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ABSTRACT: Cell adhesion mediated by cadherins depends
critically on the homophilic trans-dimerization of cadherin
monomers from apposing cells, generating the so-called strand-
swap dimer (ss-dimer). Recent evidence indicates that the ss-dimer
is preceded by an intermediate species known as the X-dimer. Until
now, the stabilized form of the X-dimer had only been observed in
E-cadherin among the classical type I cadherins. Herein, we report
the isolation and characterization of the analogous X-dimer of
human P-cadherin. Small-angle X-ray scattering (SAXS) and site-
directed mutagenesis data indicates that the overall architecture of the X-dimer of human P-cadherin is similar to that of E-
cadherin. The X-dimerization is triggered by Ca2+ and governed by specific protein−protein interactions. The attachment of
three molecules of Ca2+ with high affinity (Kd = 9 μM) stabilizes the monomeric conformation of P-cadherin (ΔTm = 17 °C).
The Ca2+-stabilized monomer subsequently dimerizes in the X-configuration by establishing protein−protein interactions that
require the first two extracellular domains of the cadherin. The homophilic X-dimerization is very specific, as the presence of the
highly homologous E-cadherin does not interfere with the self-recognition of P-cadherin. These data suggest that the X-dimer
could play a key role in the specific cell−cell adhesion mediated by human P-cadherin.

Cadherins are calcium-dependent cell adhesion proteins
involved in selective cell−cell recognition, cell-sorting

during morphogenesis, and the development and maintenance
of solid tissues.1−3 Defects in the adhesive properties of
cadherins are associated with severe malignancies such as
carcinogenesis and tumor invasion.4−6

The cadherin superfamily of proteins comprises more than a
hundred different proteins. The best-characterized group, in
terms of structure and function, are the classical cadherins,7

which are divided into two groups (type I and II) according to
their primary sequence and three-dimensional structure.8

Classical cadherins display five extracellular cadherin (EC)
domains, a single transmembrane domain, and an intracellular
domain for the attachment to catenin.9 Each EC domain
(EC1−EC5) is composed of approximately 110 residues
displaying an immunoglobulin-like fold. EC domains are
connected by hinge regions containing binding sites for the
essential Ca2+ ions.9,10 The effect of the binding of Ca2+ on the
function of cadherins has been previously studied at the
molecular and cellular levels.11−13 Mechanistically, classical
cadherins promote cell−cell adhesion by trans-dimerization of

their EC1 (N-terminal) ectodomains.14,15 The so-called strand-
swap dimer (ss-dimer) represents the stable dimerization
complex of classical E- and N-cadherins. The ss-dimer is
characterized by the exchange of a short N-terminal β-strand
between the dimerizing cadherins. Binding is governed by the
docking of Trp2 of EC1 in a well-defined hydrophobic pocket
of the EC1 domain of the partner cadherin.
Recent evidence indicates that the ss-dimerization of classical

E-cadherin is preceded by an intermediate known as the X-
dimer.14,16−20 The name of this intermediate dimerization state
refers to its singular shape in the crystal form. The X-dimer can
be prepared in a stable form by adding an extra residue at the
N-terminus of the primary sequence of E-cadherin (e.g., a Met
residue), by removing the side chain of residues involved in the
stabilization of the ss-dimer (i.e., W2A or E89A), or in the
presence of a competitive inhibitor of the ss-dimer such as the
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amino acid Trp.14,17,21 The X-dimer has only been observed in
constructs containing at least the first and second EC domains.
At the cellular level, the X-dimer is essential for the smooth
remodeling of cell−cell adhesion junctions dependent on E-
cadherin.22 The X-dimer is also observed in the nonclassical T-
cadherin.23 However, it is currently unclear if other classical
cadherins assemble in the X-dimer conformation or how the X-
dimer contributes to their biological function.
P-cadherin is a member of the classical cadherin family (type

I) expressed in basal epithelia.1,6 Importantly, P-cadherin is
overproduced in pancreatic, breast, gastric, and lung
cancers.24−26 These observations have prompted several
therapeutic strategies seeking to inactivate its adhesive
properties.27−29 Until recently, and unlike other classical
cadherins, P-cadherin had not been closely examined at the
molecular level. In a recent study, we described, for the first
time, the physicochemical properties of the ss-dimer of P-
cadherin.30 In that report, it was shown that Ca2+ greatly
stabilizes P-cadherin, although this ion is not strictly necessary
for ss-dimerization. However, it is not known if human P-
cadherin attains the X-dimer conformation or what the
thermodynamic and structural basis for self-dimerization are.
Herein, we brought together mutational, structural, thermo-

dynamic, and spectroscopic methodologies to identify and
characterize the X-dimer of P-cadherin. The data convincingly
shows that X-dimerization is mediated by specific interactions,
at the residue level, between the two protomers of P-cadherin.
Moreover, the homophilic association of P-cadherin is not
affected by the presence of the highly homologous classical E-
cadherin, suggesting that the X-dimer is involved in the initial
stages of cell−cell adhesion and recognition mediated by
human P-cadherin.

■ EXPERIMENTAL PROCEDURES

Preparation of Protein Constructs. The sequence of
MEC1 and MEC12 comprises residues 1−129 and 1−241 of
the mature human P-cadherin, respectively. Both constructs
contained an additional His6-tag at the C-terminus and a Met
residue at the N-terminus. MEC1 and MEC12 were amplified
by PCR and cloned into a pET28 vector between the NcoI and
XhoI restriction sites. Forward primer 5′-CATGCCAT-
GGATTGGGTGGTTGCTCC-3′ and reverse primer 5′-
CCGCTCGAGCTGCATCACAGAAGTACCTGG-3′ were
used to clone MEC1 from a plasmid encoding the full-length
protein (UniProt Code P22223). For MEC12, the forward
primer was same as above, whereas the reverse primer was 5′-
CCGCTCGAGCCTCTGCACCTCATGGC-3′. Site-directed
mutagenesis was carried out with a Quik-Change kit following
the instructions of the manufacturer. The complete list of
primers is given in Supporting Information Table S1.
The sequence of EC1 (residues 1−129 of the mature human

P-cadherin) was cloned into a Champion pET SUMO vector as
described previously30 using forward primer 5′-GATTGGG-
TGGTTGCTCCAATATC-3′ and reverse primer 5′-CTACT-
GCATCACAGAAGTACCTGG-3′.
The construct of human E-cadherin MEC12 corresponded to

residues 1−240 of the mature protein. It also included a His6-
tag at the C-terminus and a methionine residue at the N-
terminus. MEC12 of E-cadherin was cloned into pET28 using
the forward primer 5′-CATGCCATGGACTGGGTT-
ATTCCGC-3′ and the reverse primer 5′-CCGCTCG-
AGCGTAATCACTACATTGGC-3′.

Protein Expression and Purification. Overexpression of
P-cadherin and E-cadherin (MEC constructs) was carried out
in Escherichia coli Rosetta2 (DE3) cells. E. coli cells were
transformed with expression vector, inoculated in 3 mL of LB
medium containing 50 mg mL−1 of kanamycin and 34 mg mL−1

of chloramphenicol, and grown at 37 °C overnight. Cells were
subsequently transferred to 1 L of fresh LB medium with the
appropriate antibiotics and incubated at 37 °C until the OD at
600 nm reached a value of 0.45. Protein expression was induced
with 0.5 mM IPTG followed by incubation at 20 °C for 18 h.
Cells were harvested by centrifugation at 7000g for 15 min,
resuspended in binding buffer (20 mM Tris-HCl, 300 mM
NaCl, 3 mM CaCl2, and 20 mM imidazole, pH 8.0), and lysed
in an EmulsiFlex C-5 homogenizer (Avestin, Ontario, Canada).
The lysate was centrifuged at 40 000g for 30 min at 4 °C. The
supernatant was loaded onto a Ni-NTA agarose column pre-
equilibrated with binding buffer (Qiagen, Valencia, CA).
MEC12 was eluted using elution buffer (20 mM Tris-HCl,
300 mM NaCl, 3 mM CaCl2, and 300 mM imidazole, pH 8.0).
MEC12 was further purified by size-exclusion chromatography
(SEC) in a Hiload26/60 Superdex-200 column (GE-healthcare,
Piscataway, NJ) at 4 °C. Equilibration buffer contained 10 mM
HEPES, 150 mM NaCl, and 3 mM CaCl2, pH 7.5. The purity
of MEC12 was at least 95%, as judged by SDS-PAGE. All
muteins were purified following this protocol. When necessary,
Ca2+ was removed from the protein samples by dialysis against
Ca2+-depleted buffer containing 1 mM EDTA at 4 °C overnight
followed by a second dialysis in buffer without EDTA at 4 °C
for 6 h (repeated three times).31,32

The constructs EC1 and EC12-K14E of P-cadherin were
purified as described previously.30 The final purification step
was carried out in a Hiload26/60 Superdex-75 column (for
EC1) or a Hiload26/60 Superdex-200 column (for EC12-
K14E). All samples were dialyzed against the appropriate buffer
for 12 h before analysis.

Analytical SEC. Analytical SEC was performed in a
Superose12 10/300 GL column (GE Healthcare, Piscataway,
NJ) at a flow rate of 0.5 mL min−1 at 25 °C. The equilibration
buffer (SEC buffer) contained 10 mM HEPES, 150 mM NaCl,
and 3 mM CaCl2, pH 7.5. In a typical experiment, the protein
was loaded at 50 μM into the column. Elution was monitored
at 280 nm. The effect of the His6-tag on the SEC elution profile
is essentially negligible; the peak maxima with and without
His6-tag appear within 1% of each other (data not shown).

Intrinsic Fluorescence. The intrinsic fluorescence of P-
cadherin was recorded in a F-2500 spectrofluorometer (Hitachi,
Japan) at 25 °C. The protein sample was excited at 295 nm,
and its emission was monitored from 300 to 400 nm. Protein
was prepared at 3 μM in SEC buffer. Each measurement was
performed in triplicate.

Small-Angle X-ray Scattering (SAXS). SAXS was
performed at beamline BL-10C of the Photon Factory
(Tsukuba, Japan). Concentration of MEC12 in a buffer with
Ca2+ was 5.0 to 6.0 mg mL−1. The detailed methodology used
to collect and analyze the data is described in a previous
report.30 The calculation of the SAXS profile of the X-ray
structure of E-cadherin (PDB codes 1FF5 and 1Q1P) and
subsequent fitting to the experimental SAXS profile of P-
cadherin were carried out with the program FOXS of the
CHIMERA suite.33

Isothermal Titration Calorimetry (ITC). The binding of
Ca2+ to P-cadherin was examined in an iTC200 instrument (GE
Healthcare). In a typical experiment, the cell of the calorimeter
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was filled with Ca2+-depleted protein (70 μM) in a buffer
composed of 10 mM HEPES and 150 mM NaCl, pH 7.5.
Protein was titrated with a solution containing 4.2 mM Ca2+ at
20 °C every 600 s at 1000 rpm. Data was analyzed with
ORIGIN7 software using a one-site binding model.34

Differential Scanning Calorimetry (DSC). The thermal
stability of P-cadherin was determined by calorimetry in a VP-
DSC autosampler instrument (GE Healthcare). The cell was
heated from 10 to 120 °C at a rate of 1 °C min−1. The
concentration of protein was 100 μM in SEC buffer. When
necessary, the Ca2+ was removed from the protein samples
prior to the experiment, as described above. Data analysis was
carried out with the program ORIGIN7 using a two-state
model.
Cross-Reactivity Assay. To evaluate the specificity of the

X-dimer of P-cadherin, we mixed monomeric P-cadherin
MEC12 and monomeric E-cadherin MEC12 monomer at 50
μM. The monomeric species were obtained by dialysis of the
purified proteins in the presence of 1 mM EDTA. The mixture
of P- and E-cadherin was subjected to a dialysis in a Ca2+-free
buffer (SEC buffer) at 4 °C overnight. To initiate the X-
dimerization, the mixture was subjected to a dialysis in a buffer

containing 3 mM Ca2+ at 4 °C overnight. The sample was
examined by analytical SEC, as described above. Control
experiments with each cadherin separately were performed
under the same experimental conditions. The identity of the
eluted fractions was examined by western blotting using specific
antibodies against human P- or E-cadherin (BD Bioscience,
Oxford, UK).

Field Flow Fractionation−Multiangle Light Scattering
(FFF−MALS). The molecular weight of the proteins was
determined with a Wyatt Eclipse instrument (Wyatt Technol-
ogy, Santa Barbara, CA). Details are described elsewhere.30,35,36

The molecular mass of the monomeric samples (MEC1 and
MEC12-K14E) was determined at a concentration greater than
that of the corresponding dimeric species (EC1, MEC12, and
EC12). The protein concentration of each sample is given in
Table 1. After a preliminary focusing step, the cross-flow
decreased linearly from 3 to 0 mL min−1 in 15 min. The flow of
the channel was kept at a constant rate of 1 mL min−1.

■ RESULTS

Identification of X-Dimer of P-Cadherin. It was
previously reported that the extension of the N-terminus of

Table 1. Molecular Weight of Constructs of P-Cadherin Determined by FFF−MALS

protein MWconstruct (kDa) MWmeasured (kDa) oligomerization state concentration (mM)

MEC1 15.3 19.9 ± 0.6 monomer 0.63
EC1 14.2 36.3 ± 0.7 dimer 0.35
MEC12 27.6 46.6 ± 0.2 dimer 0.18
EC12 26.4 42.7 ± 0.3 dimer 0.22
MEC12-K14E 27.6 27.3 ± 0.1 monomer 0.26

Figure 1. Dimerization of P-cadherin. The equilibrium monomer/dimer of P-cadherin was analyzed by SEC and intrinsic fluorescence. (A)
Normalized elution profiles of samples containing only the first ectodomain of P-cadherin (EC1 or MEC1). (B) Intrinsic fluorescence of MEC1
(solid) and EC1 (dashed). The values of λmax are indicated. (C) Schematic models of MEC1 and EC1 based on the experimental data. The yellow
triangle and the blue circle represent Trp2 and the additional Met residue at the N-terminus of MEC1, respectively. (D) Normalized SEC profiles
and (E) intrinsic fluorescence of P-cadherin comprising the first two extracellular domains. (F) Schematic models of dimerization complexes. The
yellow circles represent Ca2+ ions.
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E-cadherin with a Met residue generates the X-dimer.14,17−19,21

We first evaluated the effect of the additional Met residue on
the dimerization of the first EC domain of P-cadherin by SEC,
fluorescence spectroscopy (Figure 1A−C), and FFF−MALS
(Table 1). The SEC elution profile of wild-type MEC1 (the
letter M in MEC indicates methionine) is shifted ∼1.1 mL with
respect to that of EC1, suggesting large differences between the
hydrodynamic size of each construct. This observation is
consistent with a dimeric species of EC1 and a noninteracting
monomer of MEC1.37 This interpretation was verified by FFF−
MALS (Table 1). In addition, the wavelength at the emission
maximum (λmax) of EC1 decreases 5 nm compared to that of
MEC1 (blue shift; Figure 1B), indicating that the key residue
Trp2 of EC1 moves to a more hydrophobic environment like
that in the ss-dimer (Figure 1C).37−40 We note that the changes
of the fluorescence spectra are unlikely to arise from the second
tryptophan of P-cadherin (Trp59) because this residue is not
located at the interface of either the ss-dimer or the X-dimer in
the family of classical cadherins.14,17 This experiment
demonstrates that the additional Met residue at the N-terminus
compromises the normal ss-dimerization of P-cadherin, in
agreement with previous studies using E-cadherin.17,41

We next examined the two-domain constructs EC12 and
MEC12 to evaluate the X-dimerization potential of P-cadherin
specifically. These constructs were subjected to SEC (Figure
1D). The position of the chromatographic peaks suggests that
MEC12 is a homodimer, although it is more compact than that
of the ss-dimer of EC12. The dimeric state of MEC12 was
corroborated by FFF−MALS (Table 1 and Supporting
Information Figure S1). The effect of the protein concentration
on the dimerization of MEC12 was also evaluated at 100 and
10 μM. The elution profile of both samples displays a single
peak corresponding to the position of the dimer (Supporting
Information Figure S2). This observation suggests that the X-
dimer of P-cadherin MEC12 is more durable (higher affinity)

than that of other homologous cadherins.36,42 Moreover,
compared with MEC1 (Figure 1B), the value of λmax of
MEC12 decreases (blue shift) and the intensity of the
fluorescence band increases (Figure 1E), similar to what was
observed with EC12. These data indicates that the Trp2 of
MEC12 is located in a more hydrophobic environment (i.e.,
shielded from the solvent), as schematically indicated in Figure
1F.
Small-angle X-ray scattering (SAXS) was employed to

corroborate the dimeric nature of the MEC12 dimer in
solution (Figure 2A). The experimental SAXS profile and the
theoretical SAXS profile of the X-dimer are nearly indistin-
guishable (in the absence of crystallographic data for P-
cadherin, the calculated profile was obtained from the
homologous E-cadherin, PDB code 1FF5). In contrast, the
profile calculated from the crystallographic monomer of E-
cadherin (PDB code 1Q1P) correlates poorly with the
experimental profile. The SAXS profile of the ss-dimer was
calculated using the crystal structure of human E-cadherin
(PDB code 2O72) as surrogate (Supporting Information Figure
S3). The profile of the ss-dimer also fits the experimental curve
of MEC12, reflecting likely similarities between the three-
dimensional structures of the dimers. From the comparison
between experimental and calculated SAXS profiles, we
conclude that MEC12 adopts a dimeric conformation in
solution, as suggested in the SEC experiments earlier.
Site-directed mutagenesis was employed to reveal the nature

of the MEC12 dimer. Muteins MEC12-K14E and MEC12-
Q101L were prepared to validate the identity of the X-dimer.
These two mutations, designed from a homology model built
from E-cadherin, abrogate key stabilizing noncovalent forces
present in the X-dimer but not in the ss-dimer (Supporting
Information Figure S4).14,22 Mutein EC12-K14E was employed
as a negative control because the K14E mutation does not affect
the equilibrium form of ss-dimer.14,22 The three muteins were

Figure 2. Identification of the X-dimer. (A) Experimental SAXS profile of MEC12 (black) and fitting of the predicted profile of the X-dimer (PDB
code 1FF5, orange) and the monomer (PDB code 2O72, blue) of the highly homologous E-cadherin. The theoretical profile was calculated with the
program FOXS.33 (B) SEC profiles of MEC12 and muteins MEC12-K14E, MEC12-Q101L, and EC12-K14E. (C) Intrinsic fluorescence of MEC12
(black), mutein MEC12-K14E (red), and mutein MEC12-Q101L (blue). The excitation wavelength was set at 295 nm. The values of λmax are
indicated.
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examined by SEC and fluorescence spectroscopy (Figure
2B,C). Whereas the SEC profile of EC12-K14E remains
virtually unchanged with respect to the wild-type protein
(compare it with that in Figure 1D), the elution peaks of

muteins MEC12-K14E and MEC12-Q101L shifted to a higher
elution volume like that of the monomeric form. The value of
λmax determined for both muteins of MEC12 is 4 nm greater
(red shift) than that of MEC12, indicating that Trp2 moves to a

Figure 3. Effect of Ca2+ on the dimerization of P-cadherin. (A) SEC and (B) intrinsic fluorescence of MEC12 in the presence (solid line) or absence
(dotted line) of Ca2+. The concentration of Ca2+ was adjusted at 3 mM in the experiments in which the divalent cation was present.

Figure 4. Evaluation of the Ca2+ binding sites. (A) Structure of the first two ectodomains of the highly homologous E-cadherin (PDB code 1Q1P).
This structure was used as the basis for designing muteins of P-cadherin that targeted the Ca2+ binding sites. The black solid spheres depict Ca2+.
Only the mutated residues are indicated. (B) SEC profiles of MEC12 and muteins in the presence of 3 mM Ca2+. (C) Values of λmax obtained for
MEC12 and muteins in the presence of 3 mM Ca2+. The number above each bar indicates the value of λmax.

Figure 5. Thermodynamic analysis of the binding of Ca2+ to MEC12. (A) Titration of MEC12 (70 μM) with 4.2 mM Ca2+. The top panel shows the
titration kinetics, whereas the bottom panel represents the binding isotherm. Data analysis was performed with the program ORIGIN7. (B) Thermal
stability of MEC12 in the presence and absence of Ca2+ (3 mM). The solid line and the dotted line represent the excess heat capacity of P-cadherin
in the presence and absence of Ca2+, respectively.
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solvent-exposed region of the monomer upon mutation of
these two key residues necessary for X-dimerization.40

Moreover, the molecular weight of mutein MEC12-K14E in
solution (determined by FFF−MALS) corresponds to that of
the monomer (27 kDa, Table 1). Overall, we present
compelling evidence about the existence of the X-dimer in
human P-cadherin.
Ca2+ Is Essential for X-Dimerization. Binding of Ca2+ is

an essential characteristic for the adhesive properties of
cadherins.12−14 Indeed, dimerization of MEC12 is not observed
in the absence of Ca2+ (Figure 3). Both the SEC profile (Figure
3A) and the intrinsic fluorescence signal (Figure 3B) of Ca2+-
depleted MEC12 are virtually indistinguishable from the
monomeric protein (also see Figure 2).
To investigate the role of Ca2+ in detail, key residues of the

conserved Ca2+ binding sites of P-cadherin were mutated using
the structure of E-cadherin as a guide.10,13 SEC and intrinsic
fluorescence were employed to examine the oligomeric state of
five single mutations of MEC12 (E11A, E69A, D100A, D136N,
and N12A) (Figure 4). All of the purified muteins except
MEC12-N12A appear at high elution volumes in the SEC
chromatogram (Figure 4B). In addition, the value of λmax
increases by 4 nm (red shift), and the fluorescence intensity
decreases (Figure 4C and Supporting Information Figure S5).
All of these observations are consistent with the predominance
of monomeric species as shown above. In contrast, the
mutation N12A does not abrogate dimerization, suggesting
that negatively charged residues (Asp and Glu) play a more
important role in the binding of Ca2+.11−13,43

The thermodynamic basis of the binding of Ca2+ to MEC12
was examined by ITC (Figure 5A). The exothermic heat was
integrated and fitted to a simple binding isotherm (Table
2).30,44 Three Ca2+ ions (n = 2.9 ± 0.1) associate to one
molecule of MEC12 with relatively low affinity (dissociation
constant Kd = 8.7 ± 0.7 μM), a value comparable to that
previously observed in other members of the cadherin family
using other analytical techniques.13,43 The binding reaction is
driven by favorable changes of enthalpy (ΔH° = −5.5 ± 0.1
kcal mol−1) and entropy (−TΔS° = −1.3 kcal mol−1). The
value and sign of the thermodynamic parameters suggest that
Ca2+ ions induce reorganization of the solvent and generate
noncovalent interactions such as hydrogen bonds and van der
Waals contacts.45,46

To understand the effect of Ca2+ on the structural stability of
MEC12, we employed differential scanning calorimetry (DSC).
The heat-denaturation curves of MEC12 in the presence and
absence of Ca2+ are shown in Figure 5B. The heat-denaturation
transition of the Ca2+-depleted protein occurs at physiological
temperature (Tm = 35 ± 0.1 °C) and entails a relatively small
value of unfolding energy (ΔHDSC = 59.1 ± 1.9 kcal mol−1). In
contrast, the thermal stability of MEC12 with Ca2+ bound is
significantly higher: The transition peak is centered at higher

temperature (Tm = 56.1 ± 0.1 °C, ΔTm = 21 ± 0.2 °C) and
gives rise to a larger value of unfolding energy (ΔHDSC = 158 ±
0.9 kcal mol−1, ΔΔHDSC = 99 ± 3 kcal mol−1) (Table 3). These
results clearly indicate that Ca2+ stabilizes P-cadherin, probably
by rigidifying the protein, as observed in other cadherins.10,13

Thermodynamic Scrutiny of Muteins. We have shown
earlier that site-directed mutagenesis inhibits the X-dimeriza-
tion of P-cadherin by two different mechanism depending on
the nature of the mutation: (i) abrogating the binding of Ca2+

(mutations E11A, E69A, D100A, and D136N) or (ii) disabling
key protein−protein interactions (mutations K14E and
Q101L). We investigated the impact of these mutations on
the thermodynamic parameters of MEC12 using ITC and DSC
(Figure 6).
Binding of Ca2+ to muteins MEC12-D100A or MEC12-

D136N was not detected by ITC (Supporting Information
Figure S6). In contrast to the method used by Courjean et al. to
study E-cadherin (ESI-MS),43 ITC cannot detect the binding of
each individual Ca2+ ion using our simple approach. However,
on the basis of the assumption that neither Asp100 nor Asp136
interact simultaneously with all three Ca2+ ions, the detrimental
effect upon mutation (muteins D100A or D136N) for all Ca2+

binding sites suggests that binding of Ca2+ to P-cadherin
displays a high degree of cooperativity.
Titration of the second set of muteins, MEC12-K14E and

MEC12-Q101L, with Ca2+ produces a robust exothermic signal
(Figure 6A,B, Table 2, and Supporting Information Figure S6).
The values of Kd for muteins MEC12-K14E and MEC12-
Q101L were 17 ± 1.4 and 16 ± 1.3 μM, respectively. Similar
values have been reported for N- and E-cadherin.13,43

Intriguingly, an additional Ca2+ ion binds to the MEC12
muteins compared to the MEC12 parent construct. The exact
location of the additional Ca2+ binding site will need to be
investigated further with high-resolution structural techniques.
Similar to MEC12, the driving force of binding arises from
favorable changes of entropy and enthalpy. The relative impact
of each thermodynamic component (ΔH° or −TΔS°) in the
free energy (ΔG°) is different from that of MEC12. The
enthalpic component of MEC12 (evaluated from the ratio
ΔH°/ΔG°) is twice as large as that of MEC12-K14E or
MEC12-Q101L, whereas the entropic component (ratio

Table 2. Ca2+-Binding Parameters Obtained by ITC

protein n Kd (μM) ΔH° (kcal mol−1) −TΔS° (kcal mol−1)a ΔH°/ΔG° (%)

MEC12 X-dimer 2.9 ± 0.1 8.7 ± 0.7 −5.5 ± 0.1 −1.3 81
MEC12-K14E monomer 4.1 ± 0.1 17 ± 1.4 −2.8 ± 0.1 −3.6 44
MEC12-Q101L monomer 3.7 ± 0.1 16 ± 1.3 −3.2 ± 0.1 −3.3 49
MEC12-D100A monomer N.D.b

MEC12-D136N monomer N.D.b

EC12 ss-dimer 2.7 ± 0.1 23 ± 1.5 −2.6 ± 0.1 −3.6 42
aThe entropic term (−TΔS°) was calculated from the equation ΔG° = ΔH° − TΔS°. bN.D., binding not detected.

Table 3. Effect of Ca2+ on the Thermal Stability of P-
Cadherin MEC12

calcium Tm (°C) ΔHDSC (kcal mol−1)

(+) 56.1 ± 0.1 158 ± 0.9
(−) 35.1 ± 0.1 59 ± 1.9
differencea 21 ± 0.2 99 ± 2.8

aThe difference was calculated with respect to the Ca2+-depleted
sample.
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−TΔS°/ΔG°) only represents about one-third of the entropic
contribution determined for the two muteins (Figure 6B and
Table 2). Because the monomeric muteins do not form the X-
dimer, the energetic differences with respect to MEC12 suggest
that X-dimerization (i.e., Ca2+-bound monomer → X-dimer) is
driven by a favorable change of enthalpy (i.e., by favorable
noncovalent interactions).
The thermal stability of the muteins was evaluated by DSC in

the presence of Ca2+ (Figure 6C,D and Supporting Information
Figure S7). The values of the thermodynamic parameters Tm

and ΔHDSC are given in Table 4. We distinguished between two
groups of mutations based on their thermal stability. The first
group comprises muteins MEC12-K14E and MEC12-Q101L
(both bind Ca2+ but do not dimerize). These two mutations
induce a modest destabilization of the protein with respect to
MEC12 (ΔTm ∼ −4 °C, ΔΔHDSC ∼ −30 kcal mol−1). In

contrast, a second group of muteins (mutations E11A, E69A,
D100A, and D136N) that do not bind Ca2+ displayed much
diminished stability with respect to MEC12 (ΔTm ∼ −17 to
−19 °C, ΔΔHDSC ∼ −68 to −93 kcal mol−1). The data
demonstrate that (i) both binding of Ca2+ and dimerization
stabilize P-cadherin and (ii) the stabilization effect is more
pronounced in the first step (i.e., the binding of Ca2+ to the
monomer is the key event in the stabilization of human P-
cadherin). In addition, the DSC data reinforce the conclusion
that X-dimerization is driven by favorable changes of enthalpy,
as suggested in the ITC analysis.

X-Dimerization Is Cadherin-Specific. The selectivity of
the X-dimerization of human P-cadherin was investigated in the
presence of the highly homologous human E-cadherin (Figure
7). To evaluate their cross-reactivity, the MEC12 construct of
each cadherin was purified to homogeneity followed by

Figure 6. Thermodynamic analysis of the binding of Ca2+ to muteins of MEC12. (A) Binding of Ca2+ to muteins of MEC12 was examined by ITC.
The top panel shows the titration kinetics of a representative example (MEC12-K14E), whereas the bottom panel represents its binding isotherm.
Data analysis was performed with the program ORIGIN7. (B) Parameters of binding of Ca2+ to human P-cadherin (MEC12 and muteins). The
white, gray, and black bars represent ΔG°, ΔH°, and −TΔS°, respectively. The vertical arrows highlight the increase or decrease of the energetic
contributions with respect to the muteins. (C) Thermal stability of MEC12 (in the presence of Ca2+) was examined by DSC. Data analysis was
performed with the program ORIGIN7 using a two-state model. Representative data for MEC12, MEC12-K14E, and MEC12-D136N is shown. (D)
Thermal stability of MEC12 and muteins (in the presence of 3 mM Ca2+) examined by DSC. The values of ΔTm and ΔΔHDSC were calculated with
respect to MEC12. The white and gray bars represent ΔTm and ΔΔHDSC, respectively.

Table 4. Thermal Stability of Muteins of MEC12

protein Tm (°C) ΔHDSC (kcal mol−1) ΔTm (°C) ΔΔHDSC (kcal mol−1)a

MEC12 56.1 ± 0.1 158 ± 0.9
MEC12-K14E 52.5 ± 0.1 122 ± 0.8 −3.6 ± 0.2 −36 ± 1.7
MEC12-Q101L 52.1 ± 0.1 124 ± 0.6 −4.0 ± 0.2 −34 ± 1.5
MEC12-E11A 39.3 ± 0.2 76.2 ± 1.9 −17 ± 0.3 −82 ± 2.8
MEC12-E69A 38.9 ± 0.1 69.5 ± 1.4 −17 ± 0.2 −89 ± 2.3
MEC12-D100A 39.2 ± 0.1 89.8 ± 0.9 −17 ± 0.2 −68 ± 1.8
MEC12-D136N 37.4 ± 0.1 65.4 ± 1.3 −19 ± 0.2 −93 ± 2.2

aΔTm and ΔΔHDSC were calculated with respect to MEC12.
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extensive treatment with EDTA to remove any residual Ca2+.
Proper folding of E-cadherin in the presence and absence of
Ca2+ was confirmed by DSC (Supporting Information Figure
S8). The cadherins were subsequently mixed while in the
monomer state, dialyzed in the presence of 3 mM Ca2+, and
analyzed by SEC and western blot (Figure 7A). A control
experiment using the individual proteins (not mixed) indicates
that each cadherin appears in different elution peaks despite
their similar sequence (>60% identity, Figure 7B,C). The
elution peak of P-cadherin corresponds to the X-dimer, whereas
that of E-cadherin appears at an intermediate position between
the X-dimer and the monomer (Figure 7B). The separation
between their elution peaks probably reflects differences of
affinity between each homodimer.36,42 In the experiment using
the equimolar mixture of P-cadherin and E-cadherin, we
observed two peaks at exactly the same positions as in the

control experiments. The western blots reveal that the identity
of each peak is maintained with respect to the control
experiment, indicating minimal cross-reactivity between the
otherwise highly homologous cadherins.

■ DISCUSSION

The basic tenet of cell adhesion mediated by cadherins is based
on the trans-dimerization of apposing cadherins to form the so-
called ss-dimer.14,47 Recently, a second class of dimer, the X-
dimer, has been identified and proposed as a key intermediate
preceding the ss-dimer.14,17−19,21 Until now, the X-dimer has
been reported only for E-cadherin among the group I of
classical cadherins.9,14,22 It was unclear whether the X-dimer is a
unique feature of E-cadherin or a characteristic shared among
other members of the classical I cadherin family. Herein, we

Figure 7. Specificity of the X-dimerization of human P-cadherin. (A) Experimental scheme to evaluate the cross-reactivity between P-cadherin and E-
cadherin. The X-dimerization is initiated by addition of Ca2+ (second incubation). Proteins were incubated for 12 h in each step. (B) Upper
chromatogram corresponds to the SEC profile of the mixture of P-cadherin and E-cadherin. Fractions were analyzed by western blot using specific
antibodies against human P-cadherin or E-cadherin. The bottom chromatograms correspond to the SEC profiles of each cadherin assayed separately.
The arrow indicates the position of the elution peak of the monomer of P-cadherin (MEC12-K14E). (C) Sequence alignment of the first two EC
domains of human P-cadherin and E-cadherin using the T-coffee algorithm as implemented in the program Jalview.53 The boxes indicate the residues
participating in the interaction surface of the X-dimer as predicted from the crystal structure of E-cadherin (PDB code 1FF5).

Figure 8. Mechanism of X-dimerization and model of homophilic adhesion. (A) X-dimerization of P-cadherin requires at least two sequential steps.
First, the monomer is stabilized upon binding of three Ca2+ ions. Second, the stabilized monomer associates to form the specific and homophilic X-
dimer. We found no significant evidence of cross-reactivity with the highly similar E-cadherin (Figure 7). (B) Cells expressing different types of
cadherin aggregate in a homophilic manner.49,50 Orange and green circles represent cells expressing E-cadherin and P-cadherin, respectively.
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have elucidated the thermodynamic principle of the X-
dimerization of human P-cadherin, and on the basis of these
results, we have proposed a key role of the X-dimer in cell−cell
adhesion.
We demonstrate that P-cadherin dimerizes in the X-

conformation from multiple experimental approaches such as
SAXS, SEC, fluorescence, calorimetry, and site-directed muta-
genesis (Figures 1, 2, and 6). From the extensive data reported,
we conclude that the overall architecture of the X-dimer and
some protein−protein interaction hot spots are well-conserved
between P-cadherin and E-cadherin.14,16,17,23 Likewise, Ca2+ is
essential for the formation of the X-dimer in both
cadherins.10,14,23 These findings reveal that the X-dimer is not
limited to E-cadherin among the type I classical cadherins.
According to our data, the X-dimerization of P-cadherin is

explained by two sequential (stepwise) processes, as schemati-
cally shown in Figure 8A. First, Ca2+ binds to the monomeric
cadherin, a process governed by favorable changes of enthalpy
and entropy, resulting in its thermal stabilization. Second, the
stabilized monomers associate in the X-dimer conformation.
The second step is driven by a favorable change of enthalpy but
is opposed by a loss of entropy (reflecting the configurational
entropy loss incurred upon dimerization). Biological inter-
actions involving a favorable change of enthalpy generally
indicate the establishment of specific noncovalent interactions
such as hydrogen bonds and van der Waals contacts.45,46,48

Indeed, the interaction surface of the X-dimer of the highly
homologous E-cadherin establishes numerous hydrogen bonds
and salt bridges between the protomers, such as between Lys14
and Gln140, Gln101 and Asp100, or Arg105 and Glu199.14

These residues are well-conserved in P-cadherin (Figure 7C),
and their mutation (K14E and Q101L) abolishes formation of
the X-dimer (Figure 2B).
Although the characteristics of the X-dimer of P-cadherin are

very similar to those of E-cadherin, such as overall structure
(Figure 2A), interaction interface (Figure 2B,C), and Ca2+

binding ability (Figure 4), the affinity of P-cadherin X-dimer
appears to be higher than that of E-cadherin and their cross-
reactivity is very limited (Figure 7). From the favorable change
of enthalpy of X-dimerization estimated by ITC (ΔH° ∼ −3
kcal mol−1), we suggest the existence of key noncovalent
interactions in the X-dimer of P-cadherin not present in the X-
dimer of E-cadherin.45,46,48 We propose that a unique set of
interactions present in the X-dimer of P-cadherin (but not in E-
cadherin) contribute decisively toward its higher self-affinity
and self-specificity. The distinct pattern of interactions results
from differences at the primary sequence level and/or discrete
changes in the three-dimensional structure and protein
dynamics. A more definitive answer must wait for a
comprehensive structural analysis by X-ray crystallography or
other high-resolution structural techniques.
The high selectivity observed during the X-dimerization of P-

cadherin has important biological implications for the under-
standing of cell sorting and tissue build-up because this key
intermediate influences the formation of the long-lived ss-
dimer.14,17−19,21 Previous studies have demonstrated the lack of
cross-reactivity between P-cadherin and E-cadherin at the
cellular level, although at that time it was not known about the
existence of the X-dimer.49,50 Herein, we have demonstrated
that cadherin-selectivity takes place at the X-dimer stage.
According to several studies, the specificity of cadherins

depends on small differences in their expression levels and
binding affinities.51,52 Our results have revealed one more

process governing the dimerization specificity between P-
cadherin and other classical cadherins. Because the X-
dimerization occurs before ss-dimerization, we propose that
the X-dimer could act as the first checkpoint for cadherin-
dependent cell sorting and segregation (Figure 8B). A careful
and rigorous evaluation of this model in a biological context will
be required to validate the implications of our findings for cell−
cell adhesion.

■ CONCLUSIONS
In this study, we identified and characterized for the first time
the X-dimer of the human adhesive protein P-cadherin.
Dimerization is preceded by the binding of Ca2+ to monomeric
P-cadherin, a necessary step that stabilizes the protein. In
addition, the dimerization involves specific interactions at the
residue level (favorable enthalpy) coupled with advantageous
changes in the dynamics of the protein and solvent (favorable
entropy). Importantly, human P-cadherin shows little cross-
reactivity with the highly homologous E-cadherin. The high
specificity may reflect unique interactions at the residue level on
the dimerization interface.
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