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Abstract: In spite of structural similarities Epithelial- (E-) and Neural- (N-) cadherins are expressed
at two types of synapses and differ significantly in dimer disassembly kinetics. Recent studies

suggested that the formation of an X-dimer intermediate in E-cadherin is the key requirement for

rapid disassembly of the adhesive dimer (Harrison et al., Nat Struct Mol Biol 2010;17:348–357 and
Hong et al., J Cell Biol 2011;192:1073–1083). The X-interface in E-cadherin involves three

noncovalent interactions, none of which is conserved in N-cadherin. Dimer disassembly is slow at

low calcium concentration in N-cadherin, which may be due to the differences in the X-interface
residues. To investigate the origin of the slow disassembly kinetics we introduced three point

mutations into N-cadherin to provide the opportunity for the formation of X-interface interactions.

Spectroscopic studies showed that the triple mutation did not affect the stability or the calcium-
binding affinity of the X-enabled N-cadherin mutant. Analytical size exclusion chromatography was

used to assay for the effect of the mutation on the rate of dimer disassembly. Contrary to our

expectation, the disassembly of dimers of the X-enabled N-cadherin mutant was as slow as seen
for wild-type N-cadherin in the apo-state. Thus, the differences in the X-interface residues are not

the origin of slow disassembly kinetics of N-cadherin in the apo-state.
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Introduction

An active search is underway for a unifying molecu-

lar code that dictates the stability and dynamics of

adherens junctions. This is a compelling physiologi-

cal question that has its origins in the noncovalent

interactions between the cadherin protein compo-

nents of adherens junctions.1 Cadherins are trans-

membrane cell–cell adhesion proteins that require

calcium for their adhesive function.2–6 The extracel-

lular region of classical cadherins has five modular

domains (EC1-5). Three calcium ions bind at the

interface between these domains.7,8 The adhesive

structure is widely believed to be a strand-crossover

between bA-strands from EC1 domains of adhesive

partners. They mediate dynamic adhesive processes

during embryogenesis, tissue morphogenesis,9,10 cell

differentiation,11 and reorganization of adult soft tis-

sues.12 Abnormal cadherin expression, molecular

defects in cadherin function and mutations in cal-

cium-binding sites are associated with metastatic

cancers.13–15

The two most well studied members of the clas-

sical cadherin family are neural- (N-) and epithelial-

(E-) cadherin, which show 81% sequence identity

or similarity [Fig. 1(A)].16 While both N- and
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E-cadherin form adhesive dimer through a strand-

crossover interface,18 they differ significantly in dis-

assembly kinetics in vitro19–22 and in vivo.23 At high

calcium concentrations the disassembly kinetics of

both E- and N-cadherin dimers are fast. However, at

low calcium concentrations the disassembly kinetics

differ significantly; while E-cadherin dissociates rap-

idly, N-cadherin forms a kinetically trapped dimer.19

This kinetically trapped dimer of N-cadherin may

form at excitatory synapses24–27 where there are

large fluctuations in extracellular calcium.28

What are the molecular components that dictate

the assembly and disassembly in classical cadherins?

Recent studies of E-cadherin proposed that a tran-

sient, low affinity dimeric structure termed the X-

dimer is the reason for its fast disassembly.29,30 The

key noncovalent interactions at the X-interface in

E-cadherin are not conserved in N-cadherin [Fig.

1(A)]. Are the observed kinetic differences between

the N- and E-cadherin dimers in the apo-state due

to differences in the X-interface residues?

X-dimer is formed between EC1-EC2 of adhesive

partners via intermolecular hydrogen bond and ionic

interactions.29 Figure 1 shows the aligned sequences

of E- and N-cadherin. The residues involved in the

X-interface in E-cadherin are highlighted, along

with the corresponding residues in N-cadherin. Spe-

cifically, X-interface interactions in E-cadherin

include intermolecular ionic interactions between

the side chains of K14 and D138, and between the

side chains of R105 and E199. In addition, the side

chain of Q101 participates in intermolecular hydro-

gen bond interactions with side chains of both N143

and D100. These interactions are illustrated sche-

matically in Figures 1(B,C). Out of the seven amino

acids, which participate in the X-interface interac-

tions in E-cadherin, three are not conserved in N-

cadherin [Fig. 1(D)]. As such, neither of the ionic

interactions nor the hydrogen bonding interactions

with Q101 are conserved in N-cadherin.

Recent studies have shown the importance of

the X-interface in the disassembly kinetics of E-cad-

herin. Harrison et al. studied the kinetics of disas-

sembly of two mutants (K14E and K14S) of E-cad-

herin that targeted one of the four X-interface

interactions.29 Through sedimentation velocity, sur-

face plasmon resonance, and crystallographic studies

they found that the mutations decreased the rate of

association and dissociation of the strand-crossover

dimer. From these data they inferred that X-dimer

formation in E-cadherin is an intermediate step in

the assembly and disassembly of a strand-crossover

Figure 1. Comparison of X-interface amino acids in E- and N-cadherin. (A) Sequence comparison of E- and N-cadherin. The

amino acid sequence of E-cadherin (top) and N-cadherin (bottom) are aligned.16 Identical residues (:) and similar residues (.) are

indicated. Amino acids at the X-interface in E-cadherin are color highlighted (K14 to D138-blue, Q101 to D100 and N143- gray,

R105 to E199- red). At least one amino acid (black) in each of the four X-interface interactions is not conserved in N-cadherin.

(B) Schematic depicting the interactions at the X-interface between two protomers in E-cadherin. Ribbon drawing shows the

first two domains of E-cadherin from 1FF5.pdb.17 The four intermolecular ionic interactions between EC1-EC2 of adhesive

partners include ionic interactions between K14 and D138 (blue) and between R105 and E199 (red), and hydrogen bonds to

N143 and D100 from Q101 (black). Calcium is shown (yellow). (C) X-interface interactions in E-cadherin. (D) Nonconserved X-

interface amino acids in N-cadherin.
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dimer.29 Later Hong et al. studied two X-interface

mutants (K14E and Q101A/N143A) of E-cadherin

using photoactivation and coimmunoprecipitation

assays. These studies showed that the assembly of

E-cadherin is independent of the X-interface, but

disassembly occurs via the X-dimer intermediate.30

Hence, E-cadherin assembles and disassembles junc-

tions through different pathways.

Previous studies from our group have noted dif-

ferences in the kinetics of disassembly for NCAD12

and ECAD12, constructs containing only EC1 and

EC2. A schematic of experimentally observable

monomeric and dimeric species for E- and N-cad-

herin is shown in Figure 2. In the apo-state the pro-

teins were monomeric, Mapo. Addition of calcium to

Mapo forms Msat leading to formation of the strand-

crossover adhesive dimer, Dsat. The kinetics of the

equilibrium between Msat and Dsat are fast in the

presence of calcium for both proteins. We also

observed a dimeric species that is unique to N-cad-

herin which is formed upon depletion of calcium

from Dsat and is kinetically trapped (D�
apo; Fig. 2).

The D�
apo form does not exist for E-cadherin.

E- and N-cadherin have specific physiological

niches. They are segregated at synapses in the

brain. N-cadherin is considered a ‘‘synaptic tag’’ for

actively stimulated excitatory synapses31 that are

known to undergo large fluxes in extracellular cal-

cium concentration.28 At an inhibitory synapse

where E-cadherin is located, the concentration of

calcium is relatively constant. On the basis of their

different physiological niches, we might expect that

the calcium-dependence of dimer formation or disas-

sembly for E-and N-cadherin would be different.

Does the lack of an X-interface influence the forma-

tion or disassembly of the kinetically trapped dimer

that is unique to N-cadherin, D�
apo?

To investigate the link between slow disassem-

bly kinetics in the apo-state and X-interface we cre-

ated a triple mutant of N-cadherin (M101Q/P138D/

N198E) which has all of the components to form the

X-interface (X-enabled NCAD12). Sequence align-

ment of ECAD12 and NCAD12 showed that the

D138, Q101, and E199 in E-cadherin are replaced by

P138, M101, and N198, respectively, in N-cadherin

[Fig. 1(A)]. We expected that the mutant protein

would show fast disassembly kinetics in the apo-

state like wild-type E-cadherin, since both have an

X-interface. Analytical SEC studies were performed

on both wild-type and X-enabled NCAD12 to exam-

ine the disassembly kinetics. In summary, our stud-

ies show that the slow disassembly kinetics in the

Figure 2. The linkage between different dimeric forms in

ECAD12 and NCAD12. Model showing the linked equilibria

for wild-type and an X-interface mutant29,30 of ECAD12 and

wild-type NCAD12 where Mapo is the calcium-free

monomer, Msat is the calcium-saturated monomer, and Dsat

is the calcium-saturated dimer, which is the strand-

crossover adhesive dimer. D�
apo, which is kinetically

trapped, is unique to N-cadherin and is formed from

decalcification of Dsat.
19

Figure 3. Thermal-unfolding of wild-type and X-enabled

NCAD12 at 230 nm. The raw CD signal versus the probe

temperature is represented for wild-type (black) and X-

enabled NCAD12 (red) in (A) the apo-state (D) and (B) the

calcium saturated state (~). (C) Normalized data from the

first transition for the apo and calcium-bound states are

plotted versus temperature. The solid lines are simulated

based on parameters resolved from fits to the Gibbs–

Helmholtz equation.
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apo-state in wild-type N-cadherin does not originate

from the differences in the X-interface residues.

Results
To study the connection between slow disassembly

kinetics and the nonconserved X-interface we cre-

ated a mutant N-cadherin with residues required for

all four X-interface interactions. Spectroscopic stud-

ies were performed to monitor the calcium-binding

properties and the stability of this construct. We per-

formed analytical SEC experiments to observe the

disassembly kinetics of different dimeric forms, Dsat

and D�
apo, for wild-type and X-enabled NCAD12.

Thermal-unfolding studies
Thermal-unfolding studies were performed to assess

whether the mutations had an effect on the struc-

ture and stability of the protein. The CD signal at

230 nm from thermal-denaturation experiments was

plotted as a function of temperature in the apo [Fig.

3(A)] and the calcium-saturated [1 mM; Fig. 3(B)]

states. Two transitions were observed for wild-type

and X-enabled NCAD12 in both calcium conditions.

The first and second transition data from wild-type

and X-enabled NCAD12 [Fig. 3(A)] are in agreement

with unfolding studies of the isolated domains EC232

and the EC1,33 respectively. Each transition was

analyzed separately to provide estimates for the en-

thalpy and temperature of the unfolding transition.

First transition. Unfolding data for the first tran-

sition were fit to the Gibbs–Helmholtz equation and

Table I. Summary of Parameters Resolved From the First Transition of the Thermal-Unfolding Experiments for
Wild-Type and X-Enabled NCAD12 in the Absence and the Presence of Calcium

Protein Buffer DHm (kcal mol�1) Tm (�C) DG� at 25�C (kcal mol�1)

Wild-type Apo 68 6 8 45 6 2 3.6 6 0.5
Ca2þ 79 6 5 59 6 3 6.3 6 0.7

X-enabled Apo 69 6 5 44 6 1 3.6 6 0.3
Ca2þ 82 6 5 57 6 1 6.2 6 0.9

Figure 4. Calcium titrations of wild-type and X-enabled

NCAD12. The CD signal changes during the calcium

titrations of wild-type (black) and X-enabled NCAD12 (red)

monitored by circular dichroism at 229 nm. Protein

concentration was 2.5 lM. The lines are simulated based

on parameters resolved from fits to Eq. (1).

Figure 5. Analytical SEC to determine the kinetics of

monomer–dimer equilibria as a function calcium

concentration. (A) Calcium-saturated wild-type (black) and

X-enabled NCAD12 (red) protein samples (20 lM) were

injected on the SEC column and analyzed under apo-buffer

conditions. The dimer peak eluted at 12 6 0.2 mL and the

monomer peak eluted at 13.0 6 0.1 mL, which indicates

slow disassembly kinetics. (B) Calcium-saturated wild-type

(black) and X-enabled NCAD12 (red) protein samples (20

lM) were injected on the SEC column and analyzed under

high calcium-buffer conditions (1 mM). Insets: Calcium-

saturated ECAD12 samples analyzed by SEC under same

experimental conditions.19
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resolved parameters are reported in Table I along

with calculated values for DG� at 25�C. The baseline

corrected results from the analysis of the first tran-

sition are plotted in Figure 3(C). There was a clear

increase in stability upon addition of 1 mM calcium.

In the apo- state and the calcium-saturated state,

wild-type and X-enabled NCAD12 had similar DHm

and Tm values (Table I). These results indicate that

the triple mutation did not significantly impact the

protein structure and calcium-dependent stability of

NCAD12.

Second transition. Both wild-type and X-enabled

NCAD12 showed similar second transitions in the

absence and presence of calcium. Because calcium

does not impact the stability of the second transi-

tion, calcium must dissociate before EC1 domain

unfolds. These results suggest that the mutations to

create the X-enabled NCAD12 did not affect the EC1

structure and stability. The melting temperatures

for the second transition were estimated since they

could not be fit to the Gibbs–Helmholtz equation

due to insufficient baseline data. Estimated melting

temperatures for wild-type and X-enabled NCAD12

(�70�C) were similar to melting temperature of

EC1.33

Calcium-binding studies

Calcium titrations were performed to monitor the

impact of the X-enabled NCAD12 mutation on cal-

cium-binding affinity. Representative calcium titra-

tions are shown in Figure 4. The CD signal for both

proteins increased as calcium was added. Analysis of

binding data for the two proteins yielded similar

free energy changes of �6.2 6 0.2 kcal mol�1. These

results indicate that the X-enabled mutation did not

affect the calcium binding affinity of the protein.

Analytical SEC studies

Kinetics of monomer–dimer equilibria as a

function of calcium concentration. Analytical

SEC was used to evaluate the impact of the X-

enabled N-cadherin mutant on the disassembly

kinetics of D�
apo and on the calcium-dependent dime-

rization. In the apo-mobile phase, both wild-type

and X-enabled NCAD12 eluted as two peaks indicat-

ing the slow dissociation rate of dimer on the time-

scale of the chromatographic experiment [30 min;

Fig. 5(A)]. It is important to note that although the

sample is in high calcium concentration, the assay

condition is not. Distinct monomer and dimer peaks

in these calcium-added samples result from the apo-

mobile phase used in the chromatographic analysis

and slow dimer disassembly of apo-protein on the

chromatographic time scale. The similarity of the

wild-type and X-enabled NCAD12 data indicate that

they have similar equilibrium and kinetic properties

of dimerization, and that these properties differ sig-

nificantly from those of ECAD12 under similar con-

ditions [Fig. 5(A) inset]. Thus, the presence of the X-

interface residues in X-enabled NCAD12 does not

confer fast disassembly kinetics in the apo-condition

as seen for ECAD12.

Analysis of calcium-added samples in calcium-

mobile phase yielded a single peak [Fig. 5(B)] with

an intermediate elution volume. These results

showed that monomer and dimer are in rapid equi-

librium in presence of calcium. In summary, both

wild-type and X-enabled NCAD12 showed slow dis-

assembly in the apo-mobile phase and fast disassem-

bly in the calcium-mobile phase. These results

strongly suggest that the X-dimer intermediate is

not important for the slow conversion in the absence

of calcium. Thus, the differences in the X-interface

residues are not the key factor in the slow disassem-

bly kinetics of N-cadherin in the apo-state.

Characterization of the kinetically trapped

dimer species. Analytical SEC was used to deter-

mine whether X-enabled NCAD12 forms kinetically

trapped dimer, D�
apo, which is formed by stripping

calcium from the protein sample. When the calcium-

depleted protein sample (20 lM) was diluted to 5 lM
in low calcium buffer, the ratio of monomer to dimer

was unchanged (Fig. 6). This ratio was constant for

3 days after dilution at 4�C, indicating that the D�
apo

is formed and it is kinetically trapped since it is not

in equilibrium with monomer. X-enabled NCAD12

showed 45% dimer at 20 lM protein concentration,

which is consistence with Kd of 25 lM.19,34 Similar

results were observed for the kinetically trapped di-

meric form of wild-type.19 Taken together the results

Figure 6. Analytical SEC analysis of kinetically trapped

dimer in X-enabled NCAD12 stocks. Kinetically trapped

dimer was formed by depleting calcium by addition of

EGTA (5 mM). The calcium-depleted concentrated

X-enabled NCAD12 stock (20 lM) (solid, 45% dimer) and a

1–4 dilution (5 lM) (dashed, 45% dimer) were injected on

the SEC column in apo-buffer conditions.
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of the analytical SEC studies indicate that the pres-

ence of X-interface residues has no role in disassem-

bly kinetics and has no impact on either D�
apo of N-

cadherin. Hence, our data confirm that the differen-

ces in the X-interface residues are not a factor in the

disassembly kinetics of the N-cadherin in the apo-

state.

Discussion

There has been intense interest recently over a di-

meric structure that has been proposed to be a nec-

essary intermediate on the pathway for the conver-

sion of the strand-crossover dimer in E-cadherin to

monomer. There is great enthusiasm over the possi-

bility that formation of the X dimer is the governing

factor for controlling the disassembly kinetics for

members of the classical cadherin family. Recent

studies of E-cadherin have shown that its fast disas-

sembly kinetics originates from X-interface interac-

tions.29,30 In our previous studies on the first two

domains of E- and N-cadherin, we showed that they

form dimeric species which differ in their disassem-

bly kinetics.19 Because the noncovalent interactions

in the X-interface are not strictly conserved in N-

cadherin, our current studies investigate the link

between the nonconserved X-interface residues and

the slow disassembly kinetics in N-cadherin.

On the basis of a sequence comparison of E- and

N-cadherin, we found that all four noncovalent

interactions that comprise the X-interface are com-

promised in N-cadherin. Out of the seven amino

acids, which participate in the X-interface interac-

tions in E-cadherin, three are not conserved in N-

cadherin (Fig. 1D). Here, we introduced three point

mutations into N-cadherin to provide the component

residues for X-interface interactions and expected

this X-enabled mutant to show fast dimer disassem-

bly behavior in the apo-state like E-cadherin. We

find that the X-enabled NCAD12 has similar disas-

sembly kinetics as wild-type NCAD12. Thus, the dif-

ferences in the X-interface residues are not responsi-

ble for the slow disassembly kinetics of apo

N-cadherin.

Spectroscopic and analytical SEC studies

showed that the triple mutation did not affect the in-

tegrity of the protein. The X-enabled NCAD12 had

very similar calcium binding properties and thermal

denaturation profiles as wild-type NCAD12. Analyti-

cal SEC studies were performed in the apo- and cal-

cium added mobile phases to characterize and com-

pare the disassembly kinetics of X-enabled NCAD12

to wild-type. X-enabled NCAD12 showed slow disas-

sembly behavior in the absence of calcium in con-

trast to the fast disassembly behavior of E-cadherin

[Fig. 5(A)]. In the presence of calcium both wild-type

and X-enabled NCAD12 disassembled rapidly like

E-cadherin [Fig. 5(B)] even though the wild-type

N-cadherin has differences in the X-interface resi-

dues. In spite of the presence of the X-interface resi-

dues, X-enabled NCAD12 behaved like wild-type N-

cadherin in absence and presence of calcium. These

observations suggest that calcium-binding influences

the dynamics of adhesive interactions in a different

way in N-and E-cadherin; the disassembly of N-cad-

herin dimers depends on the binding of calcium

rather than the X-interface interactions, whereas

disassembly of E-cadherin dimer depends on the for-

mation of the X-interface rather than calcium

binding.29,30

D�
apo is a dimeric form that is unique to N-cad-

herin.19 We expected that the X-enabled NCAD12

would not make this kinetically trapped dimeric

form. Surprisingly, it did make D�
apo (Fig. 6). This

indicates that the introduction of the X-interface res-

idues does not affect either the formation or the dis-

assembly of the D�
apo form in N-cadherin.

Kinetically trapped dimer (D�
apo; Fig. 2) of N-

cadherin, which is formed upon depletion of calcium

from Dsat, disassembles upon addition of calcium.

Thus, Dsat is the necessary intermediate in the for-

mation and disassembly of D�
apo. Our data suggest

that the D�
apo will form during normal neural activ-

ity, where there is a significant decrease in the

extracellular calcium levels.28 The disassembly of

D�
apo occurs during the resting nerve activity, where

the extracellular calcium levels return to normal.

Taken together our data suggest that the disassem-

bly of D�
apo requires the binding of calcium to lower

the activation energy barrier35 just as X-dimer for-

mation lowers the activation energy barrier for

dimer disassembly for E-cadherin. Hence, the kinetic

advantage provided by the X-dimer in E-cadherin

is equivalent to that provided by calcium binding in

N-cadherin.

There is ample evidence for X-dimer type confor-

mations in the literature for E-cadherin.17,36 How-

ever, to our knowledge, no such structure exists for

N-cadherin. This means that the structural compo-

nents of an X-interface in N-cadherin, if it exists,

can only be discerned from sequence comparison to

E-cadherin. It is interesting to note that there is evi-

dence of D�
apo in the structural literature. The origi-

nal crystal structure of N-cadherin was of a single

domain construct that formed a strand crossover

structure between protomers.37 The authors noted

that this construct was purified as a homogeneous

solution of dimer as assessed by size exclusion chro-

matography. Thus, one might consider this a struc-

ture similar to D�
apo. D

�
apo is likely a different confor-

mation than Dsat. Hence, the D�
apo form of N-

cadherin may preclude the orientational changes

required to exploit the X-interface, when it is

present.

Although the concept of an X-interface is com-

pelling, the specifics of its constitution are an open

question. A survey of the classical cadherin family7
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shows that the four sets of interactions noted for the

X-interface in E-cadherin are not conserved in the

other members of the family. Further, the X-inter-

face is also not conserved between E-cadherins from

mammals and amphibians. While it is possible that

there is no consensus sequence for the X-interface, it

is also possible that alternative mechanisms will

emerge in the search for a unifying molecular code

that dictates the stability and dynamics of adherens

junctions.

Materials and Methods

Site-directed mutagenesis

The construction of the first two ectodomains (resi-

dues 1–221), designated as NCAD12 (EC1, linker 1,

EC2, and linker 2) was described previously.19 The

amino acid sequences of mouse NCAD12 and

ECAD12 were aligned using LALIGN16 to find the

amino acids in N-cadherin which correspond to the

X-dimer interface in E-cadherin. Three mutations

were introduced into the NCAD12 sequence by site-

directed mutagenesis by using the Quickchange kit

(Stratagene) with the following sense primers,

M101Q Sense: 50 GACATTGTCATCAATGTTATTGA

CCAGAATGATAACAGACCTGAG 30, P138D Sense:

50 GCGGA TGATGACAATGCCCTGAATGGAATGC

TGCGG 30, N198E Sense: 50 GCCACAGACATGGA

AGGCGAGCCCACTTATGGCCTTTCAAACAC 30.

Amplification of the two-domain constructs, diges-

tion of template DNA, ligation into pET30 Xa/LIC,

and subsequent transformation into E. coli BL21

(DE3) were performed according to standard proto-

cols, utilizing KOD HiFi DNA polymerase (Strata-

gene) and Xa/LIC cloning kit (Novagen). The muta-

tions were confirmed by plasmid sequencing. This

M101Q/P138D/N198E triple mutant NCAD12 pro-

tein has an X-interface and is called X-enabled

NCAD12 in subsequent discussions.

Overexpression and purification
Protocols for protein overexpression and purification

were described previously.19 Digested NCAD12

(wild-type), and X-enabled NCAD12 proteins were

further purified using size exclusion chromatogra-

phy (SEC) with 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. Purity of proteins was

assessed by SDS-PAGE in 17% polyacrylamide gels.

Extinction coefficients were determined experimen-

tally38 at 280 nm to be 17,700 6 500 M�1 cm�1 for

wild-type and 17,200 6 300 M�1 cm�1 for X-enabled

NCAD12.

Thermal-unfolding studies
Thermal unfolding of wild-type and X-enabled

NCAD12 was monitored with AVIV 202SF CD spec-

trometer. Experimental conditions were described

previously.19 To monitor the effect of calcium binding

on protein stability, studies were performed at two

calcium concentrations, apo (50 lM EGTA) in 140

mM NaCl, 10 mM HEPES, pH 7.4 and the saturated

state with 1 mM added calcium. The thermal-unfold-

ing transitions were fit to the Gibbs–Helmholtz

equation as described previously.39 The DCp for apo

wild-type NCAD12 was determined previously19

from the Kirchoff plot of the observed enthalpy of

denaturation versus transition temperature and

found to be 1 kcal (mol K�1)�1.

Calcium binding studies

Calcium titrations were monitored by the change in

the circular dichroism (CD) signal using an AVIV

202SF circular dichroism spectrometer at 229 nm.

The protein solution (2.5 lM) in 10 mM HEPES and

140 mM NaCl, pH 7.4 was placed in a 1-cm path

cuvette at 25�C while stirring and titrated with cal-

cium by addition of small volumes of different cal-

cium chloride stocks (1, 10, 100, and 700 mM). The

total calcium concentration was presumed to be

equivalent to the free calcium concentration. The

spectral signal of the sample before calcium was

added was given a free calcium concentration of 1

lM.19 The calcium titrations data were fitted to a

model of equal and independent binding shown in

Eq. (1), where Y is the fractional saturation of sites

and Ka is the calcium association constant.

Y ¼ Ka � X
1þ Ka � X

(1)

Analytical size exclusion chromatography (SEC)

studies
Analytical SEC was used to assess the overall differ-

ences in the kinetics of dimer disassembly of wild-

type and X-enabled NCAD12 in the apo (140 mM

NaCl, 10 mM HEPES, pH 7.4) and calcium (140 mM

NaCl, 10 mM HEPES, 1 mM Calcium, pH 7.4) mo-

bile phase. The protein concentration was varied (5–

20 lM) to control the level of dimer in the samples.

These experiments were performed using an ÄKTA

Purifier HPLC (GE LifeSciences) with a Superose-12

10/300 GL Column (GE LifeSciences) with detection

at 280 nm and 0.5 mL min�1 flow rate. The column

volume is �25 mL and the total time to elute mono-

mer was 30 min. Calibration of the SEC column was

described previously.19 We monitored the level of

monomer and dimer as the height of the peaks

detected at 280 nm. Each experiment was repeated

at least three times. This method was validated

using sedimentation velocity and used successfully

to illustrate the calcium-dependent monomer-dimer

equlibria in E- and N-cadherins.19
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Kinetics of monomer–dimer equilibria as a

function of calcium concentration. To monitor

the kinetics of the monomer–dimer equilibrium as a

function of calcium concentration, protein samples

(20 lM) in 1 mM calcium were injected on the SEC

column in both the apo- and calcium-mobile phases

(�0 lM and 1 mM). If the X-dimer interface is the

key factor in the kinetics of dimer disassembly, we

should observe a single peak in the SEC runs under

both conditions in X-enabled NCAD12.

Characterization of the kinetically trapped

dimer species. To observe the kinetically trapped

dimer (D�
apo) in X-enabled NCAD12 60 lL of 20 lM

of calcium-depleted protein sample and 240 lL of 1

to 4 dilution of 20 lM was injected on the SEC col-

umn in the apo-mobile phase. Thus, an equal

amount of protein was injected regardless of the con-

centration, and hence the UV absorbance should be

same at 280 nm. If X-enabled NCAD12 forms D�
apo,

there will be no change in the monomer to dimer ra-

tio in this experiment.
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