cytoplasmic domain. Alternatively,
N-cadherin-Fc fusion protein was detected with rabbit anti-human
IgG, Fc-specific (Pierce, code 31142). The secondary antibody for
both was peroxidase-conjugated AffinPure goat anti-rabbit IgG,
F(ab′)2 fragment-specific (Jackson ImmunoResearch Labs, code 111-
035-006).

In an alternative protocol, Dynabeads (Dynal) coupled to Protein A
were coated with dimeric N-cadherin-Fc (1 µg/ml), bearing the
mutation D27C, for 1 hour at room temperature in the presence of
0.1% Tween 20 and 4 mM EGTA (to prevent aggregation). The beads
were then washed with HBSS. K562 transfectants expressing cell
surface N-cadherin with the mutations D1C, R25C or D27C, were
treated with 10 mM DTT for 15 minutes at 37°C, then washed and
resuspended in HBSS without DTT. Cells (2.4×105) were mixed with
3 µl of beads coated with mutant N-cadherin-Fc in a final volume of
100 µl HBSS. Cells and beads were incubated together at room
temperature for 2 hours with slow rotation to allow adhesion.
Approximately five beads became attached to each cell and there was
some clumping of attached and unattached beads. 2 µl iodoacetamide
(1.0 M), was then added to alkylate free sulphydryl groups. The
samples were then spun down at 1500 g and the cells were lysed in
HBSS, 0.075% SDS, 1% NP40, 0.2 mM AEBSF, for 4 minutes on
ice. Beads were then isolated with a magnet and washed twice with
lysis buffer. Disulphide-bonded complexes between cellular cadherin
and the Fc-fusion protein were analysed by SDS-PAGE and
immunoblotting for cadherin cytoplasmic domain as described above.
To ensure equal loading, membranes were stripped and re-assayed
with anti-Human Fc.

Atomic force imaging
N-cadherin-Fc was purified using Protein A Sepharose as previously

described (Corps et al., 2001). Samples were centrifuged at 100,000
g for 45 minutes to remove any aggregates and diluted to 1 µg/ml in
5 mM HEPES, 150 mM NaCl, 5 mM CaCl2, pH 7.5, supplemented
with 5 mM NiCl2. A volume of 50 µl was pipetted onto freshly cleaved
mica (Goodfellow, Huntingdon, UK) and incubated at room
temperature for 10 minutes. Unattached protein was then washed
away with the same buffer. The protein molecules were examined in
the presence of 30 µl fresh buffer. AFM imaging was performed using
a Nanoscope IIIa Multimode atomic force microscope (Veeco/Digital
Instruments, Santa Barbara, CA) equipped with a J scanner. The N-
cadherin-Fc molecules were imaged using oxide-sharpened silicon
nitride probes (DNP-S; Digital Instruments) with a spring constant of
0.32 N/m operating in tapping mode at a drive frequency of ~7-9 kHz.

Results
Conformation of dimeric N-cadherin-Fc fusion protein
Electron microscopic examination of cadherin molecules as
pentamers fused to cartilage oligomeric matrix protein
(COMP) or as dimers linked to immunoglobulin-Fc, has
revealed ‘ring’ and ‘spectacle-like’ structures deemed to
represent cis- and trans- (adhesive) dimerization, respectively
(Ahrens et al., 2003; Pertz et al., 1999). As a first step in the
current series of experiments, we examined our preparation of
N-cadherin-Fc protein by atomic force microscopy (AFM) in
the presence of 5 mM calcium to see whether similar structures
were detectable. All wild-type molecules had a Y-shaped form
with the cadherin domains curving away from each other and
the Fc region clearly distinguishable as a structure forming the
‘stem’ of the Y (Fig. 1). No N-cadherin domain 1 interactions
were seen. The orientation of the curved cadherin domains
suggests that the contact surfaces for dimerization, identified
in crystal structures (Boggon et al., 2002; Pertz et al., 1999),
could not easily be juxtaposed, and it is possible that the Fc
hinge region in our construct imposes mechanical constraints
which militate against dimerization of the N-terminal cadherin
domains. Although we cannot completely rule out the
possibility that contact with the mica substratum may have
disrupted some dimers, the results suggest that at least a
majority of the molecules in our preparations had this Y shape.

Fig. 1. Atomic force image of purified dimeric N-cadherin-Fc fusion
protein adsorbed to a mica surface. The two curved ‘arms’ in each
molecule are the five extracellular domains of N-cadherin, which are
joined to the Fc region. The thickness of the deposited molecules is
reflected in their shading and approximate values were obtained; 5
nm for the more intensely white Fc region and 3 nm for the cadherin
domains.
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The absence of adhesive dimers (spectacle-like structures)
previously seen by electron microscopy in cadherin-Fc
preparations (Ahrens et al., 2003) could be attributable to
technical differences. Our preparation did not contain glycerol
and the protein concentration used to coat the mica in our
experiments was approximately 100-fold lower than that used
for previous electron microscopy studies.

Relationship between Trp2 and interdomain calcium in
the structural integrity of N-cadherin domain 1
A polyclonal antibody, K7, was prepared against a synthetic
linear peptide in the βB strand of N-cadherin domain 1 (Fig.
2). Efficient antibody binding required that the peptide epitope
be released from structural constraints of the domain fold. K7
was tested against N-cadherin-Fc containing or lacking the
mutation W2G or the junctional mutation D134A, which
prevents coordination of the third calcium atom, Ca3, in the
ECD1-ECD2 junction (Nagar et al., 1996). The two mutations
were tested singly or in combination in an assay containing
1.25 mM calcium. Alternatively, calcium was added to the
assay at varying levels (Fig. 3). The N-cadherin-Fc used was
the normal dimeric form as depicted in Fig. 1. Antibody K7
failed to bind to wild type N-cadherin or to the D134A mutant,
and reactivity with the W2G protein was low (Fig. 3a).
Nevertheless, the two mutations in combination gave a strongly
positive result. The single mutation W2G was tested at a range
of calcium levels, and antibody binding decreased to
background as the calcium concentration reached 0.75 mM
(Fig. 3b). These results suggest that calcium and Trp2 act in
conjunction to stabilise the structure of domain 1. An
alternative explanation could be that calcium-dependent
interactions occur between the two cadherin units in the
dimeric fusion protein, which could prevent access of the
antibody to the K7 epitope. Despite indications from our AFM
scans that such interactions do not occur in our preparations,

we tested monomeric N-cadherin-Fc to eliminate this
possibility (Fig. 3c). In these molecules, dimerization via Fc
had been prevented by mutations in the CH3 domain. The
titrations were closely similar to those in Fig. 3a, showing that
epitope masking could not explain our results. Because Trp2
is not part of the peptide epitope, the structural effect of this
amino acid is almost certainly due to its integration into a
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Fig. 2. The two-domain structure of N-cadherin, PDB 1NCJ (Tamura
et al., 1998). The location of the 13-mer peptide in domain 1, against
which antiserum K7 was prepared, is shown in red. Trp2 is not
integrated into the domain fold and is coloured blue. The position of
the D134A mutation is shown in green. The two images show
opposite faces of the domains.

Fig. 3. Binding of peptide-specific antibody K7 to the wild type and
mutant N-cadherin-Fc fusion protein. (a) The mutations W2G and
D134A in N-cadherin Fc, dimerised via Fc, were tested singly or in
combination and compared with results from the wild-type (Wt)
molecule. Calcium was present in the assay at 1.25 mM. (b) N-
cadherin-Fc mutant W2G was pre-equilibrated with varying levels of
Ca2+, which were maintained throughout the assay. (c) Monomeric
N-cadherin-Fc was tested in the presence of 1.25 mM Ca2+.
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hydrophobic pocket in the domain structure, as previously
observed by NMR (Haussinger et al., 2004) and X-ray
crystallography (Pertz et al., 1999).

Antibody GC4 detects docking of Trp2
The epitope for a hitherto uncharacterised commercial N-
cadherin antibody, GC4 (Volk and Geiger, 1984) was mapped
using a panel of N-cadherin-Fc fusion proteins bearing point
mutations (Fig. 4a,b). The epitope was found to include
residues K64, P65, D67 and Q70. Mapping results were similar
in the presence or absence of calcium. The GC4 epitope lies
opposite the βA strand, far from Trp2. Binding of GC4 was
prevented by the mutation W2G, regardless of the presence
(Fig. 5a) or absence (Fig. 5b) of calcium. This is persuasive
evidence that GC4 binding requires Trp2 to be docked into the
domain structure. Antibody binding to wild type N-cadherin
was greater in the absence of calcium (compare Fig. 5a,b,c).
This could be due to modulation of Trp2 docking by calcium,
with low levels of calcium favouring integration of Trp2.

Alternatively, calcium may have a local effect on the epitope
or its accessibility; both propensities could operate. To explore
this issue further, we tested the hydrophobic pocket mutation
A78M, which would hinder, but not necessarily preclude, Trp2
docking. This mutation is known to inhibit adhesion (Tamura
et al., 1998). A78M inhibited binding of GC4 in the presence
of 1.25 mM Ca2+, compared to the wild type (Fig. 5d). The
result is consistent with impaired Trp2 docking. In contrast,
when calcium was removed, both the wild type and the A78M
mutant gave equally high binding (Fig. 5e). This supports the
explanation that calcium modulates Trp2 docking. In an
alternative strategy to compromise insertion of Trp2 into the
hydrophobic pocket, the N-terminus of N-cadherin was
extended by three amino acids, MDP. An extension would be
expected to have a negative effect on integration of Trp2 into
the domain (Haussinger et al., 2004) but, again, would not
necessarily preclude docking (Pertz et al., 1999; Schubert et
al., 2002). In keeping with results for the A78M mutation, the
MDP mutation strongly inhibited binding of GC4 in the
presence of calcium (Fig. 5f). As with the A78M mutant,
removal of calcium from the MDP extension mutant restored
binding of GC4 to levels obtained with the wild-type molecule
(Fig. 5g). We next showed that the effect of calcium could be
attributed to its coordination in the ECD1-ECD2 junction. The
mutation D134A, which disrupts coordination of Ca3 in this
position, increased binding of GC4, compared with the wild
type (Fig. 5h), despite the presence of calcium in the assay
buffer. The result was similar with the MDP extension mutant
(Fig. 5i), showing that the D134A junctional mutation had the
same effect as removing calcium from the medium. As GC4
binding requires Trp2 to be docked, regardless of calcium,
these results argue strongly that calcium modulates a dynamic
equilibrium between docked and undocked Trp2 so that
depletion of calcium favours more stable integration of Trp2
into the domain structure.

Trp2 cross-intercalation (strand exchange) is a primary
event in cadherin-mediated cell adhesion
Elegant structural studies have demonstrated cadherin
dimerization by strand exchange (Boggon et al., 2002;
Haussinger et al., 2004; Shapiro et al., 1995). The question
remains whether this happens in a physiological context
between opposing cadherin molecules during cell adhesion.
Strand exchange would orientate the molecules so that specific
amino acids near Trp2 and its hydrophobic pocket are brought
into close apposition. We reasoned that if complementary
cysteine point mutations were located in these positions they
should generate a ‘reporter’ disulphide bond during cell
adhesion if strand exchange occurs. Using the strand exchange
structure PDB 1NCI (Shapiro et al., 1995), we modelled
formation of two alternative disulphide bonds in these
circumstances using the complementary mutations D1C-D27C
(Fig. 6a) and D1C-R25C (Fig. 6b). The bonds could be formed
in silico equally well using other strand exchange structures
(Boggon et al., 2002; Haussinger et al., 2004) and also when
Trp2 was docked into its own domain (Pertz et al., 1999;
Schubert et al., 2002).

To test for the formation of disulphide bonds during cell
adhesion, K562 cells were transfected with N-cadherin bearing
a single cysteine point mutation and allowed to adhere, in

Fig. 4. Epitope mapping of antibody GC4. (a) Binding of mAb GC4
to dimeric N-cadherin Fc bearing point mutations, in the presence of
1.25 mM calcium. (b) Amino acids K64, P65, D67 and Q70 (purple)
are seen in relation to the position of non-intercalated Trp2 (blue)
and the βA strand (orange).
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reducing conditions, to an assay plate coated with monomeric
N-cadherin-Fc bearing the complementary mutation. Oxidising
conditions were then restored and the formation of a disulphide
bond between cellular cadherin and cadherin-Fc was detected
by immunoblotting. Initially, essential parameters of the
experimental strategy were validated by testing adhesion of
N-cadherin-positive DX3 melanoma cells to N-cadherin-Fc

molecules bearing the cysteine point mutations. Monomeric N-
cadherin-Fc, mutated to prevent Fc-Fc interaction, was used for
most of our experiments in order to avoid the complication of
disulphide-bonded dimerization in the hinge region of the
Fc-fusion protein. Monomeric and dimeric N-cadherin-Fc
supported adhesion of DX3 cells equally well throughout a
range of coating concentrations (Fig. 7). It is possible that cis-

Journal of Cell Science 118 (4)

Fig. 5. Binding of mAb GC4 to dimeric N-
cadherin-Fc mutants in the presence or absence
of calcium. (a) The wild type (Wt) and the W2G
mutant are compared in the presence of 1.25 mM
Ca2+. (b) The same titration was performed in the
absence of Ca2+; the two titrations were
performed together in the same assay plate and
values can be compared directly. Results in the
presence of EGTA (not shown) were almost
identical to those in b. (c) Wild-type N-cadherin-
Fc was tested at varying levels of calcium.
(d) The hydrophobic pocket mutant A78M was
compared with wild-type N-cadherin in the
presence of 1 mM calcium. This comparison was
also made in the absence of calcium (e).
Similarly, a comparison between the N-terminal
extension mutant MDP and wild type N-cadherin
was made in the presence (f) or absence (g) of 1
mM calcium. Finally, coordination of calcium in
the domain 1-2 junction was disrupted using the
mutation D134A, while retaining calcium (1
mM) in the assay buffer. (h) The effect of this
mutation, compared with the wild type. (i) The
greater effect of D134A on the MDP extension
mutant.
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dimerization of the monomer may occur at the highest coating
levels but this could not happen as the monomer is diluted out
on the plate. The single mutations, D1C, R25C and D27C had
little or no effect on adhesion of DX3 cells in normal
(oxidising) adhesion buffer, but the double mutation
D1C,R25C and D1C,D27C abolished adhesion completely
(Fig. 8a). It is to be expected that in these molecules Trp2
would be ‘locked’ into its own domain by an adjacent
disulphide bond and would be unavailable for strand exchange.
Reducing conditions largely restored the function of the double
mutants (Fig. 8b).

K562 transfectants were matched for equal expression
of wild-type and mutant chicken N-cadherin (Fig. 9a).
Untransfected K562 cells lacked natural expression of human
N-cadherin whereas DX3 cells showed strong expression
(Fig. 9b). Assurance that K562 cells do not naturally express
any classical cadherin was obtained by western blotting using
pan cadherin antibody, which gave negative results (not
shown). The molecular size of cellular cadherin from the
transfectants was compared with that of the monomeric Fc-
fusion protein. The cellular material was found to have a
slightly higher molecular size than the fusion protein (Fig.
9c).

The K562 transfectants were allowed to adhere to N-cadherin-
Fc monomer bearing complementary or non-complementary
cysteine mutations. Trans-dimers were detected by
immunoblotting, either for cellular cadherin using pan cadherin

antibody to the cytoplasmic domain (Fig. 10a), or for the
fusion protein using anti-Fc (Fig. 10b). The results show
that disulphide-bonded trans-dimers formed only when
complementary cysteine mutations were apposed, i.e. D1C-
R25C or D1C-D27C (Fig. 10a,b, upper panels). In addition to
trans-dimers, D1C-D1C and D27C-D27C cis-homodimers
formed both on the cells and in the coating layer of Fc-fusion
protein on the assay plate (indicated in Fig. 10). This did not
happen with the R25C mutation. The trans-dimers, which
consisted of N-cadherin-Fc monomer linked to a molecule of

Fig. 6. Modelling the formation of ‘reporter’ disulphide bonds
formed during strand exchange in domain 1. Structures are derived
from PDB 1NCI (Shapiro et al., 1995). The two opposing N-cadherin
domains are shown in pale blue and brown respectively. The side
chain of Trp2 (brown) is shown located in the hydrophobic pocket of
the blue domain. (a) The backbone of C1 is shown in red and the side
chain forms a disulphide bond (yellow) with C27 (dark blue). (b) The
disulphide bond is formed between C1 (red) and C25 (dark blue).

Fig. 7. Comparison of monomeric and dimeric N-cadherin-Fc in
supporting adhesion of DX3 melanoma cells. Cadherin preparations,
shown to be monodisperse, were titrated onto an assay plate coated
with goat anti-human Fc. DX3 cells were applied and adhesion was
assessed as described. Dimeric N-cadherin-Fc containing the
mutations W2G and D134A provided a negative control.

Fig. 8. Effect of cysteine point mutations on the adhesive capacity of
monomeric N-cadherin-Fc. (a) The assay was conducted in HBSS +
2%FCS (oxidising conditions). (b) Reducing conditions were
established by adding 10 mM DTT. Approximately 65% of wild-type
cells adhered to the plate in both assays. Reduction restored adhesive
capacity of the double mutants D1C,R25C and D1C,D27C.
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cellular N-cadherin, were distinguishable from
cellular cis-dimers or N-cadherin-Fc homodimers by
molecular size. The size difference is clear in Fig.
10a, but less so in Fig. 10b where formation of a
trans-dimer is seen clearly with the combination
D1C-R25C (left panel), but is not apparent with
D1C-D27C (adjacent track). A weak trans-dimer band in this
case would be largely obscured by the strong cis-dimer signal.
The N-cadherin-Fc cis-dimers that formed on the assay plate are
seen in the right hand panel. The major bands running slightly
above 97 kDa in all the blots represent cadherin molecules that
either have not formed an adhesive contact or have failed to
produce the disulphide bond. Dimer bands were not detectable
when samples were run under reducing conditions (Fig. 10a,b,
lower panels).

A second protocol was used to test for the formation of the
disulphide bond in trans-alignment. It was designed to avoid
detection of cis-dimers. In this strategy, mutant N-cadherin-Fc
(the conventional fusion protein dimerised via Fc) was coated to
magnetic beads, which were allowed to adhere to the K562
transfectants. The cells were then lysed and the beads were
separated from the lysate to extract the disulphide-bonded
species in trans-alignment from the remainder of the cellular
cadherin. Fig. 11 (left panel) shows results using K562
transfectants expressing wild-type N-cadherin or the three
cysteine mutations adhering to beads coated with N-cadherin-Fc
fusion protein bearing the mutation D27C. The blot was
developed using antibody to cadherin cytoplasmic domain. As
before, the disulphide-bonded species formed only with the
complementary pair D1C-D27C, giving a major band at
approximately 300 kDa. This represents one molecule of dimeric
Fc-fusion protein, approximately 200 kDa, disulphide-bonded to
one molecule of cellular cadherin. Other bands were also present
representing higher order assemblies. The lower panel shows a
loading control and the right hand panel shows monomeric
cellular cadherin, for comparison.

These results taken together provide persuasive evidence that
strand exchange occurs during cell adhesion. Further, the
observation that disulphide-bonded homodimers between
molecules bearing the same cysteine mutation, D1C or D27C,
are produced in cis-, but not trans-, orientation argues that the
molecular alignments here must differ from those that form the
adhesive dimer.

Discussion
In this study, we have used two antibodies to investigate the
stability of domain 1 in relation to the roles of calcium and
Trp2 and have demonstrated a major effect of both factors
acting in concert. The data complements recent NMR studies
(Haussinger et al., 2004) and provides a perspective that is not
available from crystal structures. It is possible that antibody
binding could itself direct conformational change, but this
would be subject to the varying constraints imposed by calcium
and Trp2 in our experiments and would not affect our
conclusions. The published crystal structures of cadherins all
show a full complement of calcium atoms in the domain 1-2
junction, with or without intercalation of Trp2 into the domain
structure. The α-carbon backbone is closely similar in all cases.
In contrast, the original NMR structure of domain 1 of E-
cadherin (Overduin et al., 1995) shows neither intercalated
Trp2 nor correctly coordinated calcium atoms, and here the α-
carbon trace shows significant displacement compared with
that in the crystal structures. Our present data suggest that this
NMR structure would be relatively unstable and the βB strand
readily displaced from the domain. Results with the peptide
antibody K7 show that Trp2 and calcium act in concert to
stabilise domain 1, each limiting flexibility of the βB strand
and constraining the overall conformation.

Binding of antibody GC4 showed an absolute requirement
for Trp2, regardless of the presence or absence of calcium.
Because this amino acid is located on the opposite side of the
domain, 30 Å away from the GC4 epitope, the result argues
persuasively that reactivity with GC4 requires Trp2 to be
located in the hydrophobic cavity in domain 1. In these
circumstances, Trp2 would impose structural constraints on the
GC4 epitope, either via the core of the domain or by limiting
movement of the βA strand at its base. Our data show that
reduction of calcium in the domain 1-2 junction increased GC4
binding. The effect was modest with wild-type N-cadherin but
greater with the mutant A78M or the N-terminally extended
version MDP; each of these modifications would compromise

Journal of Cell Science 118 (4)

Fig. 9. Expression of cell surface N-cadherin
by K562 transfectants and by DX3 melanoma
cells. (a) Stable K562 transfectants were
stained with mAb NCD-2 to chicken N-
cadherin. The four panels show comparable
levels of expression. (b) Untransfected K562
cells were tested with mAb 8C11 to human N-
cadherin and the first panel verifies that these
cells do not naturally express N-cadherin. The
final panel shows DX3 cells stained with 8C11,
showing strong expression of human N-
cadherin. (c) The molecular size of cellular N-
cadherin from K562 transfectants (Wt) is
compared with that of monomeric N-cadherin
Fc fusion protein (Wt) bearing the mutations
F405A,Y407A in the Fc region to prevent
dimerization. N-cadherin extracted from
normal myoblast cells is also shown for
comparison. The gel was run under non-
reducing conditions and blotting was
conducted using a mixture of pan cadherin
antibody to the cytoplasmic domain and anti-
Fc.
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intercalation of Trp2. The results taken together argue
persuasively that calcium modulates a dynamic equilibrium
between docked and undocked Trp2. Thus, at low calcium
levels Trp2 is more firmly integrated than at physiological
levels. Dimerization by strand exchange requires that Trp2
swaps from insertion in its own domain to that of its neighbour,
overcoming an activation barrier (Haussinger et al., 2004). The
present results are consistent with recent NMR data showing
that calcium facilitates this process (Haussinger et al., 2004).
Our interpretation of the effect of calcium predicts that
dimerization by strand exchange requires calcium but, once
formed, the dimer can be isolated from the cell surface in
buffers lacking calcium. This is consistent with empirical
evidence (Chitaev and Troyanovsky, 1998; Klingelhofer et al.,
2002).

Our data with GC4 reflect intramolecular docking of Trp2
rather than strand exchange because we obtained closely
similar results (not shown) with monomeric N-cadherin-Fc
over a wide titration range where, at lower coating levels, N-
cadherin monomers would be widely spaced on the assay plate.
We have not yet tested whether GC4 detects cross-intercalation
of Trp2, as well as intramolecular docking. It is notable that
our cell adhesion experiments demonstrate that monomeric
N-cadherin coated to an assay plate, over a range of
concentrations, supports cell adhesion equally as efficiently as
the normal fusion protein dimerised at the IgG heavy chain
hinge region. This dispels a widely held view that cis-
dimerization is an obligatory stage in the formation of the
adhesive complex (Brieher et al., 1996; Ozawa, 2002; Takeda
et al., 1999; Tomschy et al., 1996).

Recently, Troyanovsky and colleagues (Troyanovsky et al.,
2003) used a bifunctional sulphydryl cross-linking reagent to

Fig. 10. Formation of ‘reporter’ disulphide bonds during
cadherin-mediated cell adhesion. K562 cells expressing
wild-type or mutant N-cadherin were allowed to adhere,
under reducing conditions, to a panel of monomeric N-
cadherin-Fc molecules bearing the same set of
mutations. Oxidising conditions were then restored and
the formation of disulphide bonds was assessed by
SDS-PAGE and immunoblotting as described. (a) The
blot was developed with antibody to cellular cadherin
cytoplasmic domain. The upper panels show gels run
under non-reducing conditions. Disulphide-bonded
trans-dimers form only when cadherin molecules
bearing complementary cysteine point mutations were
apposed. In contrast, the D1C and D27C mutations
allowed formation of disulphide-bonded cis-dimers on
the cell surface. With wild-type cells (Wt, right panel),
no disulphide-bonded species are seen. The track
labelled ‘uncoated’ in this series reflects a small degree
of background adhesion to wells lacking cadherin and
shows the position of the cis-dimer. The lower panel
shows the same preparations run under reducing
conditions. (b) In a similar experiment, the blot was
developed with anti-Fc. Again the trans-dimer can be
seen when mutations D1C and R25C were apposed. As
in (a), cis-dimers were formed by D1C and D27C
mutants but not by R25C. Cis-dimers formed by
monomeric N-cadherin-Fc are seen to run slightly
below the trans-dimer in contrast to the situation in (a)
where the cellular cis-dimer runs above the trans-
species.

Fig. 11. Isolation of disulphide-bonded trans-dimers. Magnetic beads
coated with N-cadherin-Fc bearing the mutation D27C were allowed
to stick to K562 cells expressing wild-type N-cadherin or the mutants
D1C, R25C or D27C. After formation of disulphide bonds, the trans-
dimers attached to the beads were isolated from cis-dimers and non-
involved cell surface N-cadherin. The trans-dimers were detected by
immunoblotting for cellular N-cadherin cytoplasmic domain. The
upper panel shows that trans-dimers formed only with the
combination D27C beads adhering to D1C cells. The main band at
about 300 kDa represents N-cadherin-Fc (dimerised by the Fc hinge
region) disulphide-bonded to one cellular cadherin molecule. Higher
order assemblies are also seen. The right-hand panel shows total
cellular cadherin for comparison. The lower panel shows a gel
loading control.
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determine the orientation of cadherin molecules in cis- and
trans- dimers and concluded that a strand exchange
mechanism provided the best explanation for both types of
dimer. The present report addresses this issue by a more direct
strategy. The formation of a disulphide bond during cell
adhesion using complementary, but not identical, cysteine
point mutations on opposing cadherin molecules provides
compelling evidence for strand exchange. This degree of
specificity in the formation of the bond demands that during
adhesion Trp2 is either inserted into the hydrophobic pocket
of the opposing cadherin molecule or is poised very close to
it. By similar reasoning, the cis-dimers we detected between
adjacent cadherin molecules bearing the same mutation, D1C
or D27C, could not be formed by the mutual strand exchange
mechanism depicted in current crystal structures (Boggon et
al., 2002; Haussinger et al., 2004; Shapiro et al., 1995). This
does not rule out the possibility that strand-exchange cis-
dimers may occur on the cell surface; they would not be
disulphide-linked and would escape detection on our gels. It
is important to emphasise that disulphide bonded cis-dimers
were formed with the D1C and D27C mutations, but not with
the R25C mutation. This demonstrates that these bonds were
not a consequence of random contacts between cadherin
molecules. Specificity of the bond for D1C and D27C limits
the possible orientations that the molecules can adopt in
making the cis-contact. A favourable orientation to achieve
this discrimination is for adjacent cadherin molecules to be
aligned in parallel, similar to the calcium-dependent C2-
symmetric E-cadherin dimer recently determined by NMR
(Haussinger et al., 2002). Alternatively, cross-intercalation of
one Trp2 residue, as opposed to mutual exchange, may allow
sufficient rotation of the domains to bring two D27C
mutations into apposition. This arrangement can be seen in a
hypothetical structure (PDB 1Q5C) for the orientation of
desmosomal cadherins, based on electron tomography (He et
al., 2003).

The present results provide the most direct evidence so far
that strand exchange is a primary event in cadherin-mediated
cell adhesion. This conclusion must be reconciled with three
controversial outstanding issues: the questions of cadherin
type-specificity (Klingelhofer et al., 2000; Niessen and
Gumbiner, 2002; Nose et al., 1990); the role of the conserved
HAV motif (Makagiansar et al., 2001; Renaud-Young and
Gallin, 2002; Williams et al., 2000; Williams et al., 2002); and
the contribution of domains 2-4 to cell adhesion (Chappuis-
Flament et al., 2001; Zhu et al., 2003). We envisage that Trp2
exchange is the initial event in cadherin-mediated adhesion; the
HAV motif is not directly involved and the interaction is not
cadherin type-specific. Subsequently, secondary interactions
that require other regions of the cadherin molecule follow.
These contacts facilitate clustering, provide specificity or
initiate intracellular signalling. We suggest that our present
strategy of using ‘reporter’ disulphide bonds to reveal adhesive
surfaces in a physiological setting may be a powerful tool to
investigate these interactions.

P.J.K. and E.M.C. were funded by the Biotechnology and
Biological Sciences Research Council, UK and O.J.H. was supported
by a studentship from the Medical Research Council, UK. The authors
thank S. Andrews (Bioinformatics Unit, The Babraham Institute), for
his advice on cadherin structures.

References
Ahrens, T., Pertz, O., Haussinger, D., Fauser, C., Schulthess, T. and Engel,

J. (2002). Analysis of heterophilic and homophilic interactions of cadherins
using the c-Jun/c-Fos dimerization domains. J. Biol. Chem. 277, 19455-
19460.

Ahrens, T., Lambert, M., Pertz, O., Sasaki, T., Schulthess, T., Mege, R. M.,
Timpl, R. and Engel, J. (2003). Homoassociation of VE-cadherin follows
a mechanism common to “classical” cadherins. J. Mol. Biol. 325, 733-742.

Alattia, J. R., Ames, J. B., Porumb, T., Tong, K. I., Heng, Y. M.,
Ottensmeyer, P., Kay, C. M. and Ikura, M. (1997). Lateral self-assembly
of E-cadherin directed by cooperative calcium binding. FEBS Lett. 417, 405-
408.

Boggon, T. J., Murray, J., Chappuis-Flament, S., Wong, E., Gumbiner, B.
M. and Shapiro, L. (2002). C-cadherin ectodomain structure and
implications for cell adhesion mechanisms. Science 296, 1308-1313.

Brieher, W. M., Yap, A. S. and Gumbiner, B. M. (1996). Lateral dimerization
is required for the homophilic binding activity of C-cadherin. J. Cell Biol.
135, 487-496.

Cavallaro, U. and Christofori, G. (2004). Cell adhesion and signalling by
cadherins and Ig-CAMs in cancer. Nat. Rev. Cancer 4, 118-132.

Chappuis-Flament, S., Wong, E., Hicks, L. D., Kay, C. M. and Gumbiner,
B. M. (2001). Multiple cadherin extracellular repeats mediate homophilic
binding and adhesion. J. Cell Biol. 154, 231-243.

Chitaev, N. A. and Troyanovsky, S. M. (1998). Adhesive but not lateral E-
cadherin complexes require calcium and catenins for their formation. J. Cell
Biol. 142, 837-846.

Corps, E., Carter, C., Karecla, P., Ahrens, T., Evans, P. and Kilshaw, P.
(2001). Recognition of E-cadherin by integrin alpha(E)beta(7): requirement
for cadherin dimerization and implications for cadherin and integrin
function. J. Biol. Chem. 276, 30862-30870.

Corps, E. M., Robertson, A., Dauncey, M. J. and Kilshaw, P. J. (2003).
Role of the alphaI domain in ligand binding by integrin alphaEbeta7. Eur.
J. Immunol. 33, 2599-2608.

Dall’Acqua, W., Simon, A. L., Mulkerrin, M. G. and Carter, P. (1998).
Contribution of domain interface residues to the stability of antibody CH3
domain homodimers. Biochemistry 37, 9266-9273.

Haussinger, D., Ahrens, T., Sass, H. J., Pertz, O., Engel, J. and Grzesiek,
S. (2002). Calcium-dependent homoassociation of E-cadherin by NMR
spectroscopy: changes in mobility, conformation and mapping of contact
regions. J. Mol. Biol. 324, 823-839.

Haussinger, D., Ahrens, T., Aberle, T., Engel, J., Stetefeld, J. and Grzesiek,
S. (2004). Proteolytic E-cadherin activation followed by solution NMR and
X-ray crystallography. EMBO J. 23, 1699-1708.

He, W., Cowin, P. and Stokes, D. L. (2003). Untangling desmosomal knots
with electron tomography. Science 302, 109-113.

Hirano, S., Suzuki, S. T. and Redies, C. (2003). The cadherin superfamily
in neural development: diversity, function and interaction with other
molecules. Front. Biosci. 8, D306-D355.

Kitagawa, M., Natori, M., Murase, S., Hirano, S., Taketani, S. and Suzuki,
S. T. (2000). Mutation analysis of cadherin-4 reveals amino acid residues
of EC1 important for the structure and function. Biochem. Biophys. Res.
Commun. 271, 358-363.

Klingelhofer, J., Troyanovsky, R. B., Laur, O. Y. and Troyanovsky, S.
(2000). Amino-terminal domain of classic cadherins determines the
specificity of the adhesive interactions. J. Cell Sci. 113, 2829-2836.

Klingelhofer, J., Laur, O. Y., Troyanovsky, R. B. and Troyanovsky, S. M.
(2002). Dynamic interplay between adhesive and lateral E-cadherin dimers.
Mol. Cell. Biol. 22, 7449-7458.

Laur, O. Y., Klingelhofer, J., Troyanovsky, R. B. and Troyanovsky, S. M.
(2002). Both the dimerization and immunochemical properties of E-
cadherin EC1 domain depend on Trp(156) residue. Arch. Biochem. Biophys.
400, 141-147.

Makagiansar, I. T., Avery, M., Hu, Y., Audus, K. L. and Siahaan, T. J.
(2001). Improving the selectivity of HAV-peptides in modulating E-
cadherin-E-cadherin interactions in the intercellular junction of MDCK cell
monolayers. Pharm. Res. 18, 446-453.

Miyaguchi, K. (2000). Ultrastructure of the zonula adherens revealed by
rapid-freeze deep-etching. J. Struct. Biol. 132, 169-178.

Nagar, B., Overduin, M., Ikura, M. and Rini, J. M. (1996). Structural basis
of calcium-induced E-cadherin rigidification and dimerization. Nature 380,
360-364.

Niessen, C. M. and Gumbiner, B. M. (2002). Cadherin-mediated cell sorting
not determined by binding or adhesion specificity. J. Cell Biol. 156, 389-
399.

Journal of Cell Science 118 (4)

Jo
ur

na
l o

f C
el

l S
ci

en
ce



721Mechanism of adhesion by cadherins

Nose, A., Tsuji, K. and Takeichi, M. (1990). Localization of specificity
determining sites in cadherin cell adhesion molecules. Cell 61, 147-155.

Overduin, M., Harvey, T. S., Bagby, S., Tong, K. I., Yau, P., Takeichi, M.
and Ikura, M. (1995). Solution structure of the epithelial cadherin domain
responsible for selective cell adhesion. Science 267, 386-389.

Ozawa, M. (2002). Lateral dimerization of the E-cadherin extracellular
domain is necessary but not sufficient for adhesive activity. J. Biol. Chem.
277, 19600-19608.

Pertz, O., Bozic, D., Koch, A. W., Fauser, C., Brancaccio, A. and Engel, J.
(1999). A new crystal structure, Ca2+ dependence and mutational analysis
reveal molecular details of E-cadherin homoassociation. EMBO J. 18, 1738-
1747.

Pokutta, S., Herrenknecht, K., Kemler, R. and Engel, J. (1994).
Conformational changes of the recombinant extracellular domain of E-
cadherin upon calcium binding. Eur. J. Biochem. 223, 1019-1026.

Puch, S., Armeanu, S., Kibler, C., Johnson, K. R., Muller, C. A., Wheelock,
M. J. and Klein, G. (2001). N-cadherin is developmentally regulated and
functionally involved in early hematopoietic cell differentiation. J. Cell Sci.
114, 1567-1577.

Renaud-Young, M. and Gallin, W. J. (2002). In the first extracellular domain
of E-cadherin, heterophilic interactions, but not the conserved His-Ala-Val
motif, are required for adhesion. J. Biol. Chem. 277, 39609-39616.

Schubert, W. D., Urbanke, C., Ziehm, T., Beier, V., Machner, M. P.,
Domann, E., Wehland, J., Chakraborty, T. and Heinz, D. W. (2002).
Structure of internalin, a major invasion protein of Listeria monocytogenes,
in complex with its human receptor E-cadherin. Cell 111, 825-836.

Shapiro, L., Fannon, A. M., Kwong, P. D., Thompson, A., Lehmann, M.
S., Grubel, G., Legrand, J. F., Als-Nielsen, J., Colman, D. R. and
Hendrickson, W. A. (1995). Structural basis of cell-cell adhesion by
cadherins. Nature 374, 327-337.

Sivasankar, S., Gumbiner, B. and Leckband, D. (2001). Direct
measurements of multiple adhesive alignments and unbinding trajectories
between cadherin extracellular domains. Biophys. J. 80, 1758-1768.

Takeda, H., Shimoyama, Y., Nagafuchi, A. and Hirohashi, S. (1999). E-
cadherin functions as a cis-dimer at the cell-cell adhesive interface in vivo.
Nat. Struct. Biol. 6, 310-312.

Tamura, K., Shan, W. S., Hendrickson, W. A., Colman, D. R. and Shapiro,
L. (1998). Structure-function analysis of cell adhesion by neural (N-)
cadherin. Neuron 20, 1153-1163.

Thiery, J. P. (2003). Cell adhesion in development: a complex signaling
network. Curr. Opin. Genet. Dev. 13, 365-371.

Tomschy, A., Fauser, C., Landwehr, R. and Engel, J. (1996). Homophilic
adhesion of E-cadherin occurs by a co-operative two-step interaction of N-
terminal domains. EMBO J. 15, 3507-3514.

Troyanovsky, R. B., Sokolov, E. and Troyanovsky, S. M. (2003). Adhesive
and lateral E-cadherin dimers are mediated by the same interface. Mol. Cell.
Biol. 23, 7965-7972.

Volk, T. and Geiger, B. (1984). A 135-kd membrane protein of intercellular
adherens junctions. EMBO J. 3, 2249-2260.

Wheelock, M. J. and Johnson, K. R. (2003). Cadherins as modulators of
cellular phenotype. Annu. Rev. Cell Dev. Biol. 19, 207-235.

Williams, E. J., Williams, G., Gour, B., Blaschuk, O. and Doherty, P.
(2000). INP, a novel N-cadherin antagonist targeted to the amino acids that
flank the HAV motif. Mol. Cell. Neurosci. 15, 456-464.

Williams, G., Williams, E. J. and Doherty, P. (2002). Dimeric versions of
two short N-cadherin binding motifs (HAVDI and INPISG) function as N-
cadherin agonists. J. Biol. Chem. 277, 4361-4367.

Zhu, B., Chappuis-Flament, S., Wong, E., Jensen, I. E., Gumbiner, B. M.
and Leckband, D. (2003). Functional analysis of the structural basis of
homophilic cadherin adhesion. Biophys. J. 84, 4033-4042.

Jo
ur

na
l o

f C
el

l S
ci

en
ce


