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ABSTRACT: Classical cadherins are transmembrane glycoproteins involved in calcium-dependent cell-
cell adhesion. Calcium ions are coordinated at the interface between successive modules of the cadherin
ectodomain and are thought to regulate the adhesive interactions of cadherins when present at millimolar
concentrations. It is widely accepted that calcium plays a critical role in cadherin-mediated cell-cell
adhesion, but the nature of cadherin-calcium binding remains a matter of debate. We investigated the
parameters of noncovalent cadherin-calcium binding, using the two N-terminal modules of E-cadherin
(E/EC12) with a native N-terminal end and nondenaturing electrospray ionization mass spectrometry. By
directly visualizing the molecular complexes, we demonstrated that E/EC12 binds three calcium ions,
with an averageKD of 20 ( 0.7µM. These calcium ions bound cooperatively to E/EC12 in its monomeric
state, and these properties were not modified by an N-terminal extension consisting of a single methionine
residue. This binding induced specific structural changes, as shown by assessments of protease sensitivity,
circular dichroism, and mass spectrometry. Furthermore, the D103A mutation (a residue involved in
E-cadherin adhesive function) modified calcium binding and led to a loss of cooperativity and the absence
of structural changes, despite calcium binding. As the amino acids involved in calcium binding are found
within the cadherin consensus motif, our findings may be relevant to other members of the cadherin
family.

Cell-cell interactions play crucial roles in cell differentia-
tion, tissue morphogenesis, and signal transduction (1-3).
These interactions appear to be mediated by specific contacts
between adhesion receptors on the apposing cell membranes
(4). These receptors include molecules of different classes,
responsible for various mechanisms of cellular adhesion.
Cadherins are unique among these receptors, in that they
are responsible for Ca2+-dependent homophilic adhesion
between cells (5-7). Classical cadherins include∼20 single-
pass transmembrane glycoproteins with an extracellular
segment consisting of five similar tandemly arranged cad-
herin domains (EC),1 named EC1-EC5, starting from the
N-terminal end (8). These domains have similar sequences
and an Ig-like structure consisting of seven antiparallel
â-strands organized into two opposing sheets (9-11). The

adhesive activity of cadherins at the cellular level is regulated
by several mechanisms, including activation by cleavage,
protein expression at the plasma membrane, recruitment to
cell contact zones, internalization, cadherin-calcium binding,
and interactions with the cytoskeletal network (12-16).

The questions underlying most studies of cadherin-
mediated adhesion at the molecular level concern the
determinants of cadherin specificity and the role of calcium
in cadherin-mediated interactions (15, 17-19). Studies of
calcium-dependent cell adhesion led to the discovery and
characterization of the first cadherin, E-cadherin (for epi-
thelial cadherin), previously known as uvomorulin. Early
studies demonstrated that E-cadherin played an essential role
in the compaction of embryonic cells with calcium ions (20).
Cell aggregation studies have confirmed that calcium is
essential for E-cadherin-mediated adhesion, which is revers-
ibly inactivated by EDTA (21). All classical cadherins have
a number of features in common: a very similar domain
organization and a number of key residues, some of which
are involved in Ca2+ binding (8). Mutations in these Ca2+-
binding sites modify the adhesive properties of E-cadherin.
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For example, mutations replacing Asp134 in the DXD motif
of EC2, in the outermost binding pocket, with Ala or Lys
abolish murine E-cadherin adhesion (22). Similarly, muta-
tions converting the DXXD motif to DXXA in EC1 (Asp103
to Ala) or EC2 also markedly decrease the extent of
homophilic adhesion (23, 24).

Cadherin-mediated cell adhesion is thought to depend on
the presence of calcium ions at millimolar concentrations,
as in the extracellular medium (25). High-resolution struc-
tures of the extracellular fragments of E-, N-, and C-cadherin
have shown that all the various binding pockets are organized
similarly. Each pocket binds three Ca2+ ions, resulting in
the binding to the complete structure of 12 calcium ions in
total (see refs10 and19 for reviews). Calcium is required
for cadherin structure, and in the presence of 50µM Ca2+,
the extracellular E-cadherin segment (E/EC15) adopts a 22
nm protease-resistant rodlike shape (26, 27). Cadherin
modules display a secondary structure consisting largely of
â-barrels in the presence of calcium, as shown by circular
dichroism spectroscopy. Differences in the spectra obtained
in the presence and absence of EDTA suggest that calcium
may alter the secondary structure of the molecule (28).

The affinity of calcium for the extracellular E-cadherin
domain has been evaluated with various fragments. The mean
KD of the four Ca2+-binding pockets of E/EC15 has been
reported to be 30-150 µM (27, 28), depending on the
method used. For the outermost Ca2+-binding pocket, the
three Ca2+ ions have a meanKD of 20 ( 3 µM for binding
to MR-E/EC12 (29) and a value of 55( 3 µM for binding
to M-E/EC12 (30), contrasting with the meanKD of 460µM
obtained for the same M-E/EC12 fragment (28). These
findings suggest that a low-affinity Ca2+-binding site (KD

of 2 mM) may be responsible for the physiological regulation
of adhesive function by external calcium. These contradictory
data concerning cadherin-calcium binding affinity led us
to investigate the precise mechanisms underlying this
calcium-induced regulation.

We focused on the outermost binding pocket, which is
thought to contain a low-affinity binding site playing a major
role in regulating the adhesive activity of E-cadherin. We
used nondenaturing electrospray ionization mass spectrom-
etry (ESI-MS), a powerful approach to studying protein-
metal noncovalent interactions in solution (31-34), to
investigate interactions between Ca2+ and cadherin fragments
and to follow the structural rearrangements resulting from
the binding of calcium ions. Under carefully controlled
conditions, many studies have convincingly demonstrated
that noncovalent complexes can survive the ionization-
desorption process, providing important information about
the stability and stoichiometry of the associations occurring
in solution (35-37). ESI-MS can detect all species coexisting
in solution and has therefore often been used to follow the
pattern of protein-protein association and dissociation
following the addition of ligand, or to investigate cooperat-
ivity effects (32, 38-41). We found that three calcium ions
bound, with a meanKD of 20 ( 0.7 µM, to the EC12
interdomain pocket. This binding involved strong cooperat-
ivity with the E/EC12 cadherin fragment in its monomeric
state (Hill coefficient of 2.6( 0.2) and induced specific
changes in structure. The consequences of having an ad-
ditional N-terminal methionine and/or a point mutation in
this Ca2+-binding pocket (D103A) were also investigated.

We found that these additional residues had no significant
effect on Ca2+ binding, despite potentially modifying cad-
herin interaction (13). By contrast, the Asp103 residue plays
an essential role in this binding. Our data complement
structural and biochemical studies (28-30, 42) and provide
new insight into the calcium-dependent adhesion mediated
by cadherins.

EXPERIMENTAL PROCEDURES

Plasmid Constructions.The plasmid construct encoding
the first two extracellular domains (M-E/EC12) fused to a
C-terminal hexahistidine tag has been described previously
(43). The sequence encoding this fragment was inserted
between theXhoI andNdeI sites of pET24a. A point mutation
was introduced into the M-E/EC12 sequence by Quick-
Change site-directed mutagenesis (Stratagene) with the
following primers, D103A 5′-GTG ACA GAT CAG AAT
GCC AAC AGG CCA-3′ and 5′-TGG CCT GTT GGC ATT
CTG ATC TGT CAC-3′, to generate the M-E/D103A
fragment. The constructs encoding the cleavable proteins
MIEGR-E/EC12 (MXa-ECAD12) and MIEGR-E/D103A
(MXa-E/D103A) were generated in two steps. Intermediate
constructs were first obtained by inserting the HisXa
sequence from pET19b(HisXa-ECAD12) (kindly provided
by T. Ahrens and J. Engel;14) into pET24a(M-E/EC12) and
pET24a(M-E/D103A), using theBglII and EcoRI sites and
resulting in sequences encoding HisXa-E/EC12 and HisXa-
E/D103A, respectively. HisXa contains a polyhistidine
sequence and the four amino acids (IEGR) constituting the
cleavage site of the factor Xa protease. Finally, the N-
terminal polyhistidine tag was removed by excising the
MIEGR-E/EC12 and MIEGR-E/D103A sequences from the
intermediate plasmids and inserting them into pET24a, using
the XhoI and NdeI sites. The cDNA constructs were
sequenced to ensure that no undesirable mutations had arisen
during cloning.

Protein Production and Purification.For production of
the M-E/EC12, M-E/D103A, MIEGR-E/EC12, and MIEGR-
E/D103 chimeric proteins, 500 mL of Terrific Broth supple-
mented with 50µg/mL kanamycin was inoculated with a
transformed colony picked from an agar plate. Proteins were
produced as previously described (43). Cell pellets were
resuspended in lysis buffer [4 M urea, 50 mM Na2HPO4 (pH
7.8), 20 mM imidazole, and 20 mMâ-mercaptoethanol]. The
resulting lysates were cleared by centrifugation, and the
supernatant was incubated for 2 h with Ni-NTA Superflow
agarose resin beads (Qiagen). The beads were thoroughly
washed and subjected to stepwise dialysis against PBS.

Factor Xa protease digestion of 1 mg of MIEGR-E/EC12
or MIEGR-E/D103A chimeric protein [in 1 mL of a solution
composed of 20 mM Tris, 50 mM NaCl, and 1 mM CaCl2

(pH 6.5) supplemented with 50 units of factor Xa protease
(Qiagen), for 60 h at 16°C] was stopped by removing the
enzyme with Xa Removal Resin (Qiagen). Fragments were
then dialyzed against 20 mM Tris and 150 mM NaCl (pH
8) to remove Ca2+ ions and cleaved peptide. The cleaved
proteins are termed E/EC12 and E/D103A, respectively.

Protein concentrations were determined spectrophotometri-
cally, by determining absorbance at 280 nm. The molecular
mass and absorbance coefficient of each protein were
evaluated on the basis of amino acid composition, using the
ProtParam tool from the ExPaSy web site (http://expasy.ch).
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Protein Characterization.The isolated cadherin fragments
were analyzed by SDS-PAGE in 15% polyacrylamide gels,
followed by Coomassie blue staining. All proteins were
characterized by Western immunoblotting. Two different
primary antibodies were used: one directed against the EC1
module of E-cadherin (ECCD2, Takara) and the other
directed against the C-terminal hexahistidine tag (His Probe
H-15, Santa Cruz Biotechnology). Horseradish peroxidase
(HRP)-linked whole antibodies were used as secondary
antibodies (Amersham Biosciences), with photochemical
detection via the ECL system (Amersham Biosciences).

Ca2+ Titration Monitored by Mass Spectrometry.Mass
analyses were performed with an ESI-TOF mass spectrom-
eter (LCT, Waters, Manchester, U.K.) calibrated with horse
heart myoglobin (Sigma Aldrich, St. Louis, MO). Samples
were continuously infused into the ESI ion source at a flow
rate of 3µL/min. Both the gas and source temperature were
set at 353 K. Spectra were deconvoluted using the “trans-
form” function of MassLynx.

For analysis under denaturing conditions, samples were
diluted to a concentration of 2 pmol/µL in a 1:1 water/
acetonitrile mixture (v/v) acidified with 1% formic acid, and
standard interface parameters were used to ensure maximal
accuracy.

For analysis under nondenaturing conditions, samples were
directly infused into the apparatus in 50 mM ammonium
acetate (pH 7.0). Interface parameters were optimized to
ensure the highest sensitivity and spectrum quality with no
effect on the stability of noncovalent complexes. The
accelerating voltage applied to the sample cone (Vc) ranged
from 30 to 80 V, and the interface pressure was set at 5
mbar. Pressure andVc control the energy supplied to ions in
the interface of the mass spectrometer and must be optimized
in each case.

Nonvolatile salts were removed before mass spectrometry,
by replacing the sample purification buffer with 50 mM
ammonium acetate buffer (>99% pure, Fluka Biochemica)
at pH 7.0. Ammonium acetate preserves the native structure
of proteins and is compatible with ESI-MS analysis (44).
Proteins were dialyzed by being spun through a 10 kDa PES
Vivaspin microconcentrator (Vivascience, Hannover, Ger-
many) or an Amicon Ultra device (Millipore) at 4°C. Each
spin reduced the volume of the protein sample, and am-
monium acetate buffer was then added to bring the sample
volume up to its initial level. Under these conditions, each
run corresponded to 5-fold dilution of the initial buffer in
ammonium acetate buffer. The series of five runs was
repeated using a new microconcentrator membrane. During
this concentration process, the protein concentration was kept
below 80µM to prevent protein dimerization. The deionized
water (18.2 MΩ) used was generated by passage through a
special filter (Millipore, Bedford, MA).

The E/EC12, E/D103A, M-E/EC12, and M-E/D103A
samples were incubated with several concentrations of Ca2+

(added in solution from a 10 mM calcium acetate solution),
and the stoichiometry was deduced by mass spectrometry
under nondenaturing conditions. These experiments were
performed at two different protein concentrations (5 and 15
µM) and at Ca2+ concentrations of 0-300 µM.

The free Ca2+ concentration in solution was determined
by subtracting the quantity of bound Ca2+ ions from the total
quantity of Ca2+ ions in solution. The quantity of bound Ca2+

ions was obtained by considering Ca2+ binding stoichiom-
etries and assuming that Ca2+-free and Ca2+-saturated
cadherin fragments had the same mass spectrometry response
factor (45). The classical Hill equation was fitted to the
experimental data with ORIGIN 7, using a Levenger-
Marquart nonlinear least-squares fit procedure.

Binding specificity was assessed by incubating 15µM
M-E/EC12 fragment with several divalent metal ions (135
µM, 9 equiv), and binding stoichiometries were deduced by
mass spectrometry under nondenaturing conditions. We used
the following divalent metal ions: Ca2+ (calcium acetate,
>99%, Sigma), Cd2+ (cadmium acetate 2-hydrate,>99%,
Riedel-de Hae¨n), Mn2+ [manganese(II) acetate tetrahydrate,
>99%, Fluka Chemica], and Mg2+ (magnesium acetate
tetrahydrate,>99%, Fluka Chemica).

Trypsin SensitiVity. We incubated purified cadherin frag-
ments (∼5 µg) with CaCl2 solutions ranging in concentration
from 0.02 to 20 mM in 10 mM Tris (pH 8.0) or with 5 mM
EDTA. The protein solutions were then incubated with 90
units of trypsin-agarose beads (Sigma) in a final volume
of 40 µL for 1 h, at 37 °C, with shaking (400 rpm,
Thermomixer Comfort, Eppendorf). A trypsin inhibitor was
added to stop proteolysis (leupeptin hemisulfate, ICN Bio-
medicals Inc.). Samples were then analyzed by SDS-PAGE
in 15% polyacrylamide gels and Coomassie blue staining.

CD Measurements.Circular dichroism (CD) spectra were
recorded at 20°C in a solution containing 20 mM Hepes
and 150 mM NaCl (pH 7), using a Jasco 810 spectropola-
rimeter with quartz cells with a path length of 1 mm. The
protein concentration was 0.2 mg/mL. Spectroscopic studies
of structural modifications were performed by adding aliquots
of a Ca2+ stock solution to the Ca2+-depleted protein, to a
final Ca2+ concentration of 1 mM. The reversibility of the
Ca2+-induced modifications was studied by measuring the
CD signal after adding EDTA to the same protein solution,
up to a final concentration of 2 mM. Spectra were recorded
by subtracting the background due to the buffer signal.

RESULTS

Expression and Characterization of Recombinant E-
Cadherin Fragments.We studied the Ca2+ binding properties
of the outermost E-cadherin pocket, using a pair domain
fragment, EC12, consisting of the two outermost EC modules
comprising this pocket (Figure 1A). Structural studies have
identified the amino acids involved in calcium binding, and
we know from these studies that Asp103 is involved in
coordination of the two outermost calcium ions (Figure 1B
and ref46). One specific point mutation, Asp103Ala, was
introduced to assess the role of Ca2+ binding. The E/D103A
fragment was designed to have modified Ca2+ binding
properties (see below). On the basis of the relationship among
Ca2+ binding, the presence of additional amino acids at the
N-terminal end, and EC1 domain stability, we investigated
the effect on Ca2+ binding of an additional Met residue at
the N-terminal end. We designed four chimeric proteins,
E/EC12, E/D103A, M-E/EC12, and M-E/D103A, for this
part of the study (Figure 1C).

We needed sufficient quantities of highly pure cadherin
fragments to obtain relevant quantitative results for Ca2+

binding. All four recombinant proteins were overproduced
in Escherichia coli, as they did not contain glycosylation

Cadherin Folding and Ca Biochemistry, Vol. 47, No. 8, 20082341



motifs. They were then affinity purified on nickel-NTA-
Sepharose beads, using their hexahistidine tag. We used
SDS-PAGE, Western immunoblotting, and ESI-MS to
characterize these protein fragments and to assess their purity.

Only one protein band was detected by Coomassie
staining, for all four purified cadherin fragments (Figure 2A
and Figure 1 of the Supporting Information). The apparent
molecular mass via SDS-PAGE was∼33 kDa, higher than
the value predicted from the primary structure (∼25 kDa;
see below). Only one protein band was detected by Western
immunoblotting with the ECCD2 (Takara) and H-15 (Santa
Cruz) antibodies specific for an epitope on the EC1 domain

and the C-terminal histidine tag on EC2, respectively (data
not shown). A small proportion of dimers was observed, due
to the presence of a single Cys residue in the sequence.

We also checked the homogeneity of our fragments by
ESI-MS. All mass spectra obtained under denaturing (Figure
2B,C) and nondenaturing (Figure 2D,E and Figure 2 of the
Supporting Information) conditions showed samples to be
highly pure and homogeneous, with the following molecular
masses: 25 177.1( 0.2 Da for E/EC12, 25 133.0( 0.3 Da
for E/D103A, 25 308.7( 1.0 Da for M-E/EC12, and
25 263.3( 1.0 Da for M-E/D103A. These experimental
values were consistent with the predicted values: 25 177.0,

FIGURE 1: (A) Structure of the E-cadherin outermost calcium binding pocket, enclosed between EC1 and EC2 [PDB entry 1EDH (46)].
The EC modules are represented as blue ribbons, calcium ions as green spheres, and calcium binding residues as red balls and sticks. (B)
Enlargement of the binding site making it easier to visualize the amino acids involved in calcium binding. The Asp103 converted to an Ala
in E/D103A is colored yellow. (C) Chimeric cadherin fragments before and after N-terminal end cleavage by factor Xa protease and
cadherin fragments with additional N-terminal Met residues. At the C-terminal end of EC2 (last residue, F221), a hexahistidine tag was
added to all four recombinant proteins. The orange times sign indicates the D103A point mutation.
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25 133.0, 25 308.2, and 25 264.2 Da, respectively. A very
small proportion of our protein samples had a 76 Da adduct,
corresponding to a disulfide bridge formed with theâ-mer-
captoethanol group present in lysis buffer. This modification,
involving Cys9, does not interfere with Ca2+ binding (46,
47). We also detected other minor ion series (labeled with
an asterisk in panels D and E of Figure 2) corresponding to
residual uncleaved proteins (MIEGR-E/EC12 and MIEGR-
E/D103A).

The charge state distributions observed on the typically
multiply charged ESI mass spectra obtained under denaturing
(Figure 2B,C) and nondenaturing conditions (Figure 2D,E)
were completely different and related to the conformation
adopted by the protein (48). Unfolded proteins have been
reported to have larger numbers of solvent-exposed amino
acids available for protonation than folded proteins, yielding
more highly charged ESI ions (lowerm/z). Such variation
in charge state distribution could be used to study confor-
mational changes (49, 50) in response to experimental
modifications (see below). Two-domain E-cadherin frag-
ments have been shown to be functional in bead-bead and
bead-cell aggregation assays and in unimolecular studies
using flow chambers and biomembrane force probe ap-
proaches (refs43 and 51 and unpublished data). These
cadherin fragments were therefore appropriate for quantita-
tive Ca2+ binding studies.

Characteristics of Ca2+ Binding. Ca2+ ions were added
to cadherin fragments in a stepwise manner. Ca2+ binding
stoichiometries were determined by mass spectrometry under
nondenaturing conditions (see Experimental Procedures).
Several accelerating voltages (Vc) were used (from 30 to 80
V, data not shown) to ensure that different populations of
complexes could be studied in solution. The corresponding
stoichiometries were insensitive to accelerating voltage,
ruling out the dissociation of Ca2+ ions in the gas phase of
mass spectrometer and showing that the relative abundance
of the species deduced from ESI mass spectra effectively
reflected their relative abundance in solution.

Typical mass spectra obtained for E/EC12, E/D103A,
M-E/EC12, and M-E/D103A, under different Ca2+ condi-
tions, are shown in Figure 3. The binding of 1 molar equiv
of Ca2+ increases the mass of the protein by 38 Da (as two
protons are removed following binding), so all distinct
ligation states and unbound cadherin fragments were directly
visualized by ESI-MS. The molecular masses obtained
showed that all proteins were Ca2+-free in the desalting buffer
(Figure 3A,B,G,H). However, E/EC12 and E/D103A dis-
played different Ca2+ binding behavior even at very low Ca2+

concentrations. Mass spectra for E/EC12 showed binding to
Ca2+ at low Ca2+ concentrations. Indeed, for a total Ca2+

concentration of 45µM (3 equiv), the mass spectrum
indicated two main molecular species, with masses of
25 178.0( 1 Da, corresponding to the E/EC12 apoprotein,
and 25 292( 1 Da, corresponding to the E/EC12(Ca2+)3

complex (Figure 3C). During titration, the E/EC12(Ca2+)1

and E/EC12(Ca2+)2 species were underrepresented with
respect to apoprotein and E/EC12(Ca2+)3, consistent with
cooperative binding. E/D103A seemed to have lost the
capacity for cooperative binding, as proportional increases
in stoichiometry were observed with the continuous addition
of Ca2+ ions (Figure 3I). Comparisons of M-E/EC12 and
M-E/D103A with E/EC12 and E/D103A, respectively,
showed that the presence of an additional N-terminal
methionine residue had no effect on Ca2+ binding properties
(Figures 3 and 4). Finally, stoichiometries of>3 were
observed for all fragments, revealing the presence of other
Ca2+-binding sites of lower affinity potentially corresponding
to the half-binding pocket on the C-terminal side of the EC2
domain (42).

Cooperative binding was confirmed by plotting the number
of Ca2+ ions bound per mole of protein against free Ca2+

concentration (see Figure 4). It was then possible to calculate
Hill constants from a nonlinear fit of the data and apparent
dissociation constants (Ca2+-free concentration at half-
saturation). The shape of the Ca2+ binding curve indicated a
high level of cooperativity for both wild-type proteins (Figure

FIGURE 2: Characterization of the cadherin fragments. (A) The purity of M-E/EC12, M-E/D103A, E/EC12, and E/D103A was analyzed by
SDS-PAGE followed by Coomassie blue staining. Only one molecular species was detected. (B-E) ESI-MS analysis of E/EC12 and
E/D103A. Spectra under denaturing (B and C) and nondenaturing (D and E) conditions, showing different charge state distributions for
each protein, as a function of protein folding. Typical charge values are indicated above each distribution. Spectral analysis revealed the
presence of a single, homogeneous compound with a molecular mass of 25 177.0( 0.2 Da, corresponding to the E/EC12 fragment (Mrtheo
) 25 177.0 Da), and a single 25 133.0( 0.3 Da compound, corresponding to the E/D103A fragment (Mrtheo ) 25 133.0 Da). A small peak
corresponding to oneâ-mercaptoethanol adduct was also visible (∆Mr ) 76 Da), and residual uncleaved proteins were detected (asterisks).
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4), which was confirmed by the best fit curve, giving a Hill
constant of 2.6( 0.2, corresponding to a high level of
cooperativity for three calcium ions. An apparent dissociation
constant of∼20 ( 0.7 µM for Ca2+ binding was obtained
for this fit. This result strongly suggests that physiological
conditions are sufficient to saturate this cadherin binding
pocket. However, binding of Ca2+ to the D103A mutated

proteins gave a hyperbolic binding curve with a Hill constant
of 1.01( 0.05, providing evidence of noncooperative binding
with an apparent dissociation constant of 240( 7 µM.

We evaluated the extent to which other divalent ions
(Cd2+, Mn2+, and Mg2+) bound to the wild-type protein by
analyzing the formation of the corresponding complexes
under nondenaturing conditions. Excess ions were added (135

FIGURE 3: Ca2+ binding stoichiometries for E/EC12, E/D103A, M-E/EC12, and M-E/D103A determined via ESI-MS under nondenaturing
conditions. The experiments presented in this panel were performed by incubating 15µM protein with 0, 45, and 90µM Ca2+ for E/EC12
and M-E/EC12 (A-F) and 0 and 90µM Ca2+ for E/D103A and M-E/D103A (G-J), respectively. Three Ca2+ ions, rather than one (one
asterisk) or two (two asterisks), bound preferentially to both E/EC12 and M-E/EC12. This preferential Ca2+ binding stoichiometry suggests
cooperative binding. By contrast, Ca2+ binding seemed to be statistical for both E/D103A and M-E/D103A, suggesting a loss of cooperative
binding following the D103A point mutation. A small peak (black arrowhead) corresponding to oneâ-mercaptoethanol adduct was also
visible.

2344 Biochemistry, Vol. 47, No. 8, 2008 Courjean et al.



µM, corresponding to 9 equiv). The Ca2+-binding pocket was
almost saturated in the presence of excess Ca2+, whereas
very little binding was observed following incubation with
Cd2+, Mn2+, or Mg2+ (data not shown). No Cd2+ binding
and only small amounts of metal-bound protein for Mn2+

and Mg2+ (10 and 30%, respectively) were observed. The
divalent metal ions tested have patterns of reactivity very
similar to that of Ca2+ but did not efficiently bind the EC12
fragment. Some divalent ions other than Ca2+ do bind, but
only at higher (millimolar) concentrations (20). Our data
suggest that complexes are unlikely to have formed due to
experimental artifacts during the ionization process but
provide evidence to suggest that EC12 binds Ca2+ ions highly
specifically.

Structural Rearrangements Require CooperatiVe Calcium
Binding.Two specific pieces of information may be deduced
from an ESI mass spectrum: the molecular masses of the
various species coexisting in solution and the charge state
distribution of the corresponding ions. As molecular mass
yields direct information about binding stoichiometries, the
charge state distribution is often correlated with protein
conformation (53-55). The number of charges on the
observed protein ions depends on the number of basic sites
available for protonation and, therefore, on protein folding.
E/EC12 and E/D103A had similar charge state distributions
under Ca2+-free conditions (Figure 5A,B). The charge state
distribution of the wild-type fragment changed following the
binding of the three Ca2+ ions, whereas that of the E/D103A
fragment was barely changed (Figure 5C,D) by Ca2+ binding.
Similar results were obtained with M-E/EC12 and M-E/
D103A (Figure 3 of the Supporting Information). Thus, under
identical experimental conditions (in particular pH and
interface voltages), the main charge states of E/EC12 shifted
from +10-11 to+11-12 following Ca2+ binding, whereas
the main peak for E/D103A remained unchanged. These data
suggest that the observed shift in E/EC12 charge state
distribution was related to a change in conformation follow-
ing cooperative Ca2+ binding rather than the number of Ca2+

ions bound to the protein. However, no more detail regarding
this structural change can be deduced from MS data alone.

We investigated the effects of different Ca2+ binding
properties on cadherin structure, by analyzing structural
modifications of E/EC12, E/D103A, M-E/EC12, and M-E/
D103A in protease sensitivity assays and by circular dichro-
ism spectroscopy. One of the key features of cadherins is
their resistance to proteolytic degradation in the presence of
Ca2+ (17). Cadherin extracellular segments contain many
trypsin cleavage sites but are known to resist proteolysis in
the presence of Ca2+ but not in the presence of EDTA:
trypsin cleavage sites must be buried only in the fully folded
protein. We investigated whether the recombinant fragments
were correctly folded, and the modulation of their folding
and trypsin sensitivity by Ca2+, by subjecting wild-type and
modified proteins to trypsin digestion under different Ca2+

conditions. The protease resistance of these fragments
depends not only on calcium concentration but also on trypsin
specific activity and protease/cadherin ratios. The differences
in band intensity correspond to experimental fluctuations,
due partly to the use of trypsin-agarose beads, which may
cause some protein trapping. Thus, protein fragments should
be compared solely under identical experimental conditions,
without calcium concentrations having any real significance
per se. E/EC12 was totally protected from trypsin proteolysis
at Ca2+ concentrations from 2 to 0.05 mM [no detection of
proteolytic fragments with lower molecular masses (Figure
6)]. Under the same experimental conditions, E/D103A was
sensitive to proteolysis, even in the presence of 20 mM Ca2+,
a concentration 100 times higher than the half-saturation
concentration. Similar proteolysis profiles as a function of
Ca2+ concentration were observed for the M-E/EC12 and
M-E/D103A fragments, indicating that the presence of an
additional Met residue had no effect on the calcium-
dependent folding probed by trypsin sensitivity assays
(Figure 4 of the Supporting Information). Differences in

FIGURE 4: Calcium binding to E/EC12 (9), M-E/EC12 (b),
E/D103A (0), and M-E/D103A (O), as monitored by ESI-MS under
nondenaturing conditions. The number of moles of bound Ca2+ per
mole of protein is plotted against free Ca2+ concentration. The lines
correspond to the best fit to these data based on a model of ligand
binding to a single class of binding sites.

FIGURE 5: ESI-MS spectra of the calcium dependence of E/EC12
and E/D103A charge state distribution under nondenaturing condi-
tions. Experiments were carried out at a protein concentration of
15 µM: (A) Ca2+-free E/EC12, (B) Ca2+-free E/D103A, (C)
E/EC12 with 90µM Ca2+ (6 equiv), and (D) E/D103A with 360
µM Ca2+ (24 equiv). Ca2+-depleted E/EC12 and E/D103A frag-
ments had similar charge state distributions (main peaks charged
+10 and+11), indicating that the D103A point mutation did not
disturb the protein charge state distribution. The charge state
distribution of E/EC12(Ca2+)3 species (C) shifted by one charge
(main peaks charged+11 and +12), whereas no change was
observed for the E/D103A(Ca2+)3 complex (D). Residual uncleaved
proteins were also visible (asterisks).
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trypsin sensitivity were clearly apparent when protein patterns
were compared at the same calcium concentration, with
lower-molecular mass degradation peptides observed only
with D103A fragments. Thus, calcium binding itself is
insufficient to protect cadherin fragments from proteolysis,
highlighting the importance of specific cooperative binding.

Circular dichroism spectroscopy was also used to inves-
tigate structural changes in wild-type and modified proteins
as a function of Ca2+ concentration (Figure 7). The mean
molar residue ellipticity of E/EC12 was modified by the
addition of Ca2+ (1 mM) to the protein solution. Similar
spectra were observed with only 0.1 mM Ca2+, consistent
with our binding data. The spectra obtained following the
addition of EDTA (2 mM) showed this structural modifica-
tion to be reversible. The E/D103A circular dichroism signal
was not modified by adding either Ca2+ or EDTA. Moreover,
E/D103A spectra were similar to spectra of Ca2+-depleted
E/EC12 or E/EC12 with EDTA. These observations suggest
that Ca2+-depleted E/EC12 and E/D103A have similar
secondary structures. Similar results were obtained for M-E/
EC12 and M-E/D103A (Figure 5 of the Supporting Informa-
tion). Thus, the D103A point mutation did not modify the
structure of our cadherin apoprotein fragments, as shown by
these approaches. Instead, it impaired the native monomer
conformation allowed only by cooperative Ca2+ binding.

DISCUSSION

Three Calcium Ions Bind CooperatiVely to the Outermost
Binding Pocket of the Cadherin Monomer.We used four
different E-cadherin fragments (E/EC12, E/D103A, M-E/
EC12, and M-E/D103A) to investigate Ca2+ binding proper-
ties as a function of E-cadherin folding. We characterized
the specific binding of three calcium ions to the E/EC12
fragment by nondenaturing ESI-MS. Our results were
consistent with X-ray crystallographic studies (46, 47)

visualizing the binding of these ions at the interface between
the EC1 and EC2 domains.

Cadherin-calcium interactions have been studied in vari-
ous ways, resulting in conflicting findings. Fluorescence
spectroscopy and flow dialysis gave an apparentKD of ∼23
µM for binding of Ca2+ to MR-E/EC12 (29). A constant for
binding to M-E/EC12 of 55( 3 µM was obtained for the
calcium-dependent shift in temperature denaturation profiles
(30), versus 460µM estimated from circular dichroism
measurements (28). Two Ca2+-binding sites with aKD of
330 µM and a third binding site with a much higherKD (2
mM) were identified by equilibrium dialysis of M-E/EC12
(28). All titration methods are based on indirect or overall
measurements, potentially accounting for these discrepancies.
Residues on the C-terminal side of EC2 constituting the half-
binding pocket bind calcium ions with a lower affinity (42),
which may affectKD measurements, depending on the
experimental conditions. The main advantage of nondena-

FIGURE 6: Influence of Ca2+ on the biochemical properties of
E/EC12 (A) and E/D103A (B), as assessed by assays of trypsin
sensitivity. Proteins were incubated with trypsin in the presence of
various concentrations of Ca2+ for 1 h at 37°C. They were then
analyzed by SDS-PAGE in 15% acrylamide gels. Lane C
corresponds to the protein incubated without trypsin. Ca2+ con-
centrations (millimolar) are indicated under each subsequent lane.
E/EC12 was protected against proteolysis at calcium concentrations
exceeding 0.05 mM, whereas E/D103A exhibited no protection,
even at a Ca2+ concentration of 20 mM. Similar results were
obtained with M-E/EC12 and M-E/D103A (see the Supporting
Information).

FIGURE 7: Influence of Ca2+ on the folding of E/EC12 (A) and
E/D103A (B), as studied by circular dichroism spectroscopy. Mean
molar residue ellipticity spectra were plotted for each of the
following sets of conditions: Ca2+-depleted solution, 100µM Ca2+

solution, 1 mM Ca2+ solution, and after the addition of 2 mM
EDTA. Ca2+ reversibly modified E/EC12 structure but had no effect
on the structure of E/D103A. Similar results were obtained with
M-E/EC12 and M-E/D103A (see the Supporting Information).
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turing ESI-MS is that it allows the direct visualization of
different species in solutions at equilibrium. The meanKD

value obtained for the outermost binding pocket in this study
(20 ( 0.7µM) is consistent with fluorescence spectroscopy
and flow dialysis measurements (29) and strongly suggests
that this binding pocket is saturated under physiological
conditions, calling into question the notion that cadherin
activity is regulated by binding of Ca2+ to this pocket.

We detected different stoichiometries coexisting in solu-
tion, demonstrating the cooperative binding of three Ca2+

ions. This cooperativity was previously suggested by antibody-
based (20) and structural (46, 47, 56) studies and was thought
to depend on the association of cadherin molecules into
dimers (29). Our ESI-MS data for the molecular complexes
showed that Ca2+ ions bound to E/EC12 monomers.

Mutations of the amino acids involved in Ca2+ binding
profoundly modified the properties of the binding pocket.
We used site-directed mutagenesis to replace Asp103 with
an alanine. This residue is involved in the binding of two
calcium ions (46) and has been shown to be important for
adhesion of the full-length E-cadherin (24). This mutation
not only modified binding characteristics (KD increased from
20 ( 0.7 to 240( 7 µM by the D103A mutation), it also
abolished cooperativity in calcium binding (Hill coefficient
decreased from 2.6( 0.2 to 1.01( 0.05). Recent studies
have suggested that N-terminalâ-strand dynamics and Trp2
docking are regulated by Ca2+ binding (14, 57). We
investigated the effect of additional N-terminal residues on
Ca2+ binding, using M-E/EC12 and M-E/D103A. The
additional Met residue had no significant effect on Ca2+

binding. Finally, a comparison between wild-type and D103A
mutated proteins strongly suggested that Ca2+ binding
properties may have exerted a selection pressure leading to
cadherin motif conservation.

How Does This CooperatiVe Binding Influence Structural
Properties?Calcium binding contributes to cadherin structure
(15, 20, 26). All four apoproteins, E/EC12, E/D103A, M-E/
EC12, and M-E/D103A, had similar structures, with cadherin
domains displaying aâ-barrel structure. Reversible calcium
binding had a marked effect on only E/EC12 and M-E/EC12.

Calcium binding stabilized functional, wild-type, cadherin
fragments (ref43and Figure 6 of this study), consistent with
the known resistance of cadherins to proteolytic degradation
in the presence of Ca2+ (17, 22). The binding of calcium
ions to the D103A fragments (Figure 3) conferred no
effective protection against proteolysis. These data show, for
the first time, that calcium binding per se is not sufficient to
protect cadherin from trypsin degradation. Such protection
requires cooperative binding, resulting in a very precise
protein conformation.

It has been suggested that Ca2+ ions stabilize the otherwise
flexible hinge region between two consecutive domains (46,
56). This binding imposes an elongated, rigid rodlike
configuration on the molecule, this structure collapsing at
Ca2+ concentrations of<50 µM (27, 42, 47). Our ESI-MS
measurements provide direct evidence that this structural
modification depended on the cooperative properties of Ca2+

binding rather than the number of ions bound. The charge
state distribution was modified by addition of Ca2+ for
E/EC12(Ca)3 and M-E/EC12(Ca)3 complexes but not for
E/D103A(Ca)3 and M-E/D103A(Ca)3 complexes (Figure 5
and Figure 3 of the Supporting Information). There is a

potentially simple explanation for this. In the absence of
Ca2+, the hinge region between EC1 and EC2 is highly
flexible. Ion binding therefore probably begins on an “open
site”, on the surface of one module. The complementary
surface of the Ca2+-binding site provided by the adjacent
module may complete Ca2+ binding, due to the flexibility
of the hinge region. The binding of a first calcium ion may
facilitate the formation of more efficient second and third
Ca2+-binding sites, by reducing the relative mobility of the
two consecutive cadherin modules. Thus, the cooperative
binding of calcium to wild-type cadherin is responsible for
the “mature” structure of the functional mature protein and
its resistance to proteolysis.

How Does Calcium Binding Regulate Cadherin Function?
Several studies have investigated the contribution of calcium
to the cadherin-mediated control of cell adhesion.

Depletion of calcium from the extracellular medium leads
to the rapid dissociation of cell-cell contacts. Our data
strongly suggest that all four E-cadherin calcium-binding
pockets are filled even at low calcium concentrations. Indeed,
the mean calcium binding parameter obtained for the E/EC12
binding pocket (KD ) 20 ( 0.7 µM) in this study is similar
to the global value obtained by Koch et al. for the four
binding pockets of the full-length E-cadherin extracellular
segment (KD ) 30 µM). As the amino acids involved in
calcium binding are part of the cadherin motif (8, 10), our
findings may be relevant to other members of the cadherin
family. Our findings suggest that mechanisms other than
cadherin folding may be involved in high-affinity calcium
binding under physiological conditions.

Four adhesive interactions with very different stabilities
occur in the E-cadherin (51) and C-cadherin (52) extracellular
segments. These interactions involve fine adjustment of the
corresponding adhesive interfaces and probably require a
very precise geometry of the whole segment. The rigidifi-
cation observed following Ca2+ binding probably increases
the level of exposure of adhesive sites at the cell surface,
favoring interactions in trans. A similar phenomenon has
been reported for other adhesive molecules, such as selectins
(58, 59). Calcium-binding sites are functionally important,
and single-amino acid substitutions in these sites have been
shown to prevent E-cadherin adhesion (22, 24, 60). Surpris-
ingly, some substitutions create a change in the ectodomain
with a stronger effect on adhesion than on protein structure.
Indeed, the D103A mutation caused only minor structural
modifications (this work), but a considerable loss of adhesion,
as shown by cell aggregation assays (24). Calcium binding
may also be directly involved in the activation of adhesive
interfaces. Indeed, calcium may be involved in theâ-strand
arrangement and stability of cadherin modules, as recently
suggested by molecular dynamics analyses (61) and observa-
tions (30). Calcium ions may influence the docking of Trp2
into a hydrophobic pocket, modulating strand exchange
between the EC1 domains of opposing cadherins (15, 57).

It remains unclear how Ca2+ regulates cadherin activity
at the cell surface. Do calcium ions promote the cis dimer
formation of E-cadherin molecules on the cell surface, as
suggested by Takeda (62)? Is calcium required for the
formation of trans, but not cis, dimers (63)? Our observations
do not exclude the possibility that other calcium regulation
sites of similar importance are involved in the scaffolding
of adhesive plaques (64).
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The blood calcium concentration is kept stable at 1.4 mM,
but local extracellular concentrations in the microenviron-
ment close to the plasma membrane may fluctuate, depending
on tissue and stress conditions (see ref25 for a review). Our
results suggest that calcium binding to the cadherin ectodomain
should be only mildly affected by such extracellular changes
in calcium concentration. Compaction is maintained at 5×
10-5 M Ca2+, suggesting that this phenomenon is unlikely
to be controlled by changes in Ca2+ concentration in vivo
(20). Most studies of cadherin function have been carried
out at millimolar calcium concentrations (15, 47, 57). This
does not exclude the possibility that calcium fluctuations may
regulate cadherin-mediated cell adhesion. In particular,
transient decreases in calcium concentration in the synaptic
cleft modify the sensitivity of the cadherin-mediated synaptic
plasticity to inhibition (65). Moreover, cadherin trans dimers
are detectable at 0.1 mM Ca2+; however, their numbers
increase at 1 mM Ca2+ (66), and we have shown here that,
at this concentration, more than three Ca2+ ions could bind
to E/EC12 (Figure 3). These observations are consistent with
the calcium sensitivity of cadherin-dependent adhesion being
based on mechanisms other than the simple dissociation of
cadherin adhesion complexes in the absence of calcium (11,
20, 67). Adhesion in biology is based on protein-protein
recognition, so a detailed knowledge of the way in which
calcium modulates cadherin adhesion in vitro may provide
important insight into cadherin-mediated adhesion at the
cellular level.
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Data concerning the calcium binding parameters and
structure of ME/EC12 and ME/D103A, two cadherin frag-
ments bearing an additional N-terminal methionine residue,
SDS-PAGE analysis of the four recombinant proteins used
in this study (Figure 1), ESI-MS analysis of M-E/EC12 and
M-E/D103A under denaturing and nondenaturing conditions
(Figure 2), ESI-MS spectra of their calcium-dependent charge
state distribution under nondenaturing conditions (Figure 3),
the effect of Ca2+ on folding properties, as assessed by
trypsin sensitivity (Figure 4), and circular dichroism analyses
(Figure 5). This material is available free of charge via the
Internet at http://pubs.acs.org.
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