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ABSTRACT
Cadherins are a family of transmembrane proteins that dimerize to form
junctions between cells in the presence of calcium. Due to the necessity for proper
cell adhesion during cell differentiation in development, we are examining whether
binding of other metallic divalent cations would disrupt calcium-sensitive
dimerization of neural cadherin in vitro. Specifically, we are studying the effect of
cadmium(II) on the linkage between calcium binding, dimerization, and dimer
disassembly.

Cadmium toxicity became recognized during the Industrial

Revolution, with particular attention gained during the “Itai-Itai” disease outbreak
in China during the 1910s. This toxicity, partnered with the role of cadherin in
development and synapse physiology prompted investigation of this interaction. To
simplify protein purification and subsequent experiments, a truncated version of Ncadherin containing only the first two extracellular domains and the adjoining
segments was used to measure dimerization and ion binding. Using spectroscopy
and circular dichroic measurements, the binding affinity of cadmium(II) for neural
cadherin in the presence of variable ion concentrations was determined. Second,
the ability of cadmium(II) to disrupt dimerization by calcium or to induce dimer
disassembly was also tested. Data suggest that cadmium(II) binds to the calciumbinding sites and causes a conformational change. The binding of cadmium(II) to
induce dimer disassembly, both on its own and in competition with divalent
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calcium, reveals some of the basic equilibrium properties under which this system
operates.

Together, these studies indicate that cadmium(II) is a potent ion,

disrupting calcium-dependent dimerization at very low levels.
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INTRODUCTION
Cadherins are transmembrane, calcium-dependent, cell-cell adhesion
proteins. They are anchored at the C-terminal end to the actin cytoskeleton and to
identical cadherins from an adherent partner at the N-terminal end to bind adjacent
cells together.

In normal, functioning tissue, this is necessary to establish

communication between the component cells. There are two primary cadherin
proteins of interest; neural cadherin (NCAD) is involved in gastrulation,
synaptogenesis, and development of the neural plate [1]. Epithelial cadherin (ECAD)
is involved in the development of the epithelium, and is a very necessary component
of proper tissue function.

In instances of misregulation or aberrant cell

communication, these tissues can become malignant. This malignancy contributes
to carcinomas, the cause of about 80% of all cancers [44]. If there is competition in
the cadherin calcium-binding site, then malignancies can arise. Since cadmium is a
known toxin, it is a particularly interesting ion to look at for competition studies
with calcium that could inhibit normal cadherin function.
Dependent on calcium ions to induce conformational changes in the
extracellular region, cadherins are capable of forming strand-swapped dimers
through non-covalent interactions.

These dimers usually form between like

cadherins, either between two NCAD protomers or two ECAD protomers. These
associations can exist as either cis interactions, between two cadherins on the same
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cell surface, or trans interactions, between two cadherins on different cell surfaces.
For the purpose of this paper, trans dimers are the only ones studied, as they are the
basis of cell-cell adhesion in vivo and are experimentally tractable.

Figure 1: Illustration of cis and trans Interactions. NCAD is capable of forming cis interactions
between cadherins on the same cell surface (red) or trans interactions between cadherins on another
cell surface (green). Figure obtained from the Pedigo Figure Library.

Cadherins, as transmembrane proteins, have both an intracellular domain
and extracellular domain linked by a transmembrane segment. The smaller
intracellular domain is unstructured, and, along with intracellular binding partners,
serves to anchor the entire protein to the actin cytoskeleton of the cell [2]. The
extracellular region consists of five separate, independently folded domains (EC1,
EC2, etc.), joined together by linker regions (linker1, linker2, etc.) [3]. All four linker
regions have been shown to coordinate with three Ca2+ ions each to encourage
dimerization [4].
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Figure 2: Structure of Neural Cadherin. NCAD is composed of five extra cellular regions, bound by
calcium between each. It is to the actin cytoskeleton by α- and β-catenins.

Since the natural protein dimerizes using only the most distal extracellular
domain (EC1), that is the region of most interest when it comes to ion binding and
subsequent strand-swapped dimer formation. It is important to note that the
calcium-binding interfaces between the sequential domains provide clusters of
anionic residues and carbonyls to chelate the calcium ions that bind there. The
anionic properties of the binding sites could promote binding of other divalent
cationic species besides calcium. A truncated NCAD protein containing EC1, linker1,
EC2, and linker2 (NCAD12) is used for analysis in our studies because it is the
minimal functional protein unit capable of folding, binding calcium, and dimerizing
[5].
3

Dimerization of NCAD12 occurs as a three-step process.

First, the

synthesized amino acid sequence is folded to form a functional protein unit. Once
the protein achieves its native fold, it can then bind calcium ions within the linker
regions joining EC domains.

This transition from protein monomer (Mapo) to

calcium-bound monomer (Msat) is a fast-exchange process, with calcium ions
constantly moving into and out of the binding sites. When two Msat subunits come
into close proximity, the actual strand-swapping event can occur, yielding a strandswapped dimer (Dsat).

This saturated dimer is still in fast exchange with the

saturated monomer state. However, a unique feature of NCAD12 is its ability to
adopt a kinetically trapped dimer (D*apo) when Ca2+ is stripped from the calciumbinding sites by EDTA. This dimeric state allows us to measure relative levels of
monomeric and dimeric NCAD12 in solution using size-exclusion chromatography
(SEC) [6].

Figure 3: Illustration of NCAD Dimerization. The binding of Ca2+ ions form saturated species
capable of forming dimer if properly coordinated. The D*apo state is the trapped dimer, a structure
unique to NCAD12, making it of great utility for experimental observations.

Extracellular domain 1, the NCAD protein region furthest from the cell
membrane, is the domain primarily associated with strand-swap dimer formation.
4

The “swapping” associated with this dimerization process comes from the
movement of tryptophan-2 from the hydrophobic pocket in EC1 of its protomer to
the analogous space in the hydrophobic pocket of its adherent partner (Figure 4)
[7].

This swapping of tryptophan residues links the two cadherin monomers

together.

Figure 4: Strand-Swapped Dimer Showing Exchange of Trp2 Residues. NCAD12 has binding
regions for Ca2+ (red) in between EC1 and EC2 (blue). The A* strand containing the Trp2 residue
necessary for strand-swapped dimer formation is shown here with the Trp2 docked in the other
hydrophobic pocket. The cationic N-terminus also participates in an ionic interaction with the
anionic carboxylate side chain of Glu89 [8].

Trp2 is one of the two anchors docked in the hydrophobic pocket at the top
of the A β-strand. This residue is capable of conformational rearrangement within
the hydrophobic pocket due to its connection to the hinge region, a stretch of amino
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acids coordinating Trp2 to linker1 through Glu11 that has unusual plasticity in its
conformation [9]. The flexibility likely stems from the two adjacent prolines in
positions 5 and 6 of the A*/A strand [10]. Binding of calcium ions in linker1 induces
a change in the position of Glu11, which induces strain in the molecule due to the
Trp2-hydrophobic pocket interaction [11]. Upon coordination of two saturated
monomers, the Trp2 residues from each monomer swap to form saturated dimer in
a concentration-dependent manner.
These dimers are extremely important throughout embryonic development,
during which they allow for development and specialization of cells pertaining to
the neural plate and epithelium. The epithelial-mesenchymal transition (EMT)
occurs as a result of decreased ECAD expression in favor of more NCAD expression
[12]. In normally developing tissues, the morphogenic stimulatory properties of
both neural and epithelial cadherins cease once embryonic development concludes,
but the proteins are still necessary for forming synaptic junctions and epithelial
barriers. However, post-developmental upregulation of NCAD or downregulation of
ECAD usually associated with the EMT have been shown to contribute to the
metastatic capabilities of some tumor cells [13]. As such, cadherins play a vital role
during the development and maturation of cells, and the stabilization of tissues in
vivo.
Calcium exists in the extracellular matrix in high concentrations relative to
other metallic cations, and relative to intracellular calcium levels [14]. This makes it
an excellent choice for both cytosolic signaling through the opening of gated
membrane ion channels [15] and a good cofactor for membrane-associated protein
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binding, as seen in cadherin [16].

However, metallic cations with lesser

concentrations in the extracellular matrix can have a larger impact on binding
affinity, as smaller changes in extracellular concentration can contribute to a much
larger relative increase in concentration. If extracellular metals are capable of
binding non-canonically with the same or greater affinity than the usual metal
cofactor, or if their cumulative concentration exceeds that of calcium, then alteration
of protein activity is likely to be seen.
Cadmium, conversely, has no usage in cells, making its existence in cells
abnormal at any concentration. It has been linked to various forms of cancer, and is
heavily regulated by the EPA to prevent accidental exposure to the populace [17].
Potential exposure to cadmium comes primarily through ingestion or inhalation, but
increased regulations have decreased the risk of encounter in plants, animals, or the
air.

Since there is no known pathway for removal of cadmium in humans,

continuous encounters with the metal lead to accumulation and deposition
throughout the body, contributing to its toxicity.
Given that cadmium is a neurotoxin, it seemed like an interesting candidate
ion to study for NCAD, a protein known for its role in EMT, development of the
neural crest, and location at synaptic junctions [18]. Work has been done previously
demonstrating cadmium’s ability to disrupt formation and maintenance of
intracellular junctions at very low concentrations for only short periods of time [19,
20].

Such results led us to investigate if cadmium interferes with NCAD12

dimerization. If so, we would determine the effect of cadmium on calciumdependent dimerization.
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Steps were taken to investigate if cadmium would have any effect on the
ability of the protein to take up Ca2+, and, ultimately, the ability of those saturated
monomers to come together and form dimer. The disassembly of the dimer would
be the primary focus, as it would elucidate whether cadmium could bind to the
protein’s calcium-binding sites, induce a conformational change, and compete with
calcium on a molecular level. This study, along with previous work by Prozialeck et
al, demonstrated cadmium’s toxicity within the extracellular milieu [19-21]. This
toxic interaction would offer insight as to how cadmium ions interact with proteins
within our body, specifically with neural cadherin.
Cadmium is present in a wide variety of settings in industry, but growing
knowledge of its toxicity has led to avoidance of its use in products. Industrial
workers are exposed to larger doses of cadmium than the average person, as it is
found in ores during mining, smelting, and manufacturing processes [22]. In the
everyday home, cadmium can still be found in batteries, old paints, and cigarettes
[17]. Lesser, yet more constant exposure, occurs from pipes connected to transport
tap drinking water.
Cadmium in batteries is fairly well protected and doesn’t pose health threats
unless broken or corroded. However, cadmium in paint fumes and cigarette smoke
are inhaled, and up to 50% of the cadmium that enters the respiratory system is
retained [23]. This accumulation of cadmium in the body, aside from traditionally
minor exposure in food, is a reason why smokers can have substantially more
cadmium in their body than non-smokers [24]. This is a major factor as to why
cadmium exposure, and primarily inhalation, has been linked to lung cancer [17].

8

Cadmium respiratory retention from cigarette smoke is so great that there seems to
be no additional cadmium accumulation in individuals exposed to exhaled secondhand smoke [25]. This indicates that the cadmium in cigarettes is so strongly
retained by the lungs, that the exhaled smoke does not contain nearly enough
cadmium to be dangerous to others.
Drinking water, which the populace is exposed to every day, contains
cadmium in small amounts, though regulations by the EPA limit its concentration to
no more than 5 ppm [26]. Even though not all of this concentration would reach the
extracellular membrane, SEC data demonstrated that concentrations as low as 1
ppm was able to affect NCAD dimerization capabilities. Though this is already in
trace amounts and difficult to regulate below that threshold due to such small
concentrations, potential long-term exposure to elevated cadmium in drinking
water could lead to some of the attributed forms of cancer.
Heart muscle contains elevated levels of NCAD, as it is a critical component of
intercalated disks [27]. In fact, the heart is the tissue with the highest level of neural
cadherin in the human body, according to RNA-seq data (CDH2).

As such,

cardiovascular disease related to cadmium exposure is of great interest in
examining cadmium’s relation to cadherin binding. Based off cadmium levels in
urine, a biomarker for long-term accumulation of cadmium, studies have shown that
cadmium exposure is ultimately a risk factor when it comes to cardiovascular
disease [28, 29]. With the high levels of NCAD present in heart muscle, it is possible
that this correlation between elevated cadmium levels and cardiovascular disease is
actually more causation.
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Cadmium exposure has also been linked to renal failure and kidney cancer.
This is due largely in part to the increased presence of metallotheionein, a protein
capable of binding xenobiotic metals to protect the body [30]. This protein binds
cadmium, inhibiting its excretion from the body. However, there have been studies
that indicate exposure to cadmium promotes upregulation of NCAD and
downregulation of ECAD in human proximal tubule cells [21]. This regulation of
NCAD and ECAD, usually tied to metastasis, is also a contributing factor in
determining nephrotoxicity [31]. In addition to affecting the relative levels of
cadherins within the cells, Cd2+ also increased mRNA levels of proto-oncogenes,
suggesting that the role of cadmium in cytotoxicity extends even within the confines
of the cell membrane [32].
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MATERIALS AND METHODS
Protein Isolation
The NCAD12 protein is a truncated version consisting of only the first two
extracellular domains and the linkers between them. This protein coding sequence
was cloned into the Xa/LIC site on pET30b plasmids. Expression at a T7 promoter is
controlled by a lac operator site. Plasmids were then transformed into Escherichia
coli BL21(DE3) cells. Cells containing the recombinant plasmid were selected based
on kanamycin resistance. A colony was picked and grown in liquid broth. Protein
expression was then induced by IPTG to produce abundant recombinant protein
levels. Recombinant protein is an N-terminal fusion between a 45-residue segment
containing a His-tag and the first two domains of mouse N-Cadherin (Figure 5).

Figure 5: Schematic of Murine NCAD12 Construct. The NCAD12 construct under study has several
notable features. It contains an N-terminal poly-histidine tag (blue) used to separate it from bacterial
proteins utilizing His-tag chromatography. There are then 45 residues (gray) of little importance to
our studies. Following the 45 residues is a trypsin cleavage site (black line) yielding a functional
protein with the two distal extracellular domains (green) and their linker regions (orange).

Following cell lysis, proteins were isolated by centrifugation, and NCAD12
was separated from total protein using His-tag chromatography in six separate
elution aliquots. The N-terminus His-tag fusion was then cleaved through trypsin
digestion. Protein purity in these aliquots was assessed using electrophoresis
11

through a 17% polyacrylamide gel. Protein concentration was determined by UVVis spectrometry (ε = 15,900 ± 400 M-1 cm-1 [33]). Protein was stored in SEC Buffer
(10 mM HEPES, 140 mM NaCl, pH 7.4).
Circular Dichroic Divalent Cation Binding Studies
Divalent Cation-Dependent Conformational Change Studies
Circular dichroic spectra of NCAD12 were taken using an AVIV 202SF
Circular Dichroism (CD) Spectrometer. Spectra were taken using a demountable
cuvette with a path length of 0.05 cm. Samples were prepared with a 60 μM protein
stock. The calcium sample was prepared with an 8 mM concentration of Ca2+ while
the cadmium sample was prepared with a 100 μM concentration of Cd2+. CD signal
was measured from 210 nm to 300 nm in nanometer increments with an averaging
time of 5 seconds.
Competitive Cation Binding Studies
Titrations were performed on 5 μM protein concentrations by adding 2.5 μL,
5.0 μL, or 10 μL sequentially of 1 mM, 10 mM, 100 mM, and 700 mM calcium ion
solution to a 2 mL initial volume in a 1 cm path length cuvette. CD signal was
measured from 210 nm to 300 nm at nanometer increments with an averaging time
of 5 seconds. Data recorded between 225 nm and 230 nm were analyzed because it
yielded the best signal to noise ratio.
Competitive binding spectra were then recorded for protein in the presence
of Cd2+. To do this experiment, calcium was titrated into a solution of 5 μM protein
and 1 mM Cd2+ according to the volumes stated earlier. Upon discovery of a
precipitate, the procedure was repeated with a Cd2+ concentration of 10 μM.
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Though there are three Ca2+ binding sites that may bind cooperatively, we make the
simplifying assumption that binding occurs in each site independently and with
equal affinity. The Adair Equation is used to explain associative binding:

𝜃=

!! !

(1)

!!!! !

where θ is the saturation of sites, Ka is the association constant, and X is the ligand
concentration. This simple hyperbolic function is fit to experimental data using
IGOR PRO from Wavemetrics and functions written in-house. Baselines are simple
linear functions.
Data from competitive titrations were analyzed using the function in eq (2)
below. Utilizing a plot with linear baselines for both the unsaturated and fully
saturated protein complexes, a hyperbolic fitting function was utilized to determine
the competitive binding activity of each individual ion. The following model was
used:
! ∙!
! ∙!
!! ∙!
!!!! ∙!∙(!!
)
!!!! ∙!

!
!! ∙!∙!! ∙ !!!!!

= 𝑀𝑋

(2)

where X is the concentration of Ca2+, KX is the association constant for Ca2+, Y is the
concentration of competing ion, KY is the association constant for the competing ion,
and M is the protein concentration. For competitive titrations, baselines were fit to
linear functions (Log[M2+]) with adjustable intercepts. Goodness of fit was assessed
based on the inspection of residuals with a small overall span quality fit a “good” fit
to the respective model.
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Size Exclusion Chromatography
High Performance Liquid Chromatography (HPLC) was used to measure the
relative levels of monomeric NCAD12 and dimeric NCAD12 in solution in varying
ion concentrations. A 4.6 mm x 250 mm Zorbax GF-250 Size Exclusion Column
(Agilent) was used on an 1100 Series HPLC System (Agilent) to separate the
monomer and dimer from each other within each sample. The stationary phase
contained silica beads of 4 um diameter with 150 Å pore diameter optimized for
separation based on size alone. Absorbance was recorded at 280 nm using a 1.0mL/min flow rate and triplicate analysis of 5 μL injections of 25 μM solutions. The
mobile phase used was SEC buffer (10 mM HEPES, 140 mM NaCl, pH 7.4). As
described below, monomer and dimer species elute as separate peaks, and can be
quantitated by peak height to determine the fraction of monomer and dimer. Based
on the protein concentration, the [M] and [D] can be calculated and used to calculate
the Kd for dimerization according to the equation below:

𝐾! =

[!]!
[!]

(3)

Figure 6: Kinetics of NCAD12 Assembly and Disassembly. Depending on the addition or removal
of binding ions like calcium, NCAD12 can attain a variety of different states. These states may be
isolated or in steady-state exchange with another species. D*apo is a state unique to NCAD12, and is
exploited during SEC to distinctly separate monomer subunits from dimer to assess Kd [34].

Disassembly was studied in two ways.

First, the apo stock solutions

containing D*apo were studied by addition of Cd2+.
14

These studies are called

“Independent Cation Disassembly Studies.” Second, competitive cation disassembly
studies were performed by creating D*apo from solutions containing Ca2+ and Cd2+.
Both of these studies are described below.
Independent Cation Disassembly Studies
Preformed D*apo in the absence of EDTA can recombine with cations to
disassemble the kinetically trapped dimer (Figure 6). Disassembly was achieved
through the use of protein stocks with a defined pre-existing concentration of D*apo.
Protein aliquots of 25 μM concentrations were exposed to 1 mM Ca2+, 1 μM Cd2+, 10
μM Cd2+, or 100 μM Cd2+ to disassemble the intrinsic D*apo and restore steady-state
exchange of monomer and dimer. Peaks were resolved between 2.25 minutes and
2.65 minutes for the appearance of distinct dimer (≈2.3 min) and monomer (≈2.5
min) peaks.
Competitive Cation Disassembly Studies
Apo sticks containing D*apo at a total concentration of 25 μM was exposed to
1 mM Ca2+. After allowing the solutions to equilibrate for 5 minutes, Cd2+ was added
to a final concentration of 0, 1, and 10 uM. After again equilibrating for 5 minutes,
EDTA was added to lock the assembled Dsat in the D*apo state. Samples were
analyzed by SEC, and peaks were resolved between 2.25 minutes and 2.65 minutes
for the appearance of distinct dimer (≈2.3 min) and monomer (≈2.5 min) peaks.
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RESULTS
The main objective of this work was to determine if an extrinsic cation
associated with disease could disassemble Ca2+-assembled NCAD12 dimer. Previous
studies in the Pedigo lab explored potential for divalent cation binding to compete
with calcium or induce dimerization on its own accord. Magnesium and nickel, two
other divalent cations, were both shown to bind successfully in lieu of calcium ions.
Nickel was found to have a Kd of 200 μM, showing fairly strong binding to calcium
binding sites, albeit at only a quarter of the affinity of Ca2+ (Kd of 50 μM).
Meanwhile, magnesium, which is more commonly found in the extracellular
environment, yielded a substantially weaker Kd of 2.5 mM. Here, we describe the
evidence supporting the conclusion that Cd2+ is capable of occupying NCAD calciumbinding sites, competing with Ca2+ for occupation of those sites, and inducing a
conformational change associated with disassembly of calcium-formed dimer.

Circular Dichroic Divalent Cation Binding Studies
Divalent Cation-Dependent Conformational Change Studies
Circular dichroic spectra were taken in the presence of cadmium to
distinguish the relative formation of saturated NCAD12 in the solution. When Ca2+
is in solution, it is capable of entering the binding site, and inducing a
conformational change that is detected by CD (Figure 7). Based on the NCAD12
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structure containing β-sheets, a minimum at about 215 nm confirms the presence of
β-sheets and absence of α-helices in our protein [35]. Calcium binding induces an
increase in spectral signal, confirmed by a higher maximum around 228 nm and a
less negative minimum around 215 nm. The Cd2+ binding curve falls between the
Ca2+-bound and apoprotein spectra. Despite the difference in ion concentration
(Ca2+: 8mM, Cd2+: 100μM), the shift up from Apo shows that Cd2+ is having a
conformational impact on protein structure.

Though there is no quantitative

analysis possible for the results, the qualitative comparison that Cd2+ shifts the
spectrum in a direction towards Ca2+-bound protein at an 80-fold lesser
concentration is indicative of Cd2+ binding to the Ca2+ binding sites on NCAD12 and
inducing a conformational change.
1.5
0.5

CD Signal (mdeg)

-0.5 210

220

230

240

-1.5

250

260

Apo
Ca

-2.5

Cd

-3.5
-4.5
-5.5

Wavelength (nm)

Figure 7: CD Spectrum of NCAD12. Binding of Ca2+ and Cd2+ increased CD Signal, indicating a
change in conformation associated with binding site occupation. However, the Cd2+ signal is not as
strong as the Ca2+ signal, attributable to the lesser concentration of ion, a lower binding affinity, or a
less associated conformational change.
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Competitive Cation Binding Studies
A standard titration of Ca2+ was performed with a solution of NCAD12 to
ensure the protein was capable of forming dimer and to provide a reference for the
competitive Cd2+ titration. A fit of the Adair equation (Equation 1) to the calcium
only titration yielded -5.9 ± 0.3 kcal/mol for the free energy of binding (see Figure
15 in the Supporting Information section). This value is in agreement with identical
studies from our lab [33]. The Ca2+ titration creates a standardized curve, with
ultimate binding site saturation being achieved by the end of the titration,
characterized by a zero slope at the right end of the spectrum. Competitive binding
studies were performed to determine the ability of Ca2+ to displace Cd2+ from the
binding pocket relative to the ability of Ca2+ to enter an empty binding pocket. By
plotting the standardized ellipticity values from the aforementioned local maximum
at 230 nm against the concentration of Ca2+ in solution, a hyperbolic binding curve is
established. Using the pure Ca2+ titration as a means of reference, the curve for Ca2+
titration in the presence of Cd2+ shows a rightward shift and a drastic change in Ca2+
affinity for binding. Based on an initial association constant of 20643 M-1, addition
of 10μM Cd2+ shifted that to a value of 1127 M-1. This resulted in a determination of
a Kd for Cd2+ of 0.5 μM, indicating a 100-fold greater affinity than Ca2+ (Kd=50 μM),
for the binding pocket of NCAD12. What this means on a molecular level is that the
Cd2+ ions in solution are capable of competing with added Ca2+ for binding site
occupation. This confirmed our beliefs that Cd2+ was capable of entering the binding
site and competing with calcium’s ability to do the same.
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Figure 8: CD Signal Over Ca2+ Titration. Ca2+ was titrated into a solution containing NCAD12 in SEC
Buffer (blue) and NCAD12 in SEC with 10 uM Cd2+ (red).

HPLC Disassembly Studies
Independent Cation Disassembly Studies
Disassembly studies of D*apo validated the hypothesis that Cd2+ can occupy
Ca2+ binding sites. Consider Figure 9. Apo data show the highest level of D*apo,
indicating that this dimer was formed in high Ca2+/high protein concentration,
trapped as D*apo by EDTA addition, and then dialyzed extensively into the SEC buffer
(D:M ≈60:40). With the Apo solution as a reference, addition of Ca2+ unlocked a
large amount of D*apo (D) to form monomer (M), with a D:M shift of 60:40 for Apo to
36:64 for 1 mM Ca2+. Using this evidence of binding and unlocking, Cd2+ addition
yielded similar results, though not as profound as Ca2+ binding. The D:M shifted
from 60:40 for Apo to 59:41 at 1 μM Cd2+, 54:46 at 10 μM Cd2+, and finally 49:51 at
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100 μM Cd2+. This shift is evidence that Cd2+ does, in fact, occupy Ca2+ binding sites
and disassemble preformed D*apo. This also indicates that whatever conformational
change is adopted by NCAD12 upon Cd2+ binding (Figure 7) is sufficient to unlock
D*apo in an ion concentration-dependent manner.
7
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2.4
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Figure 9: D*apo Disassembly by Ca2+ or Cd2+. Addition of Ca2+ shifted a large amount of D*apo to
monomer, while Cd2+ increased the amount of monomer as [Cd2+] increased. The peak corresponding
to dimer is seen at around 2.30 minutes (D), and the peak for monomer is seen around 2.45 minutes
(M).

Kd values for the experiment were calculated according to Equation 3. A
reduction in dimerization capability associated with dimer disassembly was evident
as the Kd nearly doubled from 21.3 at 0 μM Cd2+ to 42.5 at 100 μM Cd2+.
Intermediate calculated values for Kd are found in Table 1.

20

[Cd2+]

Kd (µM)

0 μM

21.3

1 μM

22.8

10 μM

31.3

100 μM

42.5

Table 1: Values for Kd for Dimerization Calculated from Figure 9

Competitive Cation Disassembly Studies
Competitive disassembly studies were again performed on a D*apo and Mapo
initial concentration. Adding Ca2+ first produces a reference for initial Mapo and
D*apo ratios prior to competitive binding. The addition of Cd2+ introduces a
competitive binding ion, as was determined in Figure 10.

This ion, when

competing, can induce a conformational change either beneficial or detrimental to
the formation of Dsat in solution. This is seen upon stripping with EDTA, locking the
fast-exchange system as set quantities of Mapo and D*apo. The solution containing
just 1mM Ca2+ produced a distribution of D*apo:Mapo of 53:47 after addition of EDTA.
A very clear and poignant observation is made upon the addition of Cd2+ to
the NCAD12/Ca2+ system. In our protein, addition of Cd2+ shifted the ratio from
53:47 initially to 60:40 for 1 μM Cd2+ and 64:36 for 10 μM Cd2+. This great shift in
monomer concentration shows that not only can Cd2+ occupy the same binding site
as Ca2+, but it can also do so competitively.
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Figure 10: D*apo and Mapo Formed After Addition of Ca2+ and Cd2+. Addition of Cd2+ resulted in a
shift towards monomer, as is evidenced by the increasing size of the right peak. The peak
corresponding to D*apo is seen at around 2.33 minutes (D), and the peak for Mapo is seen around 2.50
minutes (M).
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DISCUSSION
In the extracellular space, there is no real regulatory mechanism to
manipulate ion concentrations. That allows the possibility of competition between
the physiologically relevant ion and other natural or extrinsic ions. The culmination
of these assays indicates that Ca2+ is not the only divalent cation capable of
occupying the binding sites within the linker regions of NCAD. Previous studies had
shown potential for Mg2+ and Ni2+ as binding agents, leading to the possibility of
other divalent cation species being able to occupy the anionic binding pocket
(Dukes; unpublished). Studies reported here address the ability of Cd2+ to occupy
these binding sites and confer a conformational change that disassembles dimer.
Our data supports this conclusion, showing that Cd2+ is capable of occupying the
calcium-binding pocket at a level competitively with Ca2+ and inducing a
conformational change that disassembles calcium-assembled dimer.
This suggestion manifests in all experimental methods described earlier, as it
is evident that Cd2+ is capable of entering interfacial binding sites in the absence of
Ca2+ (Figures 6, 7, 8). Though it appears as though it may not bind with the same
affinity, other cation binding can definitely occur in the extracellular matrix in
competition with Ca2+.

The extracellular matrix, however, is a complicated

environment with a myriad of divalent cations. If cation size and geometry played a
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role in the selectivity of Ca2+ as the preferred metallic cofactor, this could explain
why cadmium exposure is so critical to avoid.
One factor potentially contributing towards the relatively high binding
affinity of Cd2+ is the relative similarity between the ionic radii of Ca2+ and Cd2+.
Given that Ca2+ has a radius of 0.99 Å and Cd2+ has a radius of 0.97 Å, Cd2+ should
really have no physical constraints preventing it from occupying a Ca2+-binding site
[36]. Furthermore, the hydration shells of Ca2+ and Cd2+ are quite similar, given that
both can occupy a hydration shell consisting of six or seven water molecules [37,
38]. Within a shell of hydration of 6, the ionic radius of 1.09 Å for Cd2+ is very
similar to the 1.14 Å radius of Ca2+ [43]. This would allow Cd2+•6H2O to occupy a
Ca2+•6H2O binding site due to its similar charge, hydration shell, and slightly smaller
size. These factors combined suggest that, apart from other unforeseen factors, the
binding pocket would be able to accommodate both Cd2+ and Ca2+ based solely on
the size, charge, and hydration shell geometry.
The evidence from the previously mentioned experiments supports the
hypothesis that Cd2+ is capable of occupying the calcium-binding sites and inducing
a conformational change (Figure 7).

However, this change is detrimental to

NCAD12’s ability to dimerize, as increasing the amount of Cd2+ in solution promotes
a shift to monomer over dimer (Figures 9, 10). Normally, dimerization occurs as
almost a two-step process. Initial Ca2+ binding induces a conformational change to
promote strand-swap dimerization. However, the actual strand-swapping does not
occur until two of these saturated monomers are in close enough proximity to
energetically exchange strands and swap Trp2.
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However, in mutants lacking the Trp2 necessary to form this strand-swapped
dimer (W2A), dimerization can still occur, albeit at only a quarter of the strength of
a fully strand-swapped dimer [9]. This dimer, though not as strongly associated as a
strand-swapped dimer, would still appear in SEC based on its size being consistent
with strand-swapped dimers. The absence of this observation suggests that Cd2+
binding induces a conformational change that inhibits normal strand-swapping
dimer formation as well as any sort of dimer affinity outside of the Trp2 amino acid.
It is important to note that this could be absent from testing because the region of
NCAD necessary for partial dimer formation could exist outside the two
extracellular domains present in our wild-type NCAD12 protein. Further tests using
various mutant forms of NCAD would be necessary to see which region is involved
with the initial dimerization affinity. Testing at higher concentrations of Cd2+ would
likely prove futile, as precipitation was observed at concentrations of 1 mM. This
observation prompted the use of much more dilute Cd2+ samples consisting of less
than or equal to 100 μM Cd2+.
The insoluble anions that precipitate with Cd2+ that could have been in
solution were hydroxide, phosphate, sulfide, or carbonate. However, none of these
were present in the SEC buffer or distilled water with which protein stocks were
prepared and stored. They wouldn’t be in solution unless the HEPES was degraded
to produce any of these anions or the distilled water wasn’t properly distilled. Since
degradation of a buffer system containing a Good’s buffer is unlikely with the
chemicals we use, that is likely not the source of precipitate [39]. Thus, it can be
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concluded that the precipitate was from the protein itself, likely through a
conformation change exposing hydrophobic residues.
An important feature of NCAD is the tryptophan involved in strand-swap
formation, as well as any other tryptophans within the extracellular domains. These
tryptophans’ aromaticity is measured in the 220-230 nm range for CD [40]. The
main tryptophan movement associated with dimerization is the transition of Trp2
from its native hydrophobic pocket to the analogous hydrophobic pocket in the
adjacent cadherin. In this instance, the tryptophan would still be masked, as it still
resides in a hydrophobic pocket. However, the conformational change associated
with the stress on the A* strand could expose additional tryptophan residues
normally on the interior of the protein, like Trp113. This contributes to the elevated
CD signal near 230 nm. In addition, the overall shape of the curve is indicative of βsheets and an absence of α-helices. This is supported by the work of Sam Davila, a
graduate student in the Pedigo lab, who studies NCAD1. Conclusions were drawn
based on her data for CD spectra that were applicable to the binding of cations in
these studies. As a result, the local maximum at 230 nm and minimum at 215 nm
are used for quantitative, as well as qualitative, analysis of cadherin’s saturation
before eventual transition to dimer.
In reality, most things today have been linked to cancer in one form or
another. Cadmium, however, has direct links to lung and kidney cancer, and has
some conflicting reports about potential links to prostate cancer [41, 42]. Though
the mechanism by which it induces these malignancies is largely unknown, evidence
was presented supporting the hypothesis that Cd2+ binding and subsequent
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disruption of NCAD dimerization could play a role in cadmium’s carcinogenicity.
Cadmium was shown to occupy the NCAD12 Ca2+ binding site and induce
conformational change both on its own accord as well as in competition with Ca2+.
This resultant conformational change promoted dimer disassembly. Lastly, it was
concluded that these changes were due to a conformational change in the NCAD12
monomer subunit that exposed hydrophobic residues, inhibiting dimerization
capabilities and stability in aqueous solution.
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SUPPORTING INFORMATION
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Figure 11: Plot of Figure 7 with Error Bars.
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Figure 13: Crystal Structure of NCAD12 Showing Three Bound Ca2+ Ions [7]. Figure was made
with PyMOL (www.pymol.com)
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Figure 14: Approximate Locations of β-Strands in Primary Sequence of NCAD EC1.

Figure 15: Calcium titration data fitted to Equation 1.
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