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ABSTRACT: Neural (N-) cadherin is a transmembrane protein within adherens junctions that
mediates cell−cell adhesion. It has 5 modular extracellular domains (EC1−EC5) that bind 3
calcium ions between each of the modules. Calcium binding is required for dimerization. NCadherin is involved in diverse processes including tissue morphogenesis, excitatory synapse
formation and dynamics, and metastasis of cancer. During neurotransmission and tumorigenesis,
ﬂuctuations in extracellular pH occur, causing tissue acidosis with associated physiological
consequences. Studies reported here aim to determine the eﬀect of pH on the dimerization
properties of a truncated construct of N-cadherin containing EC1−EC2. Since N-cadherin is an
anionic protein, we hypothesized that acidiﬁcation of solution would cause an increase in stability
of the apo protein, a decrease in the calcium-binding aﬃnity, and a concomitant decrease in the
formation of adhesive dimer. The stability of the apo monomer was increased and the calciumbinding aﬃnity was decreased at reduced pH, consistent with our hypothesis. Surprisingly,
analytical SEC studies showed an increase in calcium-induced dimerization as solution pH
decreased from 7.4 to 5.0. Salt-dependent dimerization studies indicated that electrostatic
repulsion attenuates dimerization aﬃnity. These results point to a possible electrostatic mechanism for moderating dimerization
aﬃnity of the Type I cadherin family. Extrapolating these results to cell adhesion in vivo leads to the assertion that decreased pH
promotes adhesion by N-cadherin, thereby stabilizing synaptic junctions.
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conserved hydrophobic pocket of the neighboring protomer
(c.f., ref 18). Since the strand-swapped interface is located in
the ﬁrst domain of the EC region,19,20 the studies reported
herein utilize the ﬁrst two EC-domains of N-cadherin
(NCAD12). The two-domain construct has been well
characterized in Type I cadherins18,21,22 and is the minimal
functional unit required for calcium-dependent dimerization in
vitro.
The interface between tandem EC domains contains amino
acids that play critical roles in the adhesion process. Calciumbinding sites comprise clusters of negatively charged carboxyl
groups from both modular domains at the interdomain
interface. The critical anionic residues in the NCAD12
calcium-binding pocket are E11, D67, E69, D103, D134,
D136, and D194 in N-cadherin. Calcium-binding sites 1 and 2
are linked by the side chain oxygens of E11, E69, and D103.
Sites 2 and 3 are linked by the side chain oxygens of D136,
while site 3 comprises, in part, both side chain oxygens from
D134.21 Studies have shown that mutations of these residues
resulted in a dramatic decrease in calcium-binding aﬃnity and
dimerization.23−26
Isolated amino acid pKa values of acidic residues (4.5−3.3)
are well outside the physiologicially relevant range (7.4−6.0);27
however, pKa values for acidic residues in folded proteins can
diﬀer by orders of magnitude from these canonical values,
especially in acidic proteins where they have been shown to be

xtracellular pH in humans is actively maintained between
pH 7.2 and 7.4, except in abnormal states such as
metastatic cancer,1,2 diabetic ketoacidosis,3 high levels of
lactate,4 critical illness,5 and in normal and diseased brain
tissue where the pH decreased to between 6.86,7 and 6.2.8 The
eﬀect of the microenvironment on cell−cell adhesion may play
a signiﬁcant physiological role in the stability of adherens
junctions and the associated intracellular events. Our interest is
in how decreased pH will aﬀect adhesion by N-cadherin, a cell
adhesion molecule in adherens junctions that is critical in
neurological synapse formation.9,10 N-Cadherin is the primary
cell adhesion protein within synaptic adherens junctions at the
transmission zone and is directly exposed to proton ﬂux during
periods of increased synaptic activity.11 N-Cadherin expression
is also up-regulated in tumor progression, angiogenesis, and
metastasis of numerous types of cancer cells.12−15 Tumors in
active periods of growth have been shown to acidify due to the
Warburg eﬀect, a state that is consistent with tumor cell
proliferation.16,17 Since N-cadherin is an anionic protein that
requires calcium binding for proper function, pH may have a
profound eﬀect on its structure, stability, and function.
N-Cadherin is a member of the classical or type I cadherin
family consisting of ﬁve tandem repeating extracellular
domains, a single-pass transmembrane region, and a conserved
C-terminal cytoplasmic region. Formation of adhesive dimers
between cadherins on apposing cell surfaces occurs through the
formation of a strand-swapped structure, which forms via the
exchange of the N-terminal βA-strand between juxtaposed EC1
domains. The strand-swapped structure is stablilized by docking
of the side chain of a conserved tryptophan (W2) into the
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mol−1 K−1 and 2 kcal mol−1 K−1 to determine the eﬀect of its
value on resolved values of ΔHm and Tm. Variation in resolved
parameters, as a function of the value for ΔCp, was smaller than
the standard deviation in the resolved parameters. Thermal
denaturation is a reversible process in NCAD12; however,
refolding is slower than unfolding, likely due to the abundance
of prolines in the protein.38
Calcium Titrations. The CD signal of NCAD12 was
monitored during calcium titrations using an Olis DSM 20 CD
Spectrometer. Solutions of 1, 10, 100, and 700 mM CaCl2 were
each added sequentially in 2.5, 5.0, and 10.0 μL increments to 5
μM NCAD12 in solutions with pH values between 7.4 and 5.5.
Samples were stirred throughout the titration. Titrations were
performed at least twice. CD signal was recorded in wavelength
scans from 300 to 210 nm with an averaging time (1−13 s) that
was proportional to dynode voltage at each wavelength. To
resolve free energy changes for calcium binding, titration data
were considered at wavelengths from 230 to 220 nm to
optimize the signal-to-noise ratio. Titration data were ﬁt to an
equation for equal and independent sites with linear apo and
saturated baselines. While we expected cooperative binding of
calcium, data did not support analysis by a more complex
model based on the span and randomness of residuals of ﬁtted
data.
In order to determine the apparent pKa for the protonation
event(s) that aﬀected calcium binding aﬃnity, we used a simple
competitive model as described by the equations below

as high as 9.28−30 NCAD12 also contains three histidine
residues (H75, H79, and H110) whose protonation state may
change in a physiological relevant pH range. Histidine residues
have been characterized as “pH sensors”,31−33 whose
protonation state can aﬀect protein conformational stability in
a physiological pH range.34 Thus, we might expect signiﬁcant
protonation of critical acidic and histidine residues in a
physiologically relevant pH range.
Since the residues comprising the calcium binding sites are
highly anionic, we propose that a decrease in solution pH
should stabilize NCAD12 due to the decrease in electrostatic
repulsion from neutralization of acidic residues. We also
propose that an increase in solution acidity should introduce
competition between calcium and protons for site occupancy,
resulting in a reduction of calcium-binding aﬃnity followed by a
concomitant decrease in dimerization aﬃnity. In this work, we
address the impact of pH on the stability, calcium-binding
aﬃnity, and the dimerization aﬃnity of NCAD12 protomers
using spectroscopic and chromatographic methods.

■

EXPERIMENTAL PROCEDURES
Protein Expression and Puriﬁcation. The cloning of the
gene for the ﬁrst two extracellular domains (residues 1−221) of
NCAD12 (EC1, linker1, EC2, and linker2) was described
previously.35 Recombinant pET30 Xa/LIC plasmids were
ampliﬁed by KOD HiFi DNA Polymerase (Stratagene) and
transformed into Escherichia coli BL21 (DE3) cells.35 Protein
was overexpressed and puriﬁed as described in previous work.26
Protein purity was veriﬁed via SDS-PAGE in 17% Tris-Glycine
gels through standard protocols. The concentration of the
protein stocks was determined spectrophotometrically (ε280 =
15 900 ± 400 M−1 cm−1).36
Dilution Method for pH Adjustment. In order to create
protein solutions over a range of pHs (7.4−5.0), we prepared
our stock at pH 7.4, but with a low buﬀer strength (2 mM
HEPES). Identical diluent buﬀers at higher buﬀer strength were
made at pHs 7.4, 7.0, and 6.5 (40 mM HEPES, 140 mM NaCl)
and at pH 6.0, 5.5, and 5.0 (40 mM NaOAc, 140 mM NaCl).
The NCAD12 stock in 2 mM HEPES at pH 7.4 was diluted 1
part protein stock plus 2.4 parts diluent buﬀer (e.g., 80 μM
stock; 23.5 μM working concentration). We conﬁrmed that this
dilution ratio was suﬃcient to adjust the pH to the desired level
by measuring pH with a microelectrode.
Thermal Unfolding Studies. Thermal unfolding studies as
a function of calcium and pH (6.0, 6.5, 7.0, and 7.4) were
performed on an AVIV 202SF Circular Dichroism (CD)
Spectrometer. Solutions of 5 μM NCAD12 were placed in a 1
cm quartz cuvette with a ﬁtted temperature probe inserted
through the stopper. This concentration was chosen to
minimize dimer formation while maximizing signal-to-noise.
The solution was stirred throughout data acquisition. Data were
acquired at 227 nm at a temperature range of 15−95 °C (1 °C
intervals with a 30 s equilibration period and a 5 s data
averaging time). Thermal denaturation proﬁles were identical
with expanded equilibration times (30 s to 2 min) during data
acquisition indicating that the kinetics of unfolding were rapid
(Supporting Information). The calcium-saturated samples were
brought to 2.5 mM total calcium concentration to ensure
maximum saturation of binding sites at all pH values. Data were
ﬁt to the Gibbs−Helmholtz equation with linear native and
denatured baselines as described previously.37 Tm and ΔHm
values were allowed to vary in ﬁts to this equation, while ΔCp
was ﬁxed to 1 kcal mol−1 K−1.35 ΔCp was also ﬁxed to 0 kcal

KX ·X ·Mo·(Z)
= MX
1 + KX ·X ·(Z)

(1)

⎛
KY ·Y ⎞
Z = ⎜1 −
⎟
1 + KY ·Y ⎠
⎝

(2)

where Mo is the total protein concentration, X is the
concentration of calcium, and Y is the concentration of
protons. Kx is the association constant for calcium and Ky is the
association constant for protons. Prior to analysis data were
normalized to end points from individual ﬁts, and then end
points were ﬁxed in the global analysis to determine the values
of Kx and Ky.
Disassembly and Assembly Studies. The impact of pH
on dimer formation was investigated using size exclusion
chromatography (SEC). A Superose-12 10/300 GL column
(Amersham) was used on an Ä KTA Puriﬁer HPLC system
(Amersham) with UV absorbance detection at 280 nm, a 0.5
mL/min ﬂow rate, and a 75 μL injection volume. The mobile
phase consisted of 10 mM HEPES, 140 mM NaCl, pH 7.4
(SEC Buﬀer). Chromatograms were oﬀset corrected and then
normalized against the sum of the heights of the monomer and
dimer peaks in the pH 7.4 sample to correct for small
diﬀerences in injection volume. Elution volumes of monomer
and dimer peaks were determined to have a precision of ±0.04
mL in single day, and ±0.06 mL between days.
To determine the eﬀect of pH on the assembly of dimer in
the presence of calcium, we exploited an analytically useful
property of NCAD12. That is, rapid decalciﬁcation of the
calcium-saturated NCAD12 dimer (Dsat) causes the formation
of a kinetically trapped dimer (D*apo). In this method, the
concentration of D*apo reﬂects the amount of Dsat in the
calcium-saturated solution.26 To measure the eﬀect of pH on
the formation of Dsat, we ﬁrst assessed the eﬀect of pH on
D*apo. Second, we determined the eﬀect of pH on Dsat.
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Table 1. Results from Thermal Denaturation Experiments
buﬀer
pH
pH
pH
pH
a
b

7.4
7.0
6.5
6.0

ΔHm (kcal/mol)
74
71
71
67

±
±
±
±

3
3
3
2

Tm (°C)
44.0
44.7
46.0
48.5

±
±
±
±

0.1
0.2
0.2
0.5

ΔG°b (kcal/mol)

ΔHm (kcal/mol)

Tm (°C)

ΔG°b (kcal/mol)

±
±
±
±

90 ± 3
91 ± 5
94 ± 2
N/Ac

56.6 ± 0.1
56.3 ± 0.2
56.2 ± 0.1
N/Ac

4.8 ± 0.2
4.8 ± 0.1
4.9 ± 0.2
N/Ac

1.6
1.6
1.9
2.2

0.2
0.1
0.2
0.2

Gibbs−Helmholtz equation where ΔCp was ﬁxed at 1 kcal mol−1 K−1.35 Reported errors were resolved from global analysis of replicate experiments.
Values were calculated at 37 °C. cValues were not resolved due to protein precipitation.

transition corresponds to unfolding of EC2 and the second
transition to unfolding of EC1.47 In the absence of calcium,
NCAD12 was soluble and monomeric (Mapo) from pH 7.4 to
6.0. NCAD12 precipitated during denaturation experiments at
pH values approaching its pI, so we were unable to obtain
estimates of stability at pH values below 6.0 in the apo state and
below 6.5 in the calcium-saturated state (Msat). In the apo-state,
the apparent stability of the protein increased as pH decreased.
Data for the ﬁrst transition were ﬁt to the Gibbs−Helmholtz
equation with adjustable baseline parameters. Fitting of the ﬁrst
transition is represented in SI Figure A. The values resolved for
Tm increased signiﬁcantly as the pH decreased while the values
resolved for ΔHm decreased slightly leading to a net increase in
calculated values for ΔG° at 37 °C (Table 1). As expected, the
stability of NCAD12 (EC2) increased in the presence of
calcium (Figure 1). In the presence of calcium, the thermal-

To determine if pH had an eﬀect on the disassembly of
D*apo, the protein stock (80 μM, pH 7.4) was brought to 1 mM
calcium concentration and incubated for 5 min before adding
EDTA (5 mM, 30 min incubation time) to decalcify and
convert Dsat to D*apo. The dilution method outlined above was
used to bring the protein to a desired pH, and samples were
injected on the SEC column equilibrated in SEC buﬀer (pH
7.4) to assess the level of monomer and dimer. To observe if
disassembly of D*apo was time dependent, samples were
incubated after dilution to the desired pH for 0, 1, and 5 h
before injecting on the column.
To assess whether pH had an eﬀect on the level of Dsat, we
ﬁrst established that D*apo did not disassemble at pHs lower
than 7.4. Then, we prepared protein samples using the dilution
method outlined above in the presence of 1 mM calcium, added
EDTA (5 mM) to convert Dsat to D*apo, and injected the
samples on the SEC column. The protein solutions were at ﬁnal
pH values of 5.0, 5.5, 6.0, 6.5, 7.0, and 7.4.
To determine if the concentration of NaCl would impact the
formation of Dsat, the previous experiment was performed in
buﬀers with 60, 140, 500, 750, and 1000 mM NaCl at pH 7.4.
Samples with greater than 140 mM NaCl were prepared by
adding concentrated NaCl solutions to the protein stock.
Samples at each NaCl concentration were then brought to 1
mM calcium concentration and incubated for 5 min followed
by addition of 5 mM EDTA and then injection on the SEC
column.
Prediction of pKa Values. To estimate the pKa of titratable
residues, we used PROPKA (3.1). It uses a ﬁve-stage empirical
computing algorithm that accounts for the eﬀects of hydrogen
bonding, charge−charge interactions, and desolvation from
structural data resulting in predicted pKa values with an overall
RMSD of 0.79 pH units from experimental studies.39−42
PROPKA predicted the charge of NCAD12 as −8.8 at pH 7.0.
pKa values were predicted for all ionizable residues in NCAD12
with calcium ions present in 2QVI.pdb. The 2QVI structure
with calcium ions removed was not further minimized.
According to PROPKA 3.1, the pI of NCAD12 is pH 4.3.
Distances between residues in 2QVI crystal structure were
determined with Swiss-Pdb Viewer.43−45 Distances mentioned
were from the terminal carbon of each residue’s side chain to
illustrate distance between charged portions of each side chain,
e.g., carboxyl group of D27 to carboxyl group of E89.

Figure 1. Thermal denaturation of NCAD12 as a function of pH and
calcium. In the apo-state, data for the ﬁrst unfolding transition of
NCAD12 at pH 7.4 (red) and 6.0 (black) are shown (closed). In the
calcium saturated state data are shown (open) at pH 7.4 (red), 7.0
(green), and 6.5 (blue). CD signal at 227 nm is reported. Solid lines
are simulated based on parameters resolved from the Gibbs−
Helmholtz equation. Resolved Free energy values are given in Table 1.

denaturation proﬁles were indistinguishable over the accessible
pH range. Identical values resolved for Tm, ΔHm, and calculated
values for ΔG° at 37 °C indicate that the binding of calcium
masked the eﬀect of decreased pH that was observed in the apo
state. Analysis of the second transition (unfolding of EC1) was
problematic due to protein precipitation at pH 7.0 or less at
temperatures at which the EC1 transition was occurring.
Calcium Titrations. The pH dependence of calciumbinding aﬃnity of NCAD12 was assessed via calcium titrations
monitored by CD spectroscopy. Figure 2A shows the CD signal
as a function of calcium concentration at each pH. The data at
each pH were normalized to correct for the pH dependence of
the magnitude of the CD signal, and then oﬀset for clarity. The
CD signal increased (less negative) with the addition of calcium

■

RESULTS
Thermal Unfolding Studies. Thermal unfolding studies
were performed to observe the impact of pH and calcium on
the stability of NCAD12. The CD signal was monitored as a
function of temperature. Two distinct transitions were observed
with the signal becoming increasingly negative as the protein
unfolded, consistent with a polyproline conformation of the
unfolded state.46 Raw CD thermal denaturations are shown in
Supporting Information. Previous work has shown that the ﬁrst
7438
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Table 2. Free Energies of Calcium Binding Resolved from
Analysis of Calcium Titrations
individual analysisa
Ka

pH
7.4
7.0
6.5
6.0
5.5

(35
(25
(18
(13
(4.7
2+

Ka(Ca )
Ka(H+)
pKac

±
±
±
±
±

10) × 103
8) × 103
7) × 103
6) × 103
1.4) × 103

competitive modelb
(25 ± 3) × 103
(10 ± 3) × 105
(6.0 ± 0.1)

a

Apparent association constants for calcium from analysis of data at
each pH independently. bFits of data to eqs 1 and 2 yielding apparent
association constants for calcium ions and protons. cpKa value is the
log of the proton association constant.

of the association constant for protons) for the proton binding
event(s) that perturbs calcium binding is 6.0 ± 0.1, a value
close to the canonical value for histidine or an acidic residue
such as aspartate or glutamate.
Disassembly/Assembly Studies. Analytical size-exclusion
chromatography (SEC) was performed to monitor the level of
formation of calcium-saturated, adhesive dimer (Dsat) as a
function of pH. We ﬁrst investigated the eﬀect of pH on the
disassembly of D*apo (Figure 3A). The dimer eluted at 11.72 ±
0.04 mL and the monomer at 12.82 ± 0.04 mL. Previous
studies of this system found that these retention volumes
correspond to the calculated radius of gyration based on the
crystal structures of the monomeric and strand-swapped dimer
structures for classical cadherins.35 As pH decreases over a
range from pH 7.4 to 5.0, there is no change in the percentage
of dimer (χD) in the sample, indicating that D*apo remained
kinetically trapped. To determine if the disassembly of D*apo at
low pH was time dependent, protein stock at pH 7.4 was
diluted to low pH and incubated for 1 and for 5 h before
chromatographic analysis. The level of D*apo in those
experiments did not change over the 5 h time period (χD =
51 ± 1%; data not shown). It was determined that a decrease in
pH did not disassemble D*apo.
We monitored the level of Dsat by adjusting the sample to the
desired pH, adding calcium to form Dsat, then EDTA to convert
Dsat to D*apo for quantiﬁcation via analytical SEC. This
chromatographic experiment provided a “snapshot” of the
level of Dsat at a particular pH and concentration. Unexpectedly,
with a decrease in pH, we observed an increasing trend in the
fraction saturated dimer (χD) from 0.49 at pH 7.4 to 0.53 at pH
6.0 (Table 3). In this chromatographic experiment we were able
to broaden our pH window to 5.0 without protein precipitation
and found that χD continued to increase to 0.65 at pH 5.0.
Representative size exclusion chromatograms are shown in
Figure 3B, and illustrate the level of Dsat in solution as a
function of pH. Contrary to our expectations, the level of Dsat
systematically increased with a change in pH from 7.4 to 5.0.
These results imply that the dimerization of NCAD12
increased with a decrease in pH due to protonation of acidic
or histidine residues.
The increase of dimer to monomer ratio as a function of pH
led us to study the eﬀect of salt concentration on dimerization.
Again, we used the level of D*apo in calcium-depleted samples
to monitor the level of Dsat in 1 mM calcium as a function of

Figure 2. Calcium titrations of NCAD12 as a function of pH.
NCAD12 was titrated with calcium at pH 7.4 (•), 7.0 (○), 6.5 (▼),
6.0 (Δ), and 5.5 (■); the normalized CD signal is plotted against total
calcium concentration. (A) Representative titrations at each pH are
shown. Solid lines are simulated based on parameters resolved from
global analysis of at least two separate experiments. Data are
normalized and oﬀset for clarity. Midpoints of transitions are
designated by X. (B) To resolve the pKa of the protonation event
that impacted the apparent calcium binding aﬃnity at each pH, data
were analyzed according to a competitive binding model. Resolved
values for the changes in free energy of binding are shown in Table 2.

at all pH values consistent with calcium-induced changes in
structure. Since the span of the CD signal over the course of
titrations performed at pH 6.0 and 5.5 was low (ΔΔε 2.3 ± 0.3
mdeg), the signal-to-noise ratio was poor. Studies were also
attempted at pH 5.0; however, protein precipitated during the
titration. NCAD12 was >85% saturated at 1 mM Ca2+ at all pH
values.
Based on the randomness and span of residuals, data ﬁtted
well to a binding model of equal and independent sites
indicating that there was no observed cooperativity in calcium
binding from pH 7.4 to 5.5. There was a small, yet systematic,
decrease in calcium-binding aﬃnity as pH decreased from 7.4
to 6.0 with a signiﬁcant decrease in aﬃnity as the pH was
decreased further to 5.5. This pH-dependent diﬀerence is
reﬂected in resolved values for Ka in Table 2 (Ka7.4 = 3·Ka6.0,
and Ka6.0 = 3·Ka5.5).
Proton binding decreases the apparent calcium binding
constant (Table 2). In order to estimate the pKa of the relevant
protonation event(s), calcium binding data as a function of pH
were ﬁt to a competitive binding model given in eqs 1 and 2.
Data at all pH values were simultaneously analyzed to
determine the binding constants for calcium and protons.
Resolved values are in Table 2. The Ka for calcium from
individual analysis of data at pH 7.4 was similar to that found
from analysis of calcium binding data at pH 7.4, the reference
pH for the experiments presented here. The apparent pKa (log
7439
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pH was consistent with the predicted radius of gyration of the
dimer, a size well within the working range of the SEC column.
Prediction of pKa Values in NCAD12. NCAD12 is an
acidic protein with 26 acidic residues and 19 basic residues,
including 3 histidines. The results from PROPKA 3.1
computations of pKa values for selected residues in the
presence of calcium ions are shown in Table 4. Residues that
Table 4. Results from PROPKA Predictions
residue
c

D27
D29
D67d
D93c
D103d
D134d
D136d
D194d
E11d
E20c
E69d
E89
E119
H75c
H79
H110c

predicted pKaa

model pKa

%ASAb

4.0
2.5
1.3
3.7
2.3
6.2
3.2
3.6
7.5
4.6
4.7
3.3
5.9
6.1
5.7
6.3

3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
4.5
4.5
4.5
4.5
4.5
6.1
6.1
6.1

73
32
36
59
31
1
0
0
0
87
18
36
28
61
26
67

a

Calcium ions retained in 2QVI structure. bPercent accessible surface
area according to Get Area.73 cSurface exposed residues, not involved
in binding calcium. dCalcium-binding residues.

have high accessible surface area generally have computed pKa
values close to the canonical values as typiﬁed by E20, E181,
H75, and H110. His 79 is located near (∼10 Å) the strandswapped interface in EC1, and is only 26% exposed leading to a
slightly depressed pKa as one would expect for a buried basic
residue. All acidic residues with <50% ASA are associated with
the calcium binding sites; their pKa values are harder to predict,
a phenomenon that is well documented for acidic residues in
active sites48 or buried in the interior of proteins.49 Several
buried calcium-binding residues (E11 (pKa 7.5) and D134 (pKa
6.2))18 are predicted to have pKa values signiﬁcantly more basic
than canonical values and are, therefore, titratable in a
physiological range of pH.

Figure 3. Analytical SEC chromatograms to assess the impact of pH
on (A) the disassembly of D*apo (A) at pH 7.4 (red) and pH 6.0
(black), and on (B) the assembly of Dsat at pH 7.4 (red), pH 6.0
(green), pH 5.5 (blue), and pH 5.0 (black). (C) Analytical SEC
chromatograms to assess the impact of NaCl concentrations at 60 mM
(red), 140 mM (black), and 1 M (blue) on the assembly of Dsat. Y-axis
was normalized based on the heights of the monomer and dimer
peaks. Apparent dissociation constants are in Table 3.

■

Table 3. Results from Analytical SEC for the Assembly of the
Calcium-Saturated Dimer
pH
7.4
7.0
6.5
6.0
5.5
5.0

χD

Kd (μM)
25
23
21
20
14
9

±
±
±
±
±
±

3
4
2
2
1
1

0.49
0.50
0.52
0.53
0.58
0.65

±
±
±
±
±
±

[NaCl] mM
0.03
0.03
0.02
0.03
0.01
0.01

60
140
500
750
1000

χD

Kd (μM)
40
31
23
21
13

±
±
±
±
±

1
5
2
3
2

DISCUSSION
N-Cadherin, a member of the classical cadherin family, is an
acidic protein that requires calcium for its function as a primary
cell−cell adhesion molecule in adherens junctions. It plays
pivotal roles in tissue development,50,51 cancer,12,15,52 and
neurological synapses.53,54 Due to its prominent physiological
role, the structure−function relationship of N-cadherin has
been of interest recently. In particular, our laboratory is
interested in the eﬀect of microenvironment on the adhesive
properties of N-cadherin. Given the fact that key physiological
processes cause acidiﬁcation of tissue, studies reported herein
assess the eﬀect of pH on N-cadherin function. Since we
expected that protonation of calcium-binding residues would
decrease calcium-binding aﬃnity, and calcium binding is
required for dimerization, then it follows that dimerization
aﬃnity should also decrease. Surprisingly, a decrease in pH
promoted dimerization. In the following discussion, we discuss

0.39
0.45
0.48
0.50
0.57

±
±
±
±
±

0.01
0.04
0.01
0.02
0.02

the NaCl concentration. Dimer formation was found to
increase with an increase in NaCl concentration (Figure 3C).
Dissociation constants and fraction saturated dimer percentages
were calculated at all pH values and salt concentrations (Table
3). Retention volume of the larger species (dimer peak) at low
7440
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the calcium-binding sites.25,26,60 Our data indicate that when
the pH drops below the predicted pKa for D134, there is a
profound impact in the apparent calcium binding constant.
Histidine 79 is adjacent to A80 which is in the hydrophobic
pocket. Thus, it is also possible that protonation of this residue
changes the conformation of the hydrophobic pocket and
inﬂuences the calcium binding aﬃnity.61,62
Our third hypothesis was that the reduction in aﬃnity for
calcium will lead to a decreased level of dimerization. Contrary
to our expectations, we observed an increase in dimer aﬃnity at
the pH values where we observed a decrease in calcium-binding
aﬃnity. Salt-dependent studies were performed to conﬁrm that
this observation could be explained by an electrostatic aﬀect.
The salt-dependent results support the argument that screening
of surface charges promotes interaction between protomers,
resulting in increased dimer formation. Rakshit et al. suggested
that there is an, as yet uncharacterized, intermediate dimeric
structure in the transition between X-dimer and strandswapped dimer structures.63 This proposed intermediate must
bury the strand-swapped interfaces of two protomers since the
spectral signal of W2 indicates that it is not exposed to solvent
as it undocks and crosses over to dock in a partner protomer in
the formation of the strand-swapped dimer. This intermediate
implies very close contact between two protomers as the
strand-swapped dimer forms. These results imply that charged
residues located at the contact surface between protomers at
the strand-swapped interface are responsible in tuning
dimerization aﬃnity as a function of pH.
Our chromatographic method for assessing the level of Dsat
requires the use of the kinetically trapped dimer (D*apo).
Previous analytical ultracentrifugation studies showed that
D*apo can be unlocked into fully functional N-cadherin, which
eliminates the notion that D*apo is an indiscriminate
aggregate.35 In addition, D*apo elutes at the same volume as
Dsat, supporting the assumption that the structures have the
same size.47 We do not know the structure of D*apo, but would
speculate that it is similar to Dsat due to previous studies
showing that formation of D*apo requires W2,64 an essential
residue for adhesive dimer formation (c.f., refs 18,65). In
addition, the retention volumes for the salt-dependent studies
have the same precision in the measurement of elution volume
as do repetitive injections on the same day for all samples
indicating that the same structure for D*apo generated under
other conditions such as addition of calcium or low pH.
Therefore, from structural and functional work, we can assume
that D*apo is the strand-swapped structure with calcium
removed.
Baumgartner et al. recently demonstrated the adhesive
properties of N-cadherin are pH dependent in single molecule
and cellular interaction studies.66 They reported a maximal
binding activity of N-cadherin at pH 7.4 that decreased
signiﬁcantly over a very narrow pH range to a minimum
binding activity at pH 7.0, an opposite trend to the data
reported here. While our current report and Baumgartner et al.
both study N-cadherin, there are considerable diﬀerences in
these two studies, including the methods used and the protein
constructs studied. Our studies are focused on a minimal
functional unit for dimerization that includes only the ﬁrst two
extracellular domains (EC1 and EC2), while Baumgartner et al.
studied a 5-domain construct. By considering our studies
together, we would conclude that the eﬀect at pH 7.0 reported
by Baumgartner et al. must be due to protonation events in
EC3−EC5 and impose a dominant negative eﬀect over the pH-

the pH dependence of the linkage between stability, calciumbinding aﬃnity, and dimerization.
At pH 7.0, NCAD12 has a predicted net charge of −8.8 in
the native state (PROPKA 3.1), consistent with a signiﬁcant
impact of electrostatic repulsion in protein stability. Since a
decrease in pH will lead to a net decrease in negative charge, we
hypothesized that a decrease in pH should increase the stability
of Mapo. This phenomenon was indeed observed in thermal
denaturation studies and supported by studies from our
laboratory. Previous studies on the stability of isolated EC2
modules, from both E-cadherin55 and N-cadherin,56 demonstrated that EC2 is destabilized by ﬂanking acidic linker
segments. Furthermore, this destabilization by the adjacent
linker segments was overcome by addition of NaCl. Taken
together, our studies indicate that the EC2 domain is
destabilized by electrostatic repulsion and can be stabilized by
addition of NaCl or reduced pH.
Protonation leads to a decrease in overall negative charge due
to an increase in positive charge on histidines and a decrease in
negative charge on acidic residues in N-cadherin. The observed
increase in stability in EC2 shown in the thermal-unfolding
studies could be due to a combination of protonating histidines
and acidic residues. Given the high charge density in the
calcium-binding pocket, protonation of calcium-binding residues will also support a net decrease in electrostatic repulsion.
We observed an increase in stabilization of NCAD12 as pH
decreased. Thermodynamic parameters in Table 1 provide
insight into the increased stabilization of EC2 as a function of
pH. Based on earlier studies of isolated EC2 of E-55 and Ncadherin,56 we expected to see an increase in Tm and a
concomitant increase in the enthalpy change (ΔΔHm) at Tm, as
net charge was reduced. However, while Tm increased in these
pH-dependent studies, enthalpy decreased, albeit slightly
(ΔΔHm of 7 kcal/mol). Bechtel et al. state that enthalpy of
protonation is not a function of pH in studies of protein
stability.57 The linear relationship between ΔHm and Tm allows
prediction of ΔCp, yielding a ΔCp for protonation close to 0
kcal/ (mol K). If we consider the increase in Tm, assuming
ΔHm to be constant, it would imply some decrease in entropy
at Tm (Tm*ΔSm = ΔHm; when ΔHm is constant). This result
indicates that decreasing the pH produces a decrease in
conformational entropy, an increased exposure of hydrophobic
surface area, or a combination of both.58 Enthalpy changes for
single protonation events of aspartates and glutamates are
relatively small compared to those for protein folding (ΔHp of
0.5 to 1.5 kcal/mol),59 possibly leading to the small, observed
change in the enthalpy of unfolding as a function of pH.
We hypothesized that protonation of acidic residues in the
calcium-binding pocket should lead to an overall decrease in
the calcium-binding aﬃnity. As predicted, we found that a
decrease in pH did decrease calcium-binding aﬃnity; higher
calcium levels are required to populate calcium-binding sites at
lower pH values. However, the magnitude of this decrease was
only a factor of 3 over a 1.5 pH unit range (7.4−6.0).
Additional calcium titrations at pH 5.5 showed the same
reduction of a factor of 3 over a smaller pH unit range (6.0−
5.5), indicating that the protonation of key acidic residues
decreases the calcium binding aﬃnity.
Comparison of the paramters resolved from the competitive
binding model to the predicted pKa values of calcium-binding
residues (Table 4) indicates that D134 may be the key player in
the pH-dependence of calcium binding. This residue in
particular is the key requirement for calcium occupancy of
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traacetic acid; HEPES, N-(2-hydroxyethyl) piperazine-N′-2ethanesulfonic acid; Ka, acid dissociation constant; Kd,
dissociation constant; NaOAc, sodium acetate; NCAD12,
neural-cadherin extracellular domains 1 and 2 (residues 1 to
221); PAGE, polyacrylamide gel electrophoresis; SEC, size
exclusion chromatography; Tm, melting temperature

dependent change in chemistry in EC1 and EC2 reported here.
In support, Ozawa et al. highlighted signal transduction through
the EC-region of Type I cadherin, and showed that a mutation
in the calcium-binding sites between EC2 and EC3 causes a
loss of adhesion.23
Another important issue with bacterially expressed NCAD12
is the lack of post-translational glycosylation. It has also been
shown in the literature that N-glycosylation can aﬀect cadherin
stability and adhesive function.67 Speciﬁcally, N-glycosylation in
N-cadherin has been shown to increase adhesion.68 One
glycosylation site is located in EC2, while the others are located
at points outside of the NCAD12 structure. Furthermore,
possible post-translational polysialylation of cadherin as
observed for neural cell adhesion molecules (NCAMs) was
not possible in the bacterial expression system. Previous studies
have demonstrated that the absence of sialic acid modiﬁcations
on NCAMs result in increased cell adhesion.69 Both of these
modiﬁcations should aﬀect the electrostatic surface of Ncadherin, especially the presence of sialic acid.
In conclusion, within the pH range 7.4−5.0 NCAD12
showed a pH-dependent decrease in calcium-binding aﬃnity
and increase in dimerization aﬃnity. Since the pH in
metatstatic cancers is depressed by up to 1.2 pH units1,2 as is
the pH at neurological synapses,1,6 we would predict small
increases in N-cadherin dimerization aﬃnity. The extracellular
neurological microenvironment is complex and dynamic.70
These microenvironmental factors include local ﬂuxes in
calcium concentration71 and other metals72 that could compete
with the calcium and have a profound aﬀect dimerization by
cadherins.
In terms of the structure−function relationship of the
classical cadherin family, the change in dimerization aﬃnity is
consistent with electrostatic repulsion playing a role in
moderating the aﬃnity of dimerization. This observation begs
the question of whether electrostatic interactions are deﬁnitive
contributors to the tuning of the relative aﬃnities of N-, E-, and
P-cadherin at the strand-crossover or X-dimer interfaces,
thereby playing a role in the equilibria and kinetics of adhesion
by classical cadherins.
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