
 
 
 
 
 
 
 

ABSTRACT 

Cadmium Disruption of Neural Cadherin Dimerization 

Garrett Williams 

Director: Zhenrong Zhang, Ph.D. 

Cadherins are calcium-dependent cell-adhesion proteins that are vital to the 
formation and maintenance of solid tissues. Neural (N-) Cadherin plays an essential role 
in early development processes such as angiogenesis and development of the neural plate. 
The prerequisite of calcium (Ca2+) binding for adhesion begs the question of whether 
other divalent cations could promote or inhibit dimer formation. Due to its ionic radius 
and chelation geometry, cadmium (Cd2+) has been shown to substitute for Ca2+ in select 
physiological processes. The studies described here evaluate whether Cd2+ binds to N-
Cadherin as a heteroligand, thereby disrupting calcium-induced dimerization. Studies 
were also conducted to predict the effects of Cd2+ at relatively low Ca2+ concentration, as 
typical for excitatory neural synapses. This study features both experimental and 
numerical analysis of ligand binding and ligand-induced dimerization. The ligand binding 
constants resolved for calcium and cadmium indicated that cadmium binds to N-cadherin 
with ~4x higher affinity than that of calcium. Further, low levels of Cd2+ decrease dimer 
formation at calcium concentrations found at neurological synapses. Analysis shows that 
Cd2+ disrupts dimerization of N-Cadherin, consistent with its competition for the Ca2+-
binding sites. Our observations of dimer disassembly in the presence of Cd2+ support the 
hypothesis that at very low levels, Cd2+ will have minimal effect on N-Cadherin mediated 
cell-adhesion in the body; however, Cd2+ at these same levels at excitatory synapses can 
disrupt cell adhesion and compromise normal neurological processes including the 
formation of memory and reflex stimulation.   
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CHAPTER ONE 
 

Introduction 
 
 

Neural Cadherin is a calcium-dependent cell-adhesion macromolecule involved in 

neural development1, 2, synapse synthesis1, 2, synaptic plasticity3, 4, and the formation and 

maintenance of vascular tissue3, 4. Since calcium is required in vivo for adhesion of 

classical cadherins5-8, ions that compete with calcium for calcium-binding sites can 

disrupt proper function. Cadmium is a known neurotoxin and carcinogen9 and has a direct 

effect on cell-cell adhesion mediated by cadherin10-12. In this work, we report studies of 

the effect of cadmium (II) (Cd2+) on calcium binding to neural cadherin as a possible 

explanation for its deleterious physiological effects.  

 Cadherins are transmembrane proteins that promote communication between the 

actin cytoskeleton of adherent cells. Adhesion between cadherins on neighboring cells 

occurs through noncovalent interactions between the extracellular (EC) regions of 

cadherin protomers. As shown in Figure 1, there are five modular EC domains that are 

connected in series. These modular EC domains fold independently, but affect each 

other’s properties. Calcium binding links the EC region into a cooperative unit. Calcium 

binding is a prerequisite for adhesion between cadherins6-8, 13. Calcium binding to the 

monomer induces a strain in the protein governed by two proline residues in the βA-

sheet. This strain drives the energetically-favorable dimerization of two adjacent calcium-

bound monomers5, 13 
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A        B  

Figure 1: Illustration of 
Neural Cadherin in vivo.  
Neural cadherin in vivo has five 
β-barrel extracellular (EC) 
domains of ~ 100 residues each, 
joined by 7 residue L-segments 
(4 L-segments in total). The 
interfacial regions between 
domains are the sites at which 
three calcium ions bind (12 
calcium ions in total). The EC1 
domain is the most distal 
domain, contains the N-
terminus, and is the site of 
adhesive dimer formation (B). 
Inside the cell, the cytoplasmic 
domain contains the C-terminus.  

 

 Cell-cell adhesion, and ultimately tissue formation, occurs through intermolecular 

interactions between the EC-regions of cadherins emanating from the membrane of 

adherent cells. As shown in Figure 2, EC1, the most distal EC-domain to the cell, is the 

site of the strand-crossover interface14. When two calcium-bound EC1 regions come into 

close proximity, the EC1 protomers interact via a strand-swapping mechanism that 

requires Trp2 cross-intercalation between cadherin molecules emanating from adjacent 

cells15. Trp2, the second amino acid at the N-terminus of the cadherin molecules, docks 

into a hydrophobic pocket opened upon calcium binding. Two salt bridges are formed 

during mutual strand-swapping between Asp1 on the N-terminal of one cadherin and the 

acidic Glu89 residue of the other16. Studies have shown that prevention of this bond 

between these amino acids in neural cadherin strongly inhibits strand exchange. The salt 

bridge formed between the side chain of Glu89 and the N-terminus stabilizes Trp2 

insertion13, 16. The formation of this salt bridge and the hydrophobic interaction between 

Trp2 and its acceptor pocket are factors required for dimer formation.  
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B 
H3N+- D W V I P P I N S P E  
     1 2 3 4 5 6 7 8 9 10 11 

Figure 2: “Closed” Trp2 via Strand 
Swapping.  
(A) Strand exchange occurs between 
two calcium-activated complexes and 
strand originates at the N-terminus. 
Trp2 docks itself in the hydrophobic 
pocket of its adherent partner. This 
interaction is stabilized by the 
formation of salt bridges formed 
between the leading residue in the 
sequence Asp1 (a) and the acidic 
residue Glu89 (b). 
(B) The amino acid sequence of the 
first 11 amino acids of neural 
cadherin. The first 7 amino acids are 
conserved in most classical cadherins. 
E11 is a bidentate chelator of calcium 
in sites 1 and 2. The N-terminus must 
be a free amine so that it can form an 
ion pair with the side chain of E89. 
W2 is a critical tryptophan for the 
formation of a strand-swapped 
structure. 

 

 Cell aggregation studies have shown that cadherin-mediated cell-cell adhesion 

requires calcium binding15.  Neural cadherin binds three calcium ions at the interface 

between domains. Calcium-binding sites comprise six chelating groups (lone pairs from 

oxygen) that are contributed by residues in the L-segment and the bracketing EC 

domains. Calcium binding to the region causes the protomer to rigidify into a curved 

shape. The binding sites are composed of clusters of negatively charged residues or 

carbonyl groups from the loops that connect the β-sheet regions that make up the 

domains. The negatively charged residues in the L-segment that associate the domains 

also play a role in the formation of the binding site17, 18. The stoichiometry of calcium 

binding is three per interfacial region as established in crystallographic studies (c.f. 15), 

mass spectrometry19, and equilibrium dialysis13, 20. 
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Figure 3: Calcium-Binding Sites of 
Neural Cadherin.  
The binding sites of the cationic ligand 
are stabilized by the anionic residues 
donated in part by the loops between β-
sheet regions of the domains and the 
L-segment (EC1 – Blue, EC2 – 
Red). This figure depicts calcium 
ions in yellow at the interface 
between domains and the 7-residue 
linker segment in black. Structure is 
created from 1EDH21 using PyMol22. 

 

 Though there is no consensus on the relative affinity of each site, it is known that 

calcium binding is sequential and linkage between calcium-binding sites is critical for 

dimerization of neural cadherin13. Interestingly, there is no credible evidence for 

cooperativity in the binding of calcium in spite of the fact that the calcium ions are in 

very close proximity compared to EF-hand sites, for example. Further, the fact that the 

side chain oxygens of three amino acid residues are shared with both sites 1 and 2 argues 

that the binding of calcium must be cooperative. However, the fact remains that there is 

no experimental evidence of cooperativity from titrations monitored by changes in 

spectroscopic signals. We speculate that the absence of apparent cooperativity is due to 

energy balance of cooperativity of the shared bidentate chelators in sites 1 and 2 and the 

penalty of the high density of positive charge at the sites 1 and 2. The somewhat itinerant 

nature of the calcium binding sites begs the question of whether other divalent cations 

could promote or inhibit dimer formation. 

 
Cadmium in the environment and biology 
 

In addition to its divalent cationic nature, cadmium has been shown to behave 

similarly to calcium, chemically speaking, and hence may also bind to neural cadherin as 
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a heteroligand, thereby contributing to cadmium’s neurotoxicity. This study supports 

previous work by Prozialeck demonstrating the toxicity of cadmium within the 

extracellular milieu10-12. A study on this toxic calcium-analog may offer insight as to how 

the heavy metal interacts with proteins within the body, particularly neural cadherin; a 

protein vital to the formation and maintenance of solid tissue. 

Cadmium is a known neurotoxin and carcinogen23, 24 that can disrupt the 

development of neural structures25 and promotes cardiovascular damage26 and renal 

disease27. Exposure of cadmium is primarily due to ingestion of contaminated food or 

water and more seriously, the inhalation of cigarette smoke, which presents in the form of 

CdO28. Each cigarette contains approximately 1-2 ug of cadmium, 40-60% of which is 

absorbed through the lungs and circulates through the bloodstream to effect other 

systems29. The average cadmium level in the blood is 0.299 µg/L and 0.331 µg/L for non-

smoking males and females, respectively. Smoking greatly increases exposure, as 

tobacco leaves naturally accumulate high amounts of cadmium, hence average levels as 

high as 1.58 µg/L of cadmium in the blood have been reported for heavy smokers29. 

Cadmium is a heavy metal that may be found in trace amounts in materials used in a wide 

variety of household and industrial settings including batteries, old paints, and cigarettes 

as well as in ores during mining and smelting28. It is primarily used in metal plating for 

the production of pigments, batteries and plastics as well as neutron adsorbent reactors29. 

Low levels of cadmium may be exposed to the population by absorption of naturally 

occurring cadmium or cadmium found in the soil contaminated by sewage sludge, 

fertilizers, or polluted water30. Drinking water, which the populace is exposed to every 

day, contains cadmium in small amounts, though regulations by the EPA limit its 
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concentration to no more than 5 ppm31. Once introduced to the body, Cadmium in the 

blood can migrate to other areas of the body by disguising as an analog of essential 

divalent cationic metals.  

Studies have shown that cadmium is taken up by internal organs following oral 

exposure 28, 32, but it tends to be extracted from the body very rapidly by the liver and 

kidneys. Of the cadmium remaining in the blood, approximately 50% binds to cellular 

components of the blood33. When Considering physiological exposures to cadmium in 

vivo, it is important to note that essentially all cadmium in the blood is bound to proteins, 

sulfhydryl compounds, or amino acids34, 35. 

From the blood stream, cadmium can migrate to different places by binding to 

transporters disguised as calcium. Evidence has accrued showing that the cationic species 

of certain toxic metals, such as Cd, can use ion channels, in particular calcium (Ca2+) 

channels and certain membrane transporters, such as the divalent metal transporter 1 

(DMT1/DCT1/Nramp1), to gain access into target cells of mammalian organisms35. 

Certain transporters accessible to cadmium have the ability to penetrate the blood-brain 

barrier and access the neural network29, 33. 

Work by Prozialeck and colleagues suggests a direct interaction between 

cadmium and cadherin dysfunction12.  Similarly, Kim et al also notes that cadmium 

exposure promotes neuronal cell death23. The studies here measure the direct effect of 

cadmium on adhesive dimerization by N-cadherin. Factors that support the potential of 

cadmium as a binding agent include its ionic radius and its number of available 

coordination sites with water, both of which are similar to calcium to a very reasonable 

degree. Calcium ions have an atomic radius of 0.99 Å and cadmium ions have an atomic 
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radius of 0.97 Å, meaning they should fit in the binding sites with roughly the same 

ease36. Furthermore, calcium ions and cadmium ions are similar in their coordination 

chemistry, given that they both have enough coordination sites to form a hydration shell 

of six or seven water molecules37, 38. These factors suggest that; based solely on size, 

charge, metallic property, and coordination geometry, the binding sites of neural cadherin 

should accommodate calcium and cadmium ions in reasonably the same manner. 

 In this work, we quantify the effects of cadmium on neural cadherin calcium 

binding and dimerization as a competitive analog of calcium by determination of relative 

binding affinities and disassembly studies. The binding constants yielded for calcium to 

neural cadherin are comparable to those reported in previous studies, suggesting the 

consistency of our models when extracting cadmium binding constants39.  

 This work features competitive binding studies that describe the direct effect of 

cadmium on the binding affinity of calcium for neural cadherin. Utilizing our competitive 

binding model, we resolve relative binding constants of both calcium and cadmium for 

the binding sites of neural cadherin. In the extracellular matrix, calcium concentration is 

on the order of mM, present in numerous physiological settings in which cadherin 

dimerization is a necessarily regulated process, including the neural network1-4 and 

vascular tissue3, 4 . This study shows a significant decrease in calcium binding affinity at 

cadmium concentrations on the order of µM, suggesting that cadmium inhibits calcium 

binding and consequently dimer assembly at very low relative levels. Our observation of 

cadmium-induced dimer disassembly supports the hypothesis that cadmium (II) disrupts 

calcium binding via direct competition and inhibiting dimer formation, and thereby 

destabilizes adherens junctions and subsequent cell adhesion. 
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CHAPTER TWO 
 

Experimental and Computational Methods 
 

This section contains two main parts reflecting the experimental and 

computational components of the project.  

Experimental Methods: Calcium-Cadmium Competition Studies 
 
 

Protein under Study 
 

All experiments described herein were performed on a truncated construct of N-

Cadherin which contains only the first two extracellular domains (NCAD12). This 

construct is considered the minimal functional subunit of N-cadherin since it folds 

independently, binds calcium, and dimerizes. The construct studied here comprises EC1-

Linker1-EC2-Linker2, a total of 221 amino acids. The gene for mouse N-Cadherin was 

obtained from J. Engel (Biocentrum, Basel, Switzerland). Subcloning of the gene for 

NCAD12 into an expression vector is described elsewhere39. Purification of expressed 

protein forms an insoluble pellet involved denaturing HisTag chromatography, and 

cleavage of the N-terminal fusion with immobilized trypsin. Details of this procedure are 

described elsewhere39. After purification and cleavage of the N-terminal sequence, 

protein stocks were extensively dialyzed against our standard sample buffer (20 mM 

HEPES, 140 mM NaCl, pH 7.4) herein called SEC buffer. NCAD12 does not contain 

cysteine but does have two tryptophan (W2 and W113) and six tyrosines. The molar 

extinction coefficient is 15900 M-1 cm-1, a value determined experimentally40. 

 
Preparation of the Protein Sample 
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A 6 mL volume of 2.5 µM NCAD12 working solution was prepared by diluting 

128 µL of a 117 µM NCAD12 stock with ~ 5.85 mL of SEC buffer. A 2.5 mL aliquot of 

NCAD12 working solution was transferred to a 1 cm cuvette and stirred plate for 

approximately 2 minutes to allow the system to equilibrate. To ensure a successful 

preparation of the NCAD12 working solution, a preliminary UV-visible spectroscopy 

analysis was conducted to confirm the concentration of the sample.  

 
Fluorescence Studies 
 

A fluorimetric analysis was conducted due to the ability of fluorescence 

experiments to easily describe protein-ligand interactions qualitatively as well as 

quantitatively in equilibrium conditions. Experiments were performed using a Photon 

Technology International Spectrofluorometer and processing was done using PTI 

FelixGX. After exposure to an excitation wavelength of 292 nm, emission intensity was 

recorded within the emission range from 300 nm to 410 nm. The voltage was kept 

constant at 960 V and the slit width was in the nanometer range. The NCAD12 samples 

displayed a classic emission spectrum for tryptophan with a local minimum at ~332 nm41. 

The acquisition of the data was done in increments of 1 nm over a three-second averaging 

time for each addition. 

 
Calcium Titrations 
 

Calcium titrations of the sample were monitored by steady state fluorescence 

emission spectroscopy. Titrations were conducted using calcium as a titrant at room 

temperature. Additions of 2.5, 5, and 10 µL are made with each of four calcium standards 

(1 mM, 10 mM, 100 mM, and 1 M), prepared from calcium chloride stocks in ascending 
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order of concentration at room temperature for a total of 13 additions including an initial 

scan of the Apo-protein in SCE buffer before the first calcium addition was made. The 

system was allowed to equilibrate for 1 minute between each addition. In further 

experiments, the Apo scan was conducted on a pre-prepared cadmium-doped sample to 

study the metallic, divalent analog of calcium as a competitive-binding ligand over the 

course of a calcium titration. Cadmium standards were prepared from an 89 mM stock 

dissolved in 20 percent nitric acid. New cadmium standards were prepared for each 

experiment to reduce cadmium precipitation in our standard sample buffer. 

Each titration was performed in triplicate. Analysis of the data was performed using 

custom fitting algorithms in both MATLAB and IgorPro. The free calcium concentration 

was assumed to be equivalent to the total calcium concentration since the protein 

concentration is low. The emission intensity signals were fit to the Adair equation (eq. 1) 

as a function of calcium concentration [Ca2+] with a previously determined initial 1×10-6 

M contamination in the SEC buffer39 to resolve the binding affinity constant of calcium 

(KCa). 

     𝜃𝜃 = 𝐾𝐾𝐶𝐶𝐶𝐶 [𝐶𝐶𝑎𝑎2+]
1+𝐾𝐾𝐶𝐶𝐶𝐶 [𝐶𝐶𝑎𝑎2+]

 [1] 

 
The Apo- and calcium-saturated baselines were linear functions with slopes set to zero, 

and as such, the offsets for each baseline were resolved parameters in the fits to 

experimental data. Data were pre-normalized in the MATLAB algorithm. 

 
Cadmium-doped Calcium Titrations 
 

Fluorometric titrations of cadmium-doped samples of NCAD12 were conducted 

using calcium as a titrant at room temperature. An addition of cadmium was made prior 
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to additions of 2.5, 5, 10 µL for a total of 13 additions as described by the previous 

section. Calcium titrations were performed in triplicate at each of 5 standard cadmium 

concentrations (10, 30, 40, 50, 70 µM) and spectra were corrected for offsets. As 

mentioned above, analysis of the data was performed using custom Excel-coupled 

MATLAB fitting algorithms and IgorPro. Using the Adair equation, a model (eq. 2) was 

derived to model competitive binding between calcium and cadmium for the active sites. 

The emission intensity signals were fit to the competitive binding model as a function of 

calcium concentration at a fixed cadmium concentration. The relative binding affinity 

constants for both calcium (KCa) and cadmium (KCd) were resolved where Mo is the 

initial protein concentration and MCa is the concentration of calcium-bound monomer.  

𝑀𝑀𝐶𝐶𝑎𝑎 =
𝐾𝐾𝐶𝐶𝐶𝐶 [𝐶𝐶𝑎𝑎2+] 𝑀𝑀𝑜𝑜 (1− 𝐾𝐾𝐶𝐶𝐶𝐶 �𝐶𝐶𝐶𝐶2+�

1+𝐾𝐾𝐶𝐶𝐶𝐶 �𝐶𝐶𝐶𝐶2+ �
)

1+ 𝐾𝐾𝐶𝐶𝐶𝐶 [𝐶𝐶𝑎𝑎2+] 𝑀𝑀𝑜𝑜 (1− 𝐾𝐾𝐶𝐶𝐶𝐶 �𝐶𝐶𝐶𝐶2+�
1+𝐾𝐾𝐶𝐶𝐶𝐶 �𝐶𝐶𝐶𝐶2+ �

)
  [2] 

Cadmium Effects on Dimerization  

Apparatus  
 

An HP 1100 HPLC high-pressure liquid chromatograph was used to determine 

the level of monomer and dimer in solution using Size Exclusion Chromatography 

(SEC). SEC is the method of choice due to the obvious difference in size between 

monomeric and dimeric species in solution, and hence their difference in elution time. A 

Zorbax 250 SEC column was used for separations. Prior to its first use, the column was 

equilibrated in SEC buffer for 2 hours at a flowrate of 1 mL/min. After each daily use, we 

place the column in storage buffer (50 mM sodium phosphate buffer at pH 8). 
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Assembly Studies 
 

These studies were conducted to determine the effects of calcium on the assembly 

of dimer during monomer-dimer equilibrium. Samples were heat-treated to promote 

formation of monomer in solution. Rapid decalcification of the calcium-saturated 

NCAD12 dimer results in the kinetically-trapped dimer, a dimer that is unable to 

disassemble to monomeric form. Fig. 4 shows a flowchart of the process by which 

kinetically-trapped dimer is formed via quenching with EDTA.   

 

 

 

 

Figure 4: Trapping NCAD12 in 
Dimeric form.  
Monomer and dimer are in rapid 
equilibrium in the presence of 
calcium. The dimeric species in 
solution is stripped of calcium by 
addition of EDTA, a common 
calcium chelator. Once calcium is 
stripped from NCAD12, the 
dimer becomes trapped, such that 
the exchange with monomer is 
very slow. Levels of monomer 
and dimer can be reliably 
measured on a chromatograph.  

 

To test the ability of the calcium to promote dimer formation, we synthesized 

NCAD12 stocks at particular calcium levels. Aliquots of 117 µM NCAD12 stock were 

dialyzed in calcium-added SEC buffer solutions at various calcium concentrations (100 

µM, 1 mM, 10 mM) to prepare calcium-bound protein samples. NCAD12 precipitated at 

higher calcium concentrations. These calcium only stock solutions were used in 

subsequent assays of the monomer and dimer levels as a function of protein 

concentration. 
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Cadmium-Competition Studies 
 

From the remaining re-equilibrated 440 µL aliquot of 117 µM NCAD12 bound to 

1mM calcium, a 60 µL sample was dialyzed in 1 mM calcium-dissolved buffer doped 

with a cadmium aliquot of an 89 mM Cd stock dissolved in Nitric Acid for 3 hours to 

prepare various calcium-cadmium-bound protein samples; Apo-cadmium (60 µL of the 

re-equilibrated calcium-bound NCAD12, no cadmium aliquot), 10 µM cadmium (28 µL 

aliquot addition to 1mM calcium-dissolved buffer), 30 µM cadmium (56 µL aliquot 

addition to 1mM calcium-dissolved buffer), 70 µM cadmium (112 µL aliquot addition to 

1mM calcium-dissolved buffer). Newly equilibrated NCAD12 stocks were subsequently 

diluted to 100 µM using buffer solution containing the same concentration of calcium.  

From the 100 µM NCAD12 samples, 30 µL aliquots were diluted to 50 µM (15 

µL calcium-bound protein, 15 µL calcium-dissolved buffer), 25 uM (7.5 µL calcium-

bound protein, 22.5 µL calcium-dissolved buffer), and 12.5 µM (3.75 µL calcium-bound 

protein, 26.25 µL calcium-dissolved buffer) at each calcium concentration and cadmium-

doped sample. Prior to HPLC analysis of the monomer and dimer levels, each sample 

was doped with a small amount of EDTA (1 µL for the 100 µM and 1mM calcium 

samples, 2 µL for the 10 mM calcium samples).  EDTA is a competitive binder for 

calcium, effectively stripping calcium from cadherin whose binding affinity is weaker 

than EDTA36. By stripping calcium from the sites of dimer, EDTA traps cadherin in the 

dimeric state, thereby preventing it from disassembling.  These samples were then 

injected on the SEC column and the levels of monomer and dimer were monitored as the 

height of the peaks detected at 280 nm.  
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The processing of the data was done in duplicate for each sample. The relative level of 

monomer and dimer was determined from their peak heights at 280 nm. Subsequently, 

these relative levels were determined to resolve the dissociation constant of the dimer 

into monomer. 

 
Disassembly Studies 
 
These studies were conducted to determine cadmium’s effect on the dimerization of 

calcium-bound monomer and its potential to disassemble calcium-bound dimer. Calcium 

and cadmium-spiked sample buffers were prepared for overnight dialysis of NCAD12 

samples. Studies were performed at 1 mM calcium and 40 µM calcium, reported to be the 

concentrations of calcium found in the blood and in neural synapses respectively42.  

Buffers with these calcium concentrations were doped with 10 µM cadmium and protein 

samples were dialyzed in these buffers overnight. Chromatograms of the samples were 

taken using HPLC. 

 
Computational Methods: Calcium-Cadmium Competition Studies 

 
This section contains a detailed description of each custom-made MATLAB 

functions utilized in the project. 
 
 

Functions 
 

1. G_Williams_normalizer 

2. G_Williams_noncompetitive_fitting 

3. G_Williams_competitive_fitting 

4. G_Williams_competitive_binding_curve_checking 

5. G_Williams_calcium_binding_and_dimerization_fitting 
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G_Williams_normalizer.  Within a single 13 point titration experiment, signals 

resolved from the PTI FelixGX data program are relative and independent of other 

titration experiments. The purpose of this function is to normalize all signals to a fraction 

scale from 0 to 1 in order to directly compare data from different titration experiments. 

Data freshly extracted from FelixGX are stored in a text file by default. The data is 

transferred to an Excel document so it may be more easily read by MATLAB. The data is 

then converted to a MATLAB data matrix. The minimum and maximum values for the 

dataset are independently determined via search functions. The normalized entries are 

defined as the original entries minus the smallest entry in the set, divided by the range 

(the difference between the biggest and smallest value in the set. The normalized dataset 

is then written to a new Excel file for analysis.  

 
 

User Inputs:  
 

• Filename – the name of the Excel file to be read 

• Sheet – the sheet number of the Excel file tab 

• Range – the block of data to be copied and converted to matrix form 
 
 
Outputs:  
 

• Normalized data 
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Flowchart: 

 
 

G_Williams_noncompetitive_fitting.  This purpose of this function is two-fold: (1) 

to simulate error-perturbed datasets and fit data to the Adair-equation to resolve 

predictable binding constants and test reliability of the method and (2) to read in 

experimental data from Excel files and fit data to resolve meaningful binding constants. 

This function resolves a single binding constant from one or multiple datasets. This 

function is designed for data analysis of mono-ligand fluorometric titrations only. This 

function employs two different methods by which it fits the data and resolves binding 

constants from both referred to as Kca_1 and Kca_2 along with their corresponding 

standard deviations. The function was designed to have optional inputs for fixed 

baselines or float the baseline slopes and intercepts as parameters in the fit. In the 

analysis presented later, the normalized data is given fixed endpoints of 0 and 1.  The first 
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method fits all inputted datasets individually according to eq. [1] and resolves sub-

constants for each one. Kca_1 is assigned as the average binding constant and standard 

deviation of all sub-constants. The second method fits all inputted datasets 

simultaneously and a global binding constant (Kca_2) and standard deviation are 

resolved. Previous experiments and analysis support Kca_2 as the more accurate figure 

and the second method as the desirable approach.  

 
 

User Inputs:  
 

• Simulatory? – a Boolean input in which the user decides to perform a simulation 

or analyze inputted data 

• Min_num – the lower bound of error perturbation for simulations 

• Max_num – the upper bound of error perturbation for simulations 

• Filename – the name of the Excel file to be read 

• Sheet – the sheet number of the Excel file tab 

• Range – the block of data to be copied and converted to matrix form 

• Num_of_columns – the number of excel datasets to be copied from left to right  

 
 
Outputs:  
 

• An overlaid plot of all inputted or simulated data 

• A plot of the average of all normalized inputted or simulated data 

• An overlaid plot of all normalized inputted or simulated data and the fitted data 

with upper and lower baseline. 
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Flowchart: 
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G_Williams_competitive_fitting. The purpose of this function is to read-in and fit 

experimental data from competitive-binding titrations to a di-ligand Adair-analog model 

and two resolve binding constants for two competitive ligands. This function can analyze 

several calcium titrations at various cadmium titrations. As many as 28 datasets have 

been analyzed simultaneously to date. The data is parsed in Excel and grouped according 

to cadmium concentration. Calcium titration data collected at certain cadmium 

concentrations is read from Excel and converted into a MATLAB matrix. The data in 

which cadmium is absent is simultaneously fit to the Adair equation for mono-ligand 

binding to resolve a calcium-binding constant (Kca). All datasets are then fit to a di-

ligand Adair model and apparent binding constants for calcium and cadmium are 

resolved. The apparent calcium constant is then compared to Kca and data is simulated to 

account for this comparison. This simulated data is then fit, resolving new apparent 

constants for re-comparison to the true calcium-binding constant Kca. This method is 

iterated until the deviation between the apparent calcium-binding constant and Kca is 

minimized. The cadmium-binding constant resolved from eq. [2] when this minimization 

occurs is the predicted Cadmium binding constant and is assigned to Kcd. All binding 

constants are outputted with their corresponding standard deviations.  

 
 

User Inputs: 
 

• Filename – the name of the Excel file to be read 
• Sheet – the sheet number of the Excel file tab 
• Range – the block of data to be copied and converted to matrix form 
• Num_of_columns – the number of excel datasets to be copied from left to right  
• Cd_entry – the various cadmium concentrations corresponding to the calcium-

titration data 
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Outputs:  
 

• Kca – calcium binding constant describing N-cadherin affinity for calcium 
• Kcd – cadmium binding constant describing N-cadherin affinity for cadmium 
• A plot of all read in data with upper and baselines 
• A plot of overlaid fits for each group of data separated according to cadmium 

concentration 
 
 
Flowchart: 
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G_Williams_competitive_binding_curve_checking. The purpose of this function is 

to assess aberrant datasets by determining whether their inclusion in the analysis is 

incosistent with previous experiments done in the lab.  This function is designed to 

analyze the data for one or many calcium titrations at only single cadmium concentration 

and resolve an apparent calcium-binding constant for each dataset and a global calcium-

binding constant for all datasets. The non-global constants are averaged and compared to 

the global constant via percent difference. One-by-one, the average and subsequent 

percent difference are then calculated in the absence of each dataset. If the deviation of 

the percent difference is tracked and may be determined by the researcher if it is too far 

out of range. The threshold of an unreliable dataset applied in this study is typically 

greater than forty percent difference between the dataset in question and reliable 

standards. 

 
 

User Inputs: 
 

• Filename – the name of the Excel file to be read 

• Sheet – the sheet number of the Excel file tab 

• Range – the block of data to be copied and converted to matrix form 

• Num_of_columns – the number of excel datasets to be copied from left to right  

 
 
Outputs:  
 

• A plot of all inputted data for a single cadmium concentration and its fit. 

• Plots of each individual dataset overlaid with its corresponding fit and apparent 

calcium-binding constant. 
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Flowchart: 
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G_Williams_Calcium_binding and_dimerization_fitting. The purpose of this 

function is to collectively analyze N-cadherin calcium-binding and dimerization data 

attenuated by cadmium. Normalized data from cadmium-shifted calcium titrations are 

read from an Excel document and stored as a MATLAB matrix. The binding data are 

then simultaneously fit to the Adair equation to resolve the calcium-binding constant 

Kca. At a certain inputted calcium concentration, the Kca is used to calculate the binding 

fraction. The binding fraction is proportional to the amount of active protein in solution, 

the amount of protein capable of forming dimer by a multiple of total protein in solution. 

This active protein is labelled Msat. HPLC chromatograms are used to determine the ratio 

of monomer to dimer in solution. This data is used to calculate fD, the fraction of dimer in 

solution for a given calcium concentration. Dimer fraction at various calcium 

concentrations is used to determine the dissociation constant for active monomers Kd. 

HPLC chromatograms vary in resulting signal peaks due to the varied concentration of 

protein in solution. Furthermore, the baseline of the signal peaks will be offset from zero 

due to noise. This function also standardizes data by converting values into fractions 

between 0 and 1 from the chromatographs by setting the base at zero so they may be 

more directly compared.  

 
 

User Inputs:  
 

• Filename_1 – the name of the Excel file containing calcium-binding data to be 

read 

• Filename_2 – the name of the Excel file containing HPLC chromatogram data to 

be read 
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• Sheet_1 – the sheet number of the calcium-binding data Excel file tab 

• Sheet_2 – the sheet number of the HPLC chromatogram data Excel file tab 

• Range_1 – the block of calcium-binding data to be copied and converted to matrix 

form 

• Range_2 – the block of dimerization data to be copied and converted to matrix 

form 

• Num_of_columns – the number of excel calcium-binding datasets to be copied 

from left to right  

• Calcium – the calcium concentration at which the dimerization experiment was 

conducted 

 
 
Outputs:  
 

• Kca – calcium binding constant describing N-cadherin affinity for calcium 

• Kd – dissociation constant describing how readily monomer associates at a certain 

calcium concentration 
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Flowchart: 
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Computational Procedure 
 

Before conducting experiments, the G_Williams_noncompetitive function was 

tested based on simulated and error perturbed data. Endpoint values in simulated data 

were 0 and 1. Upon collecting experimental calcium binding data through a series of 

titrations, the data are converted from Felix txt files to excel spreadsheets and run through 

G_Williams_normalizer. This ensures that all the data collected from each titration trial 

may be directly compared side-by-side and simultaneously analyzed. The datasets are 

then run through G_Williams_competitive_binding_curve_checker to check that all 

trials conducted at the same level of cadmium agree with one another. Datasets identical 

in cadmium concentration should yield similar apparent binding constants within a 

reasonable margin of error (5 percent). The datasets are then considered for the 

simultaneous analysis. Using G_Williams_competitive_fitting, simultaneous and 

individual fits are conducted to yield global and average binding constants respectively. 

Agreement between these two constants tends to be within a 1-2% margin of error. HPLC 

experiments are then conducted to determine fD of the protein at various levels of 

cadmium and calcium. The calcium binding data and the dimerization data are then both 

used in G_Williams_calcium_binding and_dimerization_fitting to resolve and a 

calcium binding constant in agreement with previous calcium binding studies and a 

dimerization disassociation constant describing the tendency of two calcium activated 

proteins to form dimer, a direct prerequisite for cell adhesion. 
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CHAPTER THREE 
 

Results and Discussion 
 
 

Competitive-Binding Studies 

The experiments reported here address whether the binding affinity of cadmium 

for neural cadherin is high enough to inhibit calcium binding via direct competition. In 

the presence of fixed cadmium, calcium titrations of NCAD12 were conducted and 

monitored using fluorescence spectra (Figure 5). Figure 6 shows calcium titrations of 

neural cadherin without a cadmium dopant. Global fits of these datasets resolve a 

dissociation constant of 2.5 μM for calcium, a dissociation constant consistent with 

previous studies. Although datasets were taken a year apart, all datasets may be fit 

globally to yield reliable results, implying consistency and reproducibility of the methods 

as well as quality of the data.  

 

Figure 5: Fluorescence 
Spectrum of Calcium 
Titration 

This figure depicts the 
signals corresponding to the 
response of neural cadherin 
to a 292 nm excitation 
wavelength. The first and 
last scans were taken over 
the full range of 300 to 410 
nm to characterize the 
spectrum by shape. All runs 
in-between were taken only 
from 320 to 340 nm where 
the protein is most active. 
The peak of the signal band 
is centered at ~332 nm. 

Si
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Figure 6: Normalized 
Calcium-Binding 
Titrations 

This figure depicts a 
sample of calcium titrations 
(without cadmium) of 
NCAD12 (dotted curves, 
orange, blue, yellow, 
purple) and the global fit of 
the titrations for the 
calcium-binding constant 
(solid line). This figure is a 
plot of relative signal vs. 
calcium concentration (M) 

 

 

Four titrations per cadmium concentration were simultaneously fit and an 

apparent global binding constant for calcium was resolved on the vertical axis. Table 1 

explicitly depicts the binding affinity constants at fixed cadmium concentrations. These 

results demonstrate that the largest relative effect of cadmium-induced inhibition of 

calcium binding is at low levels of cadmium, implying that the cadmium may disrupt 

neural cadherin activity at very low levels, a supposition supported by the dimerization 

studies. Table 1 compares the binding affinity constants fit globally and individually 

averaged. This was a crucial method for determining the reliability of the fitting 

algorithm. Intuitively, the average binding constant and the constant fit from the global fit 

should be in relative agreement. The table is consistent with this agreement for cadmium 

concentrations up to 50 µM, but substantially deviates at 70 µM, the highest cadmium 

concentration tested included for completeness. 70 µM cadmium concentration obeys the 
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apparent trend presented by the others, but for optimal reliability of the final 

determination of a cadmium binding constant, it was not included in the grand canonical 

fit. Because the greatest effects of the cadmium dopant are presenting at the lowest 

concentrations, it is a reasonably negligible discard. It is suggested that this decrease in 

representability of the 70 µM sample is due to the result of induced precipitation of 

neural cadherin out of solution at higher cadmium concentrations, as previous titrations 

have shown a significant precipitation level at ~90 µM. 

 
 

Table 1: Comparison of Global and Average Calcium Binding Constants (Kca) 
 

 

The table above compares the Global fit of four calcium binding curves for the 
binding affinity constant of NCAD12 to calcium to the average binding affinity 
constant for 4 datasets at each of the presented cadmium concentrations.  

 

Representative cadmium-doped calcium titrations are shown in Figure 3. All 

curves were plotted on the same figure for more direct comparison of the data. As the 

concentration of cadmium increased, the midpoint of the titration curves shifted to higher 

calcium concentrations. This implies that as more cadmium is introduced to the solution, 

it takes more calcium to achieve the same level of saturation. In other words, it takes 
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more calcium to outcompete cadmium for the sites even though the total concentration of 

cadmium in solution is continually a 1000-fold less than the amount of calcium.  

This in turn implies that the binding affinity of cadmium to neural cadherin must 

be much greater than that of calcium because the cadmium is able to compete effectively 

at a much lower concentration. Analysis of the Apo titration data yields, as expected, a 

standard calcium titration curve. These curve shifts suggest an affinity threshold the 

calcium must exceed in order to outcompete the cadmium.  

 

Figure 7: Cadmium-Shifted 
Calcium-Binding Titrations.  

This figure depicts cadmium-
shifted calcium titration curves 
of NCAD12; 0 (blue), 10 
(green), 30 (red), and 40 
(magenta), 50 µM (black). A 
self-optimizing simultaneous 
analysis of 20 datasets was 
conducted in these cadmium 
concentration regimes (4 datasets 
per curve). Relative signals are 
plotted. 

 

 

Previous studies have demonstrated similar shifts in midpoint in the presence of 

nickel and magnesium and apparent binding to neural cadherin with dissociation 

constants of 200 μM and 2.5 mM respectively, implying there is competition between 

these divalent metal cations and calcium in the neural extracellular matrix for the binding 

sites of cadherin43. However, these are weak binding affinities compared to calcium and 

indicate that the effects of nickel and magnesium on calcium binding are minimal. In 

contrast, cadmium has a dissociation constant of only 10 µM, meaning that cadmium 

binds to neural cadherin with a higher binding affinity than calcium, the native ligand. 
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These results imply that cadmium not only competes for the binding sites of cadherin, but 

with a 4-fold greater binding affinity, proficiently dominates over calcium. 

Table 2: Association Constants for Calcium Binding monitored by Fluorescence  

Independent Calcium Titration   Ka (Ca2+)  29 ± 4x103 

Competitive Titrations   Ka (Ca2+) 26 ± 4x103 

      Ka (Cd2+) 92 ± 12x103 

 
 
Dimerization Studies 
 

These studies support the hypothesis that cadmium (Cd2+) effects dimerization 

affinity of neural cadherin by competing for the binding sites with calcium. Although 

cadmium itself was not shown to directly induce dimer formation, our studies show that 

cadmium disrupts dimer formation of neural cadherin, consistent with its competition for 

the calcium-binding sites. Previous studies in our lab have demonstrated similar 

tendencies of divalent metals (Ni2+ and Mg2+) to disrupt dimer formation of neural 

cadherin, but to a much weaker extent than that of cadmium43. In contrast to both Ni2+ 

and Mg2+, with binding affinities to neural cadherin much weaker than that of Ca2+, 

cadmium has a binding affinity ~4x higher than Ca2+, suggesting that cadmium not only 

competes, but dominates Ca2+ for the binding sites of neural cadherin. Ca2+-bound 

monomer exists in equilibrium with its dimeric state. Strain induced by calcium binding 

to monomer promotes dimer formation in neural cadherin13. Cadmium -bound neural 

cadherin was not observed to form dimer. Equilibrium shifts toward the production of 

Ca2+-monomer and hence the disassembly of dimer. This study suggests that it is by this 

mechanism that cadmium may disrupts physiological processes involving neural cadherin 

in neural and vascular tissue. The next two figures show the results of the HPLC 
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experiments of neural cadherin in equilibrium with cadmium and calcium concentrations 

found in human physiology. Each chromatograph has two peaks, one for neural cadherin 

dimer in solution that elutes at ~2.3 minutes due to its larger mass and one for neural 

cadherin monomer in solution with an elution time of ~2.5 minutes.  

 

Figure 8: Calcium-bound 
NCAD12 in the presence of 
cadmium.  

This figure depicts the HPLC 
chromatograph of 1 mM calcium-
activated neural cadherin (blue). 
Very little disassembly was 
detected after the injection of 10 
µM cadmium (red). In the body, 
calcium concentration is at a high 
enough concentration to 
outcompete cadmium for the 
active sites and promote calcium-
induced dimerization. 

 

 

Figure 9: Calcium-bound 
NCAD12 in the presence 
cadmium.  

This figure depicts the HPLC 
chromatograph of 40 µM 
calcium-activated neural cadherin 
(blue). A significant amount of 
dimer was disassembled after 
injection of 10µM cadmium (red), 
four times the concentration of 
calcium present. At excitatory 
synapses, cadmium will disrupt 
cell adhesion in the neural 
network. 

 

These studies predict that low cadmium concentrations at excitatory synapses will 

promote the disruption of cell adhesion in the neural network. N-cadherin plays a critical 
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role in synaptic potentiation by mediating proximity between the pre-synaptic and post-

synaptic cells44. This study suggests that cadmium, by inhibiting calcium binding and 

inducing dimer disassembly of calcium-bound N-Cadherin in neural synapses, may 

compromise the formation of memory. These results are consistent with neurobehavioral 

defects in memory reported in recent studies of cadmium toxicity45.  
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