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Cadherins are calcium-dependent cell adhesion proteins that
mediate cell�cell adhesion through interactions with cad-

herins on neighboring cells.1�5 Type I or classical cadherins are
located in adherens junctions and are named according to the cell
type in which they predominate.6,7 Cadherins mediate dynamic
cellular processes during embryogenesis, tissuemorphogenesis,8,9

and cell differentiation.10 Cadherins are critical for regulating the
reorganization of adult soft tissues.11 Abnormal cadherin expres-
sion, molecular defects in cadherin function, and mutations in
calcium-binding sites are associated with metastatic cancers.12�14

The studies reported here address the linkage between calcium
binding and dimerization in neural cadherin.

Neural cadherin (N-cadherin) plays an important role in the
development of the nervous system during embryogenesis.15

N-Cadherin is critical for synaptogenesis and synapse
maintenance.16,17 It optimizes synaptic function via the constant
regulation of synaptic plasticity.18,19 Altered metabolism of
N-cadherin results in synaptic dysfunction, a primary feature of
Alzheimer's disease.20 Abnormal expression of N-cadherin by
cancer cells can contribute to invasiveness and metastasis by
making the cells more motile.21�23

Classical cadherins have a common domain organization.6,7,24

The primary structure of cadherins comprises an extracellular
(EC) region, a single-pass transmembrane region, and a con-
served cytoplasmic region, which interacts with the actin cytos-
keleton through catenins.25�28 The EC region has five tandemly

repeated EC domains (EC1�EC5) with three calcium-binding
sites at the interface between adjacent EC domains. A high-
resolution structure of EC1�EC5 showed that all calcium-
binding sites are organized similarly.29 Cell aggregation studies
established that cadherin-mediated cell�cell adhesion requires
calcium binding.28,30�32 Binding of calcium links the modular
domains to create a cooperative unit that signals adhesion to the
cytoplasm of the cell.33 Electron microscopy of the EC domains
showed that the binding of calcium leads to a rigid curved shape,
whereas in the absence of calcium, the structure collapses to a
more compact form,34,35 which has an increased susceptibility to
proteolysis.31 Mutation of the calcium binding amino acid, D134,
abolishes cadherin function and increases susceptibility to
proteolysis.5 Through bead aggregation and atomic force mea-
surements, Prakasam et al.36 showed that disruption of the amino
acids at calcium-binding sites can abolish cadherin-mediated
cell adhesion. This was also predicted in molecular dynamic
simulations.37,38

Recent studies illustrate the significance of the EC1 domain
in cadherin-mediated cell�cell adhesion.39,40 Nuclear mag-
netic resonance (NMR)41,42 and X-ray crystallography29,43�45

have shown that neighboring cadherins dimerize through their
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ABSTRACT:Neural cadherin (N-cadherin) is a calcium-depen-
dent homophilic cell-adhesive molecule and critical for synapto-
genesis and synapse maintenance. The extracellular region plays
an important role in cadherin-mediated cell adhesion and has five
tandemly repeated ectodomains (EC1�EC5) with three cal-
cium-binding sites situated between each of these domains.
Adhesive dimer formation is significantly dependent on binding
of calcium such that mutations in the calcium-binding sites
adversely affect cell adhesion. To investigate the relative significance of the calcium-binding sites at the EC1�EC2 interface in
calcium-induced dimerization, we mutated three important amino acids, D134, D136, and D103, in NCAD12, a construct
containing EC1 and EC2. Spectroscopic and chromatographic experiments showed that all threemutations affected calcium binding
and dimerization. Mutation of D134, a bidentate chelator in site 3, severely impaired the binding of calcium to all three sites. These
findings confirm that binding to site 3 is required for binding to occur at site 2 and site 1. Interestingly, while the D103A mutation
diminished only the affinity for calcium, it completely eliminated dimerization. Equilibrium dialysis experiments showed a
stoichiometry of 3 at 2mM calcium for D103A, but no dimerization was apparent even at 10mM calcium. These results indicate that
calcium binding alone is not sufficient for dimerization but requires cooperativity between calcium-binding sites. In summary, our
findings confirm that the calcium-binding sites are occupied sequentially in the order of site 3, then site 2 and site 1, and that
cooperativity between site 2 and site 1 is essential for formation of adhesive dimers by N-cadherin.
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N-terminal EC1 domains. Structural29,44,46 and antibody inter-
action studies47 suggest that the binding of calcium ions induces a
conformational change in EC1 by undocking the conserved
tryptophan 2 (W2) from its own hydrophobic pocket and
docking it into the hydrophobic pocket of its adhesive partner,
which leads to cell�cell adhesion. Mutations in the key calcium
binding residues, DXD (D134�D136), markedly decreased the
extent of adhesion.5,13,48,49 Thus, proper binding of calcium at
the interfaces between the domains is critical for cell�cell
adhesion and is an important issue with regard to cadherin
function. The calcium binding affinity for the EC1�EC2 and

EC1�EC5 constructs of epithelial cadherin has been estimated
by different groups using a variety of methods,34,35,50,51 but the
order of occupancy and the relative significance of each binding
event are not known.

We have focused our studies on the three calcium-binding
sites at the EC1�EC2 interface (Figure 1A). Calcium-binding
sites are composed of clusters of negatively charged residues or
carbonyl groups from the loops that connect the β-sheet regions
within the individual domains and the linker peptide that
connects one domain to the next. Amino acids at the interface
of the first two domains play an essential role in adhesion.52

These amino acids comprise three calcium-binding sites that are
labeled as sites 1�3 (Figure 1C). It is not known which site binds
first, and there is no consensus binding motif. All three calcium-
binding sites are coordinated by seven oxygen atoms53

(Figure 1B). Binding site 1 and site 2 are connected by three
bridging amino acids, E11, E69, and D103.53,54 Each of these
amino acids donates one side chain oxygen to site 1 and the other
to site 2, thereby linking these two calcium-binding sites. D134
provides both of its side chain oxygens to site 3. Further, site 2
and site 3 are linked by D136, which provides one side chain
oxygen to site 2 and the other side chain oxygen to site 3.

In spite of extensive studies, the molecular details of calcium-
induced formation of adhesive dimers are not well understood.
The relative significance of the calcium-binding sites at the
EC1�EC2 interface in calcium-induced dimerization is not
known. How does a point mutation in amino acids in site 3 at
the EC1�EC2 interface abolish the adhesive property of cadher-
ins? Is binding of calcium sequential such that binding to site 3 is
the key step in the formation of the adhesive dimer?

To address these questions, we mutated critical amino acids in
the calcium-binding sites at the EC1�EC2 interface. Mutation of
D134 addresses sequential binding by targeting calcium binding
to site 3 in particular. Mutation of D136 was designed to address
the significance of the linkage between site 3 and site 2. Mutation
of D103 addresses the importance of the linkage between site 2
and site 1. Spectroscopic and chromatographic experiments were
used to determine the impact of calcium-binding site mutations,
D103A, D134A, and D136N, on stability, calcium binding
affinity, and calcium-induced dimerization. These studies show
that calcium binding is sequential and linkage between calcium-
binding sites is critical for dimerization of N-cadherin.

’EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. The cDNA of mouse N-cadher-
in was provided by L. Shapiro (Columbia University, New York,
NY) and was used as a template for PCR amplification of the
gene for the first two ectodomains (residues 1�221), designated
as NCAD12 (NCAD12 consisting of EC1, linker 1, EC2, and
linker 2). The plasmid construct encoding the first two EC
domains of N-cadherin was cloned into a pET30 vector using the
Xa/LIC system (Novagen). Amplification of the two-domain
constructs, digestion of template DNA with restriction enzymes,
ligation of the fragments into the pET30 Xa/LIC expression
vector, and subsequent transformation into Escherichia coli
BL21(DE3) expression cells were performed according to stan-
dard protocols, utilizing KOD HiFi DNA Polymerase
(Stratagene). Point mutations were introduced into the
NCAD12 sequence by site-directed mutagenesis by using the
Quickchange kit (Stratagene) with the following sense primers:
D134A, 50 CGG TCA CTG CCA TTG CGG CGG ATG ATC

Figure 1. Details of calcium-binding sites. (A) Ribbon drawing of EC1
and EC2 of E-cadherin produced from the crystal structure of Nagar
et al.54 (B) Chelating amino acids in the calcium-binding sites at the
EC1�EC2 interface. The underlined amino acids and D134 are
bidentate chelators. We have mutated the amino acids in the red boxes.
(C) Summary of calcium-binding amino acids at the EC1�EC2 inter-
face. A survey of the crystal structures of the first two domains (EC1 and
EC2) of E- and N-cadherins showed heterogeneity in calcium-binding
sites.43,53,54 Because calcium-binding pockets are organized similarly in
E- and N-cadherins, we have used PDB entry 1FF553 to identify the
calcium-chelating amino acid at the EC1�EC2 interface. All three
calcium-binding sites are chelated by seven oxygen atoms and are linked
by four bridging amino acids (E11, E69, D103, and D136). The numeral
1 indicates monodentate coordination and the numeral 2 bidentate
coordination.
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CAA ATG CCC 30; D136N, 50 GCC ATT GAT GCG AAT
GAT CCA AAT GCC C 30; and D103A, 50 GAC ATG AAT
GCG AAC AGA CCT GAG TTT CTG CAC 30. Point muta-
tions were confirmed by sequencing the resultant plasmids.
Overexpression and Purification. For production of

NCAD12-WT (wild-type), NCAD12-D134A (D134A),
NCAD12-D136N (D136N), and NCAD12-D103A (D103A),
2000 mL of Luria-Bertani broth with 30 μg/mL kanamycin was
inoculated with a transformed colony picked from an agar plate.
Cultures were grown at 37 �C to anOD600 of∼0.8�1.0 and then
induced via the addition of 0.4 mM IPTG. Two hours post-
induction, cells were harvested by centrifugation. Pellets were
suspended in buffer, frozen, thawed, lysed by sonification, and
centrifuged. Proteins were found in the inclusion bodies. In-
soluble protein was separated from membrane components by
washing with dilute solutions of Triton X-100. Pellets were
suspended in denaturing His Tag binding buffer [6 M urea,
20 mM Tris-HCl, 0.5 M NaCl, and 5 mM imidazole (pH 7.5)].
Supernatants were applied to a Ni affinity column (Amersham)
and washed with 20 mM Tris-HCl, 500 mM NaCl, and 0.04 M
imidazole (pH 7.9). The proteins were eluted with 10 mM Tris-
HCl, 250 mMNaCl, and 0.5 M imidazole (pH 7.9) at 25 �C. The
elution fractions containing protein were dialyzed in 140 mM
NaCl, 20 mM Tris, 10 mM CaCl2, 1 mM DTT, and 5% glycerol
(pH 7.4). Immobilized trypsin (Pierce) was used to remove
the 45-residue N-terminal affinity label. The digestion mixture
(500 μL protein/250 μL of immobilized trypsin) was incubated
with rapid shaking for 5 h at 25 �C and centrifuged. The
supernatant was dialyzed against 140 mM NaCl and 10 mM
HEPES (pH 7.4) to remove calcium ions and cleaved peptide.
The digested proteins were further purified and buffer exchanged
using size exclusion chromatography (SEC) using a Sephacyl
S-100 (Amersham) 1.2 cm � 0.5 m (∼100 mL) column in
140 mM NaCl and 10 mM HEPES (pH 7.4). The residual level
of calcium in the SEC buffer was found to be <1 μM by
inductively coupled plasma optical emission spectroscopy
(ICP-OES). The purity of the proteins was assessed by sodium
dodecyl sulfate�polyacrylamide gel electrophoresis in 17%
polyacrylamide gels. The extinction coefficients were determined
experimentally on the basis of the amino acid composition using
a molar absorption coefficient of tryptophan and tyrosine
residues in the denatured state using the method of Edelhoch.55

The following extinction coefficients at 280 nmwere used: 17700
( 500 M�1 cm�1 for the wild type, 16600( 700 M�1 cm�1 for
D134A, 16800 ( 400 M�1 cm�1 for D136N, and 16600 ( 250
M�1 cm�1 for D103A. Protein concentrations were determined
spectrophotometrically using these extinction coefficients.
Spectral Characterization. UV spectra were recorded on a

Cary 50 Bio UV�vis spectrophotometer in a 1 cm quartz cuvette
from 350 to 200 nm at room temperature. Circular dichroism
(CD) spectra were recorded on an Aviv model 202SF CD
spectrometer using a 0.5 mm path length cuvette with a 5 s
averaging time at 25 �C. The spectral changes were monitored in
the presence and absence of calcium. To confirm that the
apoprotein stocks were free of calcium, spectral studies were
also performed with 5 mM EGTA added. The protein solutions
(60 μM) were scanned from 200 to 300 nm at rate of 1 nm/s. All
spectral data were corrected for buffer signal, in 140 mM NaCl
and 10 mM HEPES (pH 7.4).
Thermal Unfolding Studies. Thermal unfolding of the wild

type, D134A, D136N, and D103A was monitored with an AVIV
202SF CD spectrometer. The temperature was varied from 15 to

80 �C. All experiments were performed using a quartz cuvette
with a 1 cm path length fitted with a screw top through which the
temperature probe was inserted. The temperature ramp rate was
1 �C/min with a 30 s to 1 min equilibration and a 5 s acquisition
time at 230 nm. To observe the effect of calcium binding, we
performed studies at two calcium concentrations, the apo state
(5 mM EGTA) in 140 mM NaCl and 10 mM HEPES (pH 7.4)
and the saturated state with 1 mM calcium added. At high
calcium concentrations (5 and 10 mM), proteins precipitated
during the thermal denaturation experiments. The thermal
unfolding transitions were fit to the Gibbs�Helmholtz equation
with linear native and denatured baselines with adjustable slopes
and intercepts as described previously.56 The ΔCp for apo-
NCAD12 was determined experimentally by a series of tempera-
ture denaturation experiments in the presence of urea at con-
centrations of 0, 0.2, 0.4, 0.6, and 0.8 M for the apo conditions
(140mMNaCl, 2mMHEPES, 1mMTCEP, and 10 μMEGTA)
and found to be 1 kcal mol�1 K�1. The value for ΔCp was
resolved from the Kirchoff plot of the observed enthalpy of
denaturation versus transition temperature (data not shown).
Calcium Binding Studies. Direct calcium titrations were

monitored by CD and fluorescence emission (FL) spectroscopy.
The titrations were performed on 2.5 μM protein solutions in
140 mM NaCl and 10 mM HEPES (pH 7.4) at 25 �C. The
titrations monitored by CD were conducted in a 0.4 cm � 1 cm
cuvette with stirring by addition of small volumes (2, 5, or 10 μL)
of calcium chloride stocks at different concentrations (1 mM,
10 mM, 100 mM, and 0.7 M). After each addition of calcium, a
spectrum was recorded from 220 to 300 nm. Each titration was
performed in triplicate. The spectra were corrected for offset
differences. CD data at wavelengths between 227 and 235 nm
were analyzed as individual titration curves. The total calcium
concentration was assumed to be equivalent to the free calcium
concentration because the protein concentration was low. Cal-
cium titrations were also monitored by FL. The protein solutions
were titrated in a fashion identical to that described above.
Emission spectra were recorded from 300 to 425 nm with the
excitation wavelength set at 290 nm.
The calcium titration data were fitted to a model of equal and

independent binding shown in eq 1

Y ¼ KaX
1þ KaX

ð1Þ

where Y is the fractional saturation of sites and Ka is the calcium
association constant.
To accommodate the experimental data without prior normal-

ization, the function used for fitting the data is shown in eq 2

FðXÞ ¼ baselineapo þ Y � span ð2Þ
where the apo and saturated baselines are linear functions and the
span is the difference between them.
The spectral signal of the sample before calcium was added

was assigned a free calcium concentration on the basis of results
from ICP-OES. Analysis of these spectroscopic data provides
information regarding only the midpoint, not the stoichiometry,
of calcium binding. Residuals to the fits to eq 2 were random,
indicating that the data did not support analysis by a more
complex model. Titrations monitored by CD had baseline slopes
of zero. The span of the transition in the titrations monitored by
FL was small (only 5% of the signal) such that the slight slope in
the baseline was significant. Thus, to resolve the midpoint of the
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transitions monitored by FL, we allowed the slope to vary in
these fits.
Equilibrium Dialysis Studies. The stoichiometry of calcium

binding was determined by equilibrium dialysis using a rapid
equilibrium dialysis device (Thermo Scientific). This device
contained two chambers (protein and buffer chambers) sepa-
rated by a thin dialysis membrane (molecular mass cutoff of
8 kDa). A 100 μL volume of the protein sample was added to the
protein chamber and was dialyzed against 300 μL of standard
buffer [10 mMHEPES and 140 mMNaCl (pH 7.4)] containing
varying concentrations of cold Ca2þ (0.05�3 mM). To these
standard buffer solutions was added 10 μCi/mL of 45Ca2þ

(PerkinElmer). Total calcium concentrations were corrected to
account for this addition. The base plate was incubated at room
temperature (23 �C) with continuous agitation. A 95 μL volume
of sample from protein and buffer chambers was mixed with
5 mL of scintillant. The radioactivity was determined in a liquid
scintillation spectrometer. To determine the time required for
the equilibration, protein and buffer samples were counted after
8, 12, 14, and 16 h. The radioactivity counts observed at the 14
and 16 h incubation times were identical, confirming that
equilibrium was achieved after equilibration for 14 h. From the
measured radioactivity counts, the moles of bound calcium per
mole of protein and the free calcium concentration were
determined. Protein concentrations used in this experiment
ranged from 50 to 500 μM depending on the Ca2þ concentra-
tion. High protein concentrations were essential for obtaining
reasonable saturation values at high total Ca2þ concentrations.
The resulting data were fit to eq 3 to resolve the stoichiometry

of calcium binding

υ ¼ n
KaX

1þ KaX
ð3Þ

where υ is the saturation of calcium-binding sites, n is the
stoichiometry, Ka is the average binding affinity, and X is the
free calcium concentration. While this model allows for an
estimate of stoichiometry, data were significantly more coopera-
tive than what this model can accommodate. To resolve esti-
mates of calcium affinity and cooperativity, we fit data to the Hill
equation as shown in eq 4

υ ¼ 3=ð1þ X�nH � 10�bÞ ð4Þ

where nH is the Hill coefficient and b is a constant. The calcium
binding affinity was the x-intercept of the linear form of this
function.
Assembly Studies. Analytical size exclusion chromatography

(SEC) was used to indicate the presence of dimer in protein
stocks. SEC was performed with a Superose-12 10/300 GL
column (Amersham) using an

::
AKTA Purifier HPLC system

with UV absorbance detection at 280 nm. The mobile phase
consisted of 140 mM NaCl and 10 mM HEPES (pH 7.4) with a
flow rate of 0.5 mL/min. To observe the effect of calcium on
dimerization, we added calcium to the protein stocks but not to
the mobile phase. The injection volume was 50 μL, and the
protein concentration was 50 μM. The SEC column was
calibrated on the basis of the Stokes radius of the standard
proteins, human serum albumin, ovalbumin, myoglobin, and
cytochrome c. Monomeric and dimeric cadherin species were
unambiguously identified on the basis of their calculated Stokes
radii using monomer and dimer structures from PDB entry

1edh54 using HYDROPRO.57 We monitored the level of mono-
mer and dimer as the height of the peaks detected at 280 nm.

’RESULTS

Spectral Characterization. The UV spectra of the purified
wild type, D134A, D136N, and D103A exhibited a local max-
imum at 280 nm with a shoulder at 290 nm, which is typical of
folded proteins that contain tyrosine and tryptophan (Figure 2).
All three mutant proteins, D103A, D134A, and D136N, had
similar UV spectra and extinction coefficients. The wild-type
protein had a greater extinction coefficient and, therefore, higher
absorbance than the mutants. These results indicate that the
mutations cause a slight change in the environment of the
aromatic amino acids in the proteins.
Circular dichroism spectroscopy was used to investigate

structural changes in wild-type and mutant proteins as a function
of calcium. The CD spectra in the presence and absence of
calcium had a wavelength minimum at approximately 218 nm
(Figure 3), which is typical for β-sheet proteins.58 The CD

Figure 2. UV spectra of wild-type (black), D134A (green), D136N
(red), and D103A (blue) proteins at a protein concentration of 60 μM.

Figure 3. CD spectra of wild-type, D134A, D136N, and D103A
proteins. (A) CD spectra of 60 μM wild type (black), D134A (green),
D136N (red), and D103A (blue) with 10 μM EGTA (apo). (B) CD
spectra of 60 μM wild type (black), D134A (green), D136N (red), and
D103A (blue) with 1 mM calcium.
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spectra of the wild type, D134A, D136N, and D103A in the apo
state were identical, which indicates the point mutations did not
change the secondary structure of the proteins (Figure 3A).
Upon addition of calcium (1 mM), similar spectral changes were
observed for the wild type andD103A (Figure 3B), which implies
that D103A binds calcium and that there is similar calcium-
dependent conformational change in these two proteins. In
contrast, there were no spectral changes with calcium addition
in D134A and D136N (Figure 3B), which indicates that the
mutations reduce the calcium binding affinity or there is no
spectral signal change associated with calcium binding to these
proteins.
Thermal Unfolding Studies. Thermal unfolding was mon-

itored by CD spectroscopy at low protein concentrations. Results
from the thermal unfolding experiments are summarized in Figure 4.
All data were fit to a two-state model according to the
Gibbs�Helmholtz equation providing estimates for Tm and
ΔHm. (The value of ΔCp was fixed to 1 kcal K�1 mol�1.) In the
apo state, all four proteins, wild type, D134A, D136N, and D103A,
unfolded with apparent two-state transitions, with similar melting
temperatures, enthalpy changes, and free energy changes at 25 �C
(Table 1). These results indicate that the D134A, D136N, and
D103A mutations did not affect the stability of the apoproteins.

In the presence of calcium (1 mM), the three mutants had a
stability lower than the wild-type value (Table 1). Both wild type
and D103A exhibited significant increases in Tm and ΔGo upon
addition of 1 mM calcium (Figure 4A). However, the smaller
increase in Tm andΔGo in D103A indicates that it binds calcium,
but with an affinity lower than that of the wild type. Addition of
1 mM calcium did not significantly stabilize D134A and D136N,
such that parameters resolved for both proteins in the absence
and presence of calcium are similar (Figure 4B,C). We observed
an increase in the melting temperature (∼7 �C) for both mutant
proteins at 10 mM calcium but could not evaluate the data
because of the precipitation at high temperatures. The enthalpy
change of unfolding was increased upon addition of calcium for
D103A and the wild type but remained unchanged for D134A
and D136N. Hence, with the binding of calcium, the melting
transitions of the wild type and D103A progressed toward higher
values of Tm andΔHm. This was not observed in the D134A and
D136N mutants and provides additional evidence that these
mutations significantly impact calcium binding affinity.
CalciumBinding Studies.The calcium-dependent changes in

CD and FL spectra were monitored during calcium titrations for
all four proteins (wild type, D103A, D134A, and D136N).
D134A and D136N showed no CD signal change in calcium
titrations. The FL signal fromD134A andD136N decreased over
the titration but did not reveal behavior consistent with titratable
calcium-binding sites (data not shown). These results are con-
sistent with the spectral and thermal unfolding data for D134A
and D136N. The CD spectral, thermal denaturation, and calcium
binding studies all indicate that these mutations severely im-
pacted calcium binding affinity.
The most striking result is that the calcium titrations mon-

itored by CD (Figure 5A) and FL (Figure 5B) are identical for
the wild type and D103A. This is interesting because the thermal
denaturation studies show that the D103A mutation impacted
the calcium binding affinity. The free energies resolved from the
calcium titrations monitored by CD and FL are different
(Table 2). Calcium titrations monitored by CD yielded a
titration curve with a midpoint of 28 ( 9 μM for the wild type
and 40( 20 μM for D103A. Titrations monitored by FL yielded
a midpoint of 110 ( 60 μM for the wild type and 150 ( 25 μM
for D103A. This is remarkably similar for the two proteins and
implies that the D103A mutation does not affect the calcium
binding events responsible for the spectral signal change. The

Figure 4. Thermal unfolding of wild-type, D134A, D136N, and D103A
proteins. Normalized CD signal vs temperature in the presence (2) and
absence (4) of calcium at 5 μMprotein for (A) D103A, (B) D134A, and
(C) D136N. For comparison, results for the wild type in the apo state
(O) and with 1 mM calcium (b) are shown.

Table 1. Summary of Parameters Resolved from Thermal
Unfolding Experiments for the Wild Type and Mutants in the
Absence and Presence of Calcium

protein buffer ΔHm
a (kcal/mol) Tm (�C) ΔGob (kcal/mol)

wild type apo 68( 8 45( 2 3.6( 0.5

Ca2þ 79( 5 59 ( 3 6.3( 0.7

D103A apo 64( 4 46( 1 3.5( 0.1

Ca2þ 80 ( 4 52 ( 1 5.5( 0.2

D134A apo 61( 2 46( 1 3.3( 0.3

Ca2þ 65 ( 1 46 ( 1 3.6( 0.1

D136N apo 59( 2 46( 1 3.2( 0.2

Ca2þ 60 ( 2 48 ( 1 3.5( 0.1
aThe value of ΔCp was fixed to 1 kcal mol�1 K�1. Values are averages
and standard deviations of at least three determinations for each
parameter. bΔG� is the calculated value of the free energy change upon
unfolding at 25 �C.
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calcium binding data for the wild type and D103A fit well to a
model with independent sites and showed no evidence of
positive cooperativity as judged by inspection of the residuals
of the fits. This is surprising given the proximity of the sites and
the prevalence of bidentate chelators that link the calcium-
binding sites. The small but significant difference in free energy
between the calcium titrations monitored by CD and FL may
indicate anticooperativity (or heterogeneity) between the sites in
the absence of dimerization.
Equilibrium Dialysis Studies. The stoichiometry of calcium

binding for both the wild type (WT) and D103A was determined
by using equilibrium dialysis with 45Ca2þ. Data are shown in
Figure 6. The stoichiometry of calcium binding was resolved by
fitting the data to a model of equal and independent sites as
shown in eq 3. This analysis yielded an apparent stoichiometry
for calcium binding of 3.3( 0.2 forWT and 3.1( 0.1 for D103A.
Thus, both proteins exhibited a stoichiometry of 3 at high
calcium concentrations. This is a critical point for the assembly
studies presented subsequently.
To resolve the estimates of calcium binding affinity and

cooperativity, we fit the binding data to the Hill equation as
shown in eq 4. Fits to the wild-type calcium binding data yielded a
Hill coefficient of 1.4( 0.1, demonstrating positive cooperativity
with an apparent Kd of 110 ( 100 μM. This is a significant
increase in cooperativity as compared to that seen in the

spectroscopic studies. One explanation is that the apparent
cooperativity increases with dimerization as noted by Alattia
et al. for ECAD1235 and illustrated in the simulations presented
in the Supporting Information.
Fits to the D103A calcium binding data yielded a Hill

coefficient of 0.98 ( 0.03, demonstrating noncooperativity with
an apparent Kd of 250 ( 90 μM. These results indicate that the
D103A mutation impacted the apparent calcium binding affinity
(Figure 6). As noted before, this was not observed in titrations
monitored by CD and FL, indicating that these spectral signals
are insensitive to the mutation. Our results agree closely with
studies of D103A-ECAD12 by Courjean et al. that indicated that
three calcium ions bound to this mutant with an apparent Kd of
240 ( 7 μM.51

Assembly Studies.Analytical SEC was performed to monitor
dimerization as a function of calcium concentration. Figure 7
illustrates the linkage between calcium binding and dimerization
equilibria. If the monomer and dimer are in equilibrium, the
relative amount of monomer and dimer in a solution will be
dependent upon the concentrations of protein and calcium. All
four proteins (wild type, D103A, D134A, and D136N) exhibited
two peaks in the SEC chromatograms, which indicates that the
dissociation of dimer is slow on the chromatographic time scale
(∼30 min). In the apo state, the wild type and the mutants were
predominantly in monomeric form (Figure 7, first row). Upon
addition of calcium, there was a significant difference in the level
of dimer formation between the wild type andmutants. The wild-
type data showed that as the calcium concentration increased, the
amount of dimer increased (Figure 7A). The dimer fraction in

Table 2. Summary of Free Energy Changes Resolved from
Fits to eq 2,a

protein CD ΔG� (kcal/mol) FL ΔG� (kcal/mol)

wild type �6.2( 0.2 �5.4( 0.3

D103A �6.0( 0.3 �5.2( 0.1
aReported errors are either the standard deviation in the average of the
best fit value for the parameter,or the largest error in the resolved
parameter on an individual fit, whichever is larger.

Figure 6. Equilibrium dialysis of the wild type and D103A. The 100 μL
protein samples of the wild type (black) and D103A (red) were dialyzed
against 300 μL of buffer containing 45Ca2þ (10 μCi/mL) and varying
concentrations of unlabeled Ca2þ (0.05�3 mM). Curves are simulated
on the basis of values resolved from fits to eq 4.

Figure 5. Calcium titrations of the wild type (black) and D103A (red)
monitored by (A) CD at 229 nm and (B) FL at an emission wavelength,
λem, of 330 nm. Resolved free energies are listed in Table 2. Curves are
simulated on the basis of values resolved from fits to eqs 1 and 2.
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D134A andD136Nwas unchanged upon addition of 1 and 5mM
calcium (data not shown). At 10 mM calcium, D134A and
D136N exhibited a slight increase in the dimer fraction
(Figure 7C,D). These results show that the mutated calcium-
binding sites can be occupied if the calcium concentration is 10-
fold greater than the physiological level; the mutations at D134
and D136 severely decrease the calcium binding affinity of the
protein. In contrast, D103A showed no significant difference in
the fraction of dimer upon addition of 10 mM calcium
(Figure 7B), even though 10 mM calcium is 10-fold greater than
theKd for site 1 in D103A (Figure 6). Thus, these results indicate
that although D103A binds all three calcium ions, it did not form
a dimer.

’DISCUSSION

Despite the importance of calcium binding in cadherin-
mediated cell adhesion, the relative significance of the calcium
binding events in dimerization has not been determined pre-
viously. We have focused our studies on three critical amino
acids, D103, D136, and D134, at the EC1�EC2 interface to
elucidate the linkage between the binding of calcium and
formation of a dimer in N-cadherin. Figure 8 shows a model
for sequential binding of calcium to the EC1�EC2 interface.
This model has two main components. First, the binding of
calcium is sequential; site 3 must bind first followed by site 2 and
then site 1. Second, the physical linkage between site 2 and site 1
provided by D103 is essential for dimerization. This model was
developed from studies of each mutant as discussed below.
Sequential Binding of Calcium. D134 provides both of its

side chain oxygens to site 354 and has been shown to be
important for adhesion.5 Our data unequivocally show that a
single mutation in site 3, D134A, affects not only the binding of
calcium to site 3 but also the binding to site 2 and site 1 in the
EC1�EC2 interface (Figure 8). This was demonstrated by
spectral, thermal denaturation, and direct calcium titration
studies. There was no calcium-dependent change in the CD
spectra or in the thermal stability and no calcium binding
apparent in the calcium titrations monitored spectroscopically.

These results show that calcium binding to wild-type NCAD12 is
sequential; binding at site 3 is required for binding at site 2 and
site 1.
The requirement of the occupancy of site 3 for binding of site 2

and site 1 was also supported by our D136N results. We mutated
this residue to address the significance of linkage between site 3
and site 2 in dimerization. The mutation of D to N (D136N) was
chosen to preserve the carbonyl oxygen for binding of calcium
with the expectation that site 3 would still bind calcium. If the
calcium binding were not sequential, this mutation would not
affect the binding of calcium to site 1. Surprisingly, the D136N
mutation severely impaired the binding of calcium at site 3 as
demonstrated by a lack of significant change in the CD spectrum
or the thermal stability upon addition of calcium. These results

Figure 7. Analytical SEC data illustrating the difference in dimerization as a function of calcium concentration. Protein stocks (50 μM) were injected
into the SEC column in the absence (first row) and presence (second and third rows) of calcium for (A) the wild type, (B) D103A, (C) D134A, and (D)
D136N. The dimer peak eluted at 11.8 mL and the monomer peak at 13.0 mL.

Figure 8. Sequential binding model for calcium binding to the
EC1�EC2 interface. The diagram illustrates sequential binding of
calcium to site 3, site 2, and site 1 at the EC1�EC2 interface and the
summary of the impact of the mutations in calcium-induced dimeriza-
tion. Calcium binding to site 3 occurs first and is required for binding of
calcium to site 2 and then site 1. Assembly requires binding of all three
calcium ions and direct linkage between site 2 and site 1 through the side
chain oxygens of D103. a Observed at physiological calcium concentra-
tion (1 mM). b Assembly was observed at 10 mM calcium.
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confirm the mandatory occupancy of site 3 for binding of site 2
and site 1. One possible explanation for these results is that the
negative charge on D136 is required for binding of calcium to site
3. The importance of preserving opposing negative charges in the
chelating residues has been well documented for EF-hand
proteins.59 Black and co-workers report a 5-fold increase in Kd

for calcium caused by removal of a negative charge from site 1 in
theN-terminal domain of calmodulin and a 50-fold increase inKd

forMg2þ binding to that same domain.60 This decrease in affinity
is on the same order of magnitude as that observed in our system
for the D136N mutation.
Spectroscopic, equilibrium dialysis, and assembly studies with

D103A further strengthen our sequential binding model. Unlike
the D134A and D136N mutations, the D103A mutation slightly
impacted the calcium binding affinity, yet it has full occupancy of
the three calcium-binding sites at physiological calcium concen-
trations. Because the D134A and D136N mutations (for site 3)
completely abolish calcium binding and the D103A mutation
(site 1) marginally impacts calcium binding, we confirm unequi-
vocally that the binding at site 3 is required for binding at site 2
and site 1. Our experimental results reach a conclusion identical
to that reached by molecular dynamics simulations of calcium
binding to the EC1�EC2 interface of E-cadherin by Cailliez
et al., which also indicated the requirement of occupancy of site 3
for binding to site 2 and site 1.37

Dimerization Requires Linkage between Site 2 and Site 1.
The significance of linkage between site 2 and site 1 in calcium-
induced dimerization was demonstrated in equilibrium dialysis
and assembly studies with D103A. Equilibrium dialysis experi-
ments demonstrated that all three calcium-binding sites in
D103A are saturated at 2 mM calcium. In spite of this, analytical
SEC studies showed no dimerization of D103A at 10 mM
calcium, thereby indicating the critical importance of the physical
connection between site 1 and site 2 that D103 provides.
Additional evidence that D103A does not form dimer is the
shape of the transitions in the equilibrium dialysis experiments.
Here, the protein concentrations exceeded the Kd for dimeriza-
tion such that for the wild type, as calcium was added, dimer
formed. Because of the linkage between the dimerization and
calcium binding equilibria, the calcium binding curve appears
cooperative regardless of whether calcium binding is intrinsically
cooperative (see the Supporting Information). Thus, positive
cooperativity was observed for the wild type where dimerization
occurs. However, cooperativity was not observed for D103A,
supporting the idea that dimerization does not occur. This has
been noted previously for ECAD12.35 These results confirm that
calcium binding is necessary but not sufficient for dimerization.
The physical linkage between site 1 and site 2 provided by D103
is also required for dimerization. This was further supported by
analytical SEC studies of D134A and D136N. These mutants
showed dimerization at 10 mM calcium. Although D134A and
D136N mutations impacted the calcium binding affinity, they
still have the linking amino acid (D103) between site 2 and site 1.
Because of this linkage, they showed dimerization at 10 mM
calcium.
Our studies address the relative significance of calcium-bind-

ing sites at the EC1�EC2 interface and allowed us to develop a
model for occupancy of the binding sites and formation of the
dimer. In summary, our results confirm that calcium binding is
sequential such that site 3 must be occupied first and that the
linkage between site 1 and site 2 is necessary for the formation of
the dimer. N-Cadherin-mediated cell adhesion exerts profound

biological effects during development, in health, and in disease.
Hence, it is important to understand the mechanism of cell
adhesion by these molecules. Our sequential binding model
provides a fundamental understanding of the molecular events
leading to cell adhesion by these molecules.

’ASSOCIATED CONTENT

bS Supporting Information. A simulation that illustrates
the linkage between the apparent binding constant and dimer-
ization. This material is available free of charge via the Internet at
http://pubs.acs.org.
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