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Abstract 

Electrochemical and surface analysis of metal ions and TDP-43 protein interactions 

Meaghan O. F. Tabobondung 

 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by 

progressive loss in function of motor neurons. Elevated levels of biologically important metal ions, 

such as copper (II) (Cu(II)), zinc (II) (Zn(II)) or iron (III) (Fe(III)), may contribute to the disease. 

Moreover, Cu(II) interactions with other proteins associated with ALS have been investigated; 

however, the effects of metallation on TAR DNA-binding protein of 43 kDa (TDP-43) are less 

known. The aim of the thesis was to evaluate interactions between full-length TDP-43 and metal 

ions, and gain insight into the mechanisms of these interactions. In Chapter 2, electrochemical 

methods were used to evaluate the coordination of Cu(II) ions to immobilized TDP-43. Cu(II)-

TDP-43 binding was favourable at a neutral pH. Surface characterization confirmed protein 

immobilization and Cu(II)-TDP-43 coordination. Competitive Zn(II) ion binding studies revealed 

Zn(II) increases Cu(II) binding. In Chapter 3, Fe(III) ion binding studies revealed that Fe(III) 

reduces Cu(II) binding when co-exposed to the TDP-43-Au surface. Data shows significant uptake 

of Cu(II) by TDP-43 protein which may have important implications in normal and diseased states 

of TDP-43, indicating surface bioelectrochemistry is a viable tool for fundamental exploration of 

proteins and metals, and their interactions, as they inform disease mechanisms, disease detection 

and drug screening. 
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Chapter 1 Introduction: TDP-43 and Metal Ion Interactions, an 

Insight into Amyotrophic Lateral Sclerosis Disease Pathogenesis 
 

1.1. Amyotrophic Lateral Sclerosis 

Neurodegenerative diseases affect the nervous system, often by targeting neurons and 

causing a progressive loss in their function, overall affecting the communication with the brain. 

These diseases cause disruptions in movement, cognition, and behaviour. Examples of common 

neurodegenerative disorders include Alzheimer’s, Parkinson’s, and Huntington’s disease, as well 

as amyotrophic lateral sclerosis (ALS), frontotemporal dementia, and spinocerebellar ataxias. 

Most neurodegenerative disorders are amyloidoses, tauopathies, alpha-synucleinopathies, and 

TDP-43 (TAR DNA binding protein) proteinopathies.1 Neurodegeneration is caused by abnormal 

protein folding, which leads to protein accumulation and contributes to the histopathologies, which 

are often used for diagnoses.1 Although every neurodegenerative disease has distinct 

characteristics, there is often overlap.1 Treatments available for neurodegenerative diseases are 

limited. Most aim to relieve the symptoms of the disease, and not to slow the progression or cure 

the disease itself.2 

ALS is a well-known neurodegenerative disease that targets the motor system in humans. 

Ultimately, communication between the brain and muscles is lost, leading to paralysis. Clinically, 

individuals diagnosed with the disease can see a loss of neuron function at all levels of the motor 

system. After onset, it is not possible to slow or stop the progression of the disease, resulting in 

50% of those diagnosed dying within three years.3 The symptoms experienced by the patients are 

considered in relation to the affected neurological regions. For instance, a lumbar onset would 

indicate degradation of the anterior horn cells, which would affect lower motor neuron function. 3 

Robert Huber
Clarify what you mean by important neurons. Aren't all neurons important?

Neil Emery
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Patients often have issues with mobility, specifically walking difficulties.3 As the disease 

progresses, mobility issues become more severe, and individuals often lose the ability to talk, walk, 

eat, or breathe. The reduced mobility is caused by a loss of neuromuscular connection, axonal 

retraction, and neuronal cell death. Movement is based on the contraction of muscles. Contraction 

occurs after chemical signals have been propagated, and electrical signals are responsible for this 

occurrence. In ALS, the essential electrical signal is disrupted by protein dysfunction.4 Thus, ALS 

symptoms manifest because of loss of function in the motor neurons. 

Motor neurons can be split into two groups, upper and lower. Upper motor neurons extend 

from the brain stem to the spinal cord.5 In contrast, lower motor neurons extend from the spinal 

cord and connect the muscle groups.6 The motor neurons propagate chemical signals created by 

electrical impulses from the brain to specific muscles. The propagation of the electrical impulses 

to the muscles stimulates muscle contraction and, thus, movement. In patients with ALS, these 

electrical signals are interrupted due to misfolded proteins or genetic variations.6 There are two 

different forms of ALS an individual may be diagnosed with, either sporadic ALS (sALS) or 

familial ALS (fALS).7 fALS diagnosis is relevant if there is a familial history of ALS through 

generations and is the less common form of ALS,7 whereas, sALS is the most prevalent and has 

an average age of onset of 55-56 years of age.8 This form of ALS can affect any individual, 

regardless of family history.7 Regardless of the type of ALS the individual is diagnosed with, 

similar proteins are affected as the disease progresses.  

Protein pathogenesis, specifically misfolding and aggregation, was discovered to be a 

significant contributor to ALS and other neurodegenerative diseases.9 Protein pathogenesis is 

defined as hyperaccumulation of protein leading to structural abnormalities of the proteins, causing 

disruption to normal functioning cells.10 Currently, there are several proteins associated with ALS, 
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one of which is the transactive response (TAR) DNA binding protein of 43 kDa (TDP-43) 

responsible for 97% of cases11 Post-translation modifications (PTMs) such as ubiquitination, 

hyperphosphorylation, and fragmentation of TDP-43 are linked to ALS. TDP-43 is also classified 

as a prion-like protein, suggesting that it may influence other TDP-43 proteins to aggregate.12 

Overall, evidence suggests that TDP-43 plays a role in ALS pathogenesis, making it a protein of 

interest to study, to determine any mechanisms by which it contributes to ALS. 

 

1.2. Transactive Response DNA Binding Protein of 43kDa 

Many studies have been conducted to determine the different structural elements of TDP-

43. TDP-43 is composed of four domains, the N-terminal domain with a nuclear export signal, two 

RNA recognition motifs (RRM) which can bind RNA molecules, and a glycine-rich C-terminal 

domain (CTD) (1.2 A and B) that allows for protein-protein interactions.13 TDP-43 is a ubiquitous 

protein encoded by the TARDBP gene on the short arm of chromosome 1.14 The protein belongs 

to the heterogeneous nuclear ribonucleoprotein (hnRNP) family.12 The N-terminal of the protein 

contains a ubiquitin-like fold, one ɑ-helix, and six ꞵ-sheets, promoting TDP-43 self-

oligomerization15 (Fig. 1.1A). The two RRM domains comprise five ꞵ-sheets and two ɑ-helices12 

(Fig. 1.1B and C). The RRM regions bind UG/TG-rich regions of single-stranded DNA/RNA to 

perform its various functions in transcription, translation, and mRNA processing.16,17 The CTD of 

TDP-43 allows for the cellular location of the proteins and regulates the protein-protein 

interactions18 (Fig. 1.3). The domain is rich in glycine, glutamine, and asparagine and resembles a 

similar sequence to prion-like domains12 (Fig. 1.2 A and B). Overall, the secondary structure of 

the various TDP-43 domains is well understood. However, there are still gaps in understanding its 

Robert Huber
Need to clarify. N-terminal what?
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tertiary structure. Thus, potential binding or interaction sites of other molecules or proteins cannot 

be accurately determined without systematic studies. 
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Figure 1.1. (A) Summary of N-terminal domain structure. Green arrows or cylinders present the 

β-strands and α-helix structure, respectively. Bolded letters and thick borders indicate residues that 

are buried. Positively (blue) and negatively (red) charged residues are indicated. Red or blue 

dashed lines indicate charge-charge interactions (4.5 < pH < 10). Solid arrows indicate hydrogen 

bonds.15 Schematics of (B) RRM1 and (C) RRM2 domains by Mackness et al. (2014), highlighting 

isoleucine, valine, and leucine residues, and contacts between the hydrophobic residues. The 

hydrophobic residues are highlighted to show importance in secondary structure formation and 

stability. Grey arrows indicate ꞵ-sheet secondary structures and their direction, and grey cylinders 

indicate ɑ-helices structures. 
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1.2.1. Biological Functions of TDP-43 

 Healthy TDP-43 is shuttled between the nucleus and cytoplasm, primarily in neuronal cells. 

In the N-terminus, there is a nuclear localization signal (NLS), which mediates the transportation 

of TDP-43 into the nucleus. The N-terminal region also contains a nuclear export signal (NES) 

(Fig. 1.2 A and B) that allows for the transport of TDP-43 from the nucleus to the cytoplasm. The 

protein is normally concentrated in the nucleus, but the NES and NLS features enable the protein 

to shuttle back and forth between the cytoplasm and nucleus.20 TDP-43 is an RNA-binding protein 

and contains two RNA recognition motifs capable of binding RNA (Fig 1.2 A and B). In the 

nucleus, TDP-43 is a regulator of transcription and is involved in RNA processing. Specifically, 

TDP-43 is involved in splicing, by mediating splicing repression, to protect from aberrant 

splicing.21 TDP-43 acts as a negative splicing regulator by binding to UG-repeated elements. 

However, its splicing inhibition is dependent on the interaction with other hnRNPs, such as 

A1/A2/B1/C with the C-terminal.22 TDP-43 can also play a positive role in the splicing process, 

specifically for exon inclusion.22 After binding to an exon, TDP-43 can recruit splicing complexes 

or antagonize negative splicing regulators. TDP-43 is also involved in stabilizing, transporting, 

and translating of RNA, by binding to UG-rich RNA sequences within the two RNA recognition 

motifs.23 Additionally, TDP-43 is involved in microRNA maturation.20 The TDP-43 protein 

interacts with numerous proteins and RNAs in multi-protein/RNA complexes which allows for the 

mRNA processes to occur, such as splicing, stability, transport, microRNA maturation, and 

translation.20 The protein is involved in mRNA metabolism within the cytoplasm and is dependent 

on the ability of TDP-43 to bind the mRNA molecules.24 Additionally, TDP-43 has a strong 

association with stress granules (SGs) and translational machinery.24 

Neil Emery
Splicing?

Neil Emery
Check between splicing - slicing and spilling - are they all ok?

Robert Huber
Need to clarify what these processes are.
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Figure 1.2. (A) Domain map showing the relative sizes of TDP-43 domains, N-terminal, RNA 

recognition, and C-terminal domains, respectively. Gly-aromatic-Set-rich regions (GaroS1/2), 

hydrophobic region (ɸ), and Glu-Arg-rich region (Q/N) are highlighted in the C-terminal 

domain.25  (B) Respective secondary structures of the TDP-43 domain, colour coded to the domain 

map above. RRM domains show representative secondary structures bound to an RNA molecule.25 

 

 

SGs form in response to cellular stress, such as oxidative stress, heat shock, or osmotic 

shock. These SGs protect essential mRNA and machinery from degradation in response to changes 

in the cellular environments.23 TDP-43 plays an important role in SG dynamics, both  formation 

and disassembly. Several studies have demonstrated that depletion of TDP-43 in cells experiencing 

stress results in an impaired SG pathway.26,13 Cytoplasmic TDP-43 aggregation is also linked to 

SG formation due to the autoregulation properties of the protein. 

TDP-43 autoregulates its synthesis through an auto-feedback mechanism by binding to its 

own untranslated 3’ untranslated region. Due to this feedback loop, overexpression of TDP-43 

leads to the down-regulation of endogenous TDP-43.27,28 TDP-43 has many essential roles in 

transcription and regulation, as well as cell survival. This essential protein also has tight regulation 
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through its auto-feedback mechanism, indicating there is a crucial role of TDP-43 function within 

mRNA processing and other processes within neuronal cells. The biological processes and roles 

in health for TDP-43 protein have been well studied, for example, the aggregation and 

accumulation of the protein leads to neurotoxicity, leading to neurodegeneration in otherwise 

healthy individuals. However, the mechanisms by which the protein becomes pathogenic and leads 

to diseases, such as ALS, is not as well understood. Thus, it is of interest to build upon the 

understanding of how TDP-43 may lead to ALS and its progression. 

 

1.2.2. TDP-43 Pathogenesis and Aggregation 

The mechanisms regulating the aggregation of TDP-43 in neuronal cells have been well 

studied. For example, it is understood that in diseased cells, TDP-43 is hyperphosphorylated and 

aggregated, compromising TDP-43 function.29-31 Additionally, in pathological conditions, 

cleavage and ubiquitination of TDP-43 can also occur.12 Possible mutations that cause aggregation 

have also been investigated. For example, mutations in the NLS result in cytoplasmic localization 

and aggregation of TDP-43,32 indicating that TDP-43 access to the nucleus is important to avoid 

accumulation in the cytoplasm. Additionally, there are studies suggesting that TDP-43 

mislocalization contributes to ALS.33 The accumulation of TDP-43 aggregates within the central 

nervous system is common in neurodegenerative diseases such as Alzheimer's disease, 

frontotemporal dementia, limbic age-related TDP-43 encephalopathy, and ALS.12 Thus, it is clear 

that the aggregation of TDP-43 plays a large role in the neurodegeneration observed within these 

diseases. However, the mechanisms by which the proteins can aggregate can be wide-ranging, and 

other possible mechanisms of aggregation should be explored. Investigating the impact of PTMs 

on TDP-43 is a logical first step since PTMs on proteins is well established. 

Robert Huber
Not sure what you mean by function within the mRNA. Do you mean to say that TDP-43 plays a crucial role in mRNA processing?

Robert Huber
Should clarify what you mean by role in health.

Robert Huber
Need to clarify what you mean here. Do you mean to say there may be other mechanisms at play?

Robert Huber
You might need to re-work this sentence. I get what you're trying to say but this sentence should probably be revised.
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Pathological conditions can cause cleavage, hyperphosphorylation and ubiquitination of 

TDP-43. These PTMs result in the accumulation of cytoplasmic TDP-43 and disrupt normal TDP-

43 functions (Fig 1.2). PTMs or mutations to TDP-43 interrupt the proteins ability to undergo 

liquid-liquid phase separation (LLPS), which is influenced by hydrophilic and hydrophobic 

residues of the protein in the low-complexity domain.12 LLPS allows for the formation of 

membrane-less organelles that are associated with RNA processing. TDP-43 is present in several 

of these organelles.34 The NTD and CTD of TDP-43 allow the protein to undergo LLPS and 

complete its functions34 (Fig. 1.3). Most mutations associated with ALS occur in the CTD, and 

promote aggregation.35 Several studies have expressed different mutations within the CTD of TDP-

43 to determine their effects on the aggregation of the protein. Since the structure of the CTD of 

TDP-43 is responsible for most protein-protein interactions and is involved in the LLPS of TDP-

43, disruptions in the CTD have significant impacts on the overall functions of TDP-43. In addition 

to impacts on TDP-43 function, the CTD may also contribute to the spread of TDP-43 aggregation 

in cells. 

 

 

 

 

Robert Huber
Are all aas either hydrophilic or hydrophobic? What about acidic and basic? Are they ok?

Robert Huber
Not sure what you mean by intrinsic.
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Figure 1.3. Model proposed by Conicella et al. (2016), of C-terminal domain-driven liquid-liquid 

phase separation. The prion-like CTD domain allows for protein-protein interactions with other 

TDP-43 or hnRNPs. The nature of the protein also allows for liquid-liquid phase separation to 

occur. TDP-43 has a CTD that mediated self-binding via contacts between the 321 to 340 residues 

in the ɑ-helical structure. These interactions and the aromatic-rich prion-like LCD promote the 

liquid-liquid phase separation. 

 

 

 

 

 

 

Robert Huber
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TDP-43 structure allows it to spread the aggregation to other TDP-43 proteins and cells. 

The aggregated TDP-43 is transferred from cell to cell in a mechanism similar to prion-like 

proteins.12 Prion-like proteins have similar domains to that of the CTD of TDP-43, and play a key 

role in regulating the solubility and folding of the protein, but can also induce misfolding and self-

aggregation.12 Prion-like domains are low-complexity sequences, rich in uncharged polar amino 

acids and glycine.12 The prion-like mechanism of aggregation in other proteins related to 

neurodegenerative diseases, such as amyloid-𝛽𝛽, tau, and ɑ-synuclein, are well studied.37-39 

However, the mechanism by which TDP-43 induces cell-to-cell aggregation are less known. 

 Aggregated TDP-43 can be found in 97% of individuals affected by sALS.40 Individuals 

affected by sALS have 52 missense mutations in TARDBP gene, encoding TDP-54. Of the 52 

mutations, 49 affect residues within the CTD,41 indicating that TDP-43 aggregates due to CTD 

interactions within the cytosol.36 Other factors influence TDP-43 aggregation, such as PTMs, 

cytoplasmic accumulation (Fig. 1.4), and abnormal binding of nucleic acids. Additionally, high 

electrolyte concentrations, such as imidazole and KCl, will reduce the stability of the protein and 

allow for easier induction of aggregation.42 Although TDP-43 aggregation related to PTMs and 

mutations has been well studied in literature, other factors that may influence the aggregation are 

not as well studied or understood. 

 However, the aggregation of TDP-43 appears to be motivated at large by the low-

complexity domain (LCD) of the protein that undergoes LLPS.43 The hydrophobic and hydrophilic 

residues in the LCD undergo mutations or modifications, affecting the ability for LLPS to occur.12 

The methionine-rich LCD is located in the CTD, where most ALS-linked mutations take place.44 

Johnson et al., introduced several ALS-linked TDP-43 mutations into the CTD, such as Q331K, 

M337V, Q343R, N345, R361S, and N390D. These mutations increased the number of TDP-43 
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aggregates, as well as accelerated aggregation of surrounding TDP-43.35 The introduction of the 

mutations inhibits the protein’s ability to undergo LLPS and cause aggregation. As previously 

stated, TDP-43 aggregation causes a feedback loop which increases the number of TDP-43 

aggregates. 

 Thus, cytoplasmic TDP-43 aggregation occurs due to the negative-feedback loop 

mechanism of TDP-43, as well as cellular stress conditions12 (Fig. 1.4). Cytoplasmic TDP-43 

aggregation occurs because TDP-43 becomes upregulated in the nucleus when the nuclear TDP-

43 is low, as part of its own regulatory auto-feedback system. However, due to dysfunction in 

TDP-43, the synthesized TDP-43 is shuttled to the cytoplasm, resulting in TDP-43 accumulation, 

and spreading of the aggregation in the cytoplasm.45 TDP-43 will also relocate to the cytoplasm 

when the cell is under stress. Stress conditions, such as oxidative stress or heat shock, will increase 

the cytoplasmic transfer of nuclear TDP-43. The increased cytoplasmic TDP-43 forms SGs (Fig. 

1.4), with other proteins and RNAs.46-49 SGs form to promote cell survival during unfavourable 

conditions, by protecting mRNA and mRNA-related proteins. Specifically, SGs will condense 

translationally stalled mRNAs, translation initiation factors, RNA-binding proteins, and ribosomal 

components.50 When the stress dissipates, the SGs containing TDP-43 will disassemble, allowing 

for TDP-43 to relocate to the nucleus.51 However, chronic stress leads to the prolonged formation 

of the SGs, causing cytoplasmic TDP-43 inclusions.12 Thus, once TDP-43 aggregation occurs 

within a cell, it is amplified by the auto-regulatory mechanisms of the protein. Overall, there are 

several different factors that have been well studied when investigating the causes of TDP-43 

aggregation. 
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Figure 1.4. Schematic by Hussain et al. (2022) demonstrating the impact of the loss of TDP-43 

function in both the nucleus and cytoplasm. In the nucleus, there is a decrease in nuclear TDP-43, 

thus reducing transcriptomes, proteasomes, and ribonucleoproteins, ultimately leading to gliosis 

and neurodegeneration. Additionally, cytoplasmic TDP-43 will increase, which impacts the 

normal functions of the ubiquitin-proteasome system, chaperone-mediated autophagy, 

autophagosome-lysosome degradation, stress granules, and mitochondrial dysfunction, also 

causing degeneration. 
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 To summarize, the pathogenesis of TDP-43 has been well studied. It is well understood 

how and where the different types of posttranslational modifications occur, leading to TDP-43 

dysfunction. The mechanism of TDP-43 aggregation is not as thoroughly studied, although there 

is an understanding of how aggregation affects the ability of the protein to function normally. 

However, more studies are required to provide a better understanding of factors, such as metal 

ions, that contribute to aggregation, and the mechanisms. 

  

1.3. Metal Ions and TDP-43 

 Metal ions are essential for biochemical reactions to occur throughout the body. The 

specific roles vary, ranging from aiding in the structural integrity of proteins to acting as a cofactor 

in enzymes, aiding in the reaction process.52-54 Metal dyshomeostasis has been reported in many 

neurodegenerative diseases, and have been linked to the neurodegeneration process.55,56 Metal ions 

such as copper, zinc, and iron interact with different proteins throughout the body and play a role 

in many essential mechanisms. Additionally, it is common for ROS to form in diseases linked to 

metal dyshomeostasis, and these ROS cause damage to important cellular and nuclear components 

(Fig. 1.5). An abnormal metal ion concentration can influence disease onset or progression. 

Currently, it is not well understood how metal ions interact with TDP-43 and regulate its 

biochemistry, but recent publications suggest that metal ions do play a role.57 
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Figure 1.5. Schematic by Othman and Yabe (2015), showing reactive oxidative species (ROS) 

generation and neutralization in neuronal cells, and their role in neurodegenerative disease. 

Oxygen radicals are generated by oxygen metabolism, specifically the mitochondrial electron 

transport chain (mito-ETC). ROS neutralization occurs through the following pathways: oxygen 

radicals are converted to H2O2 via superoxide dismutase enzyme (SOD); H2O2 is converted to 

water through glutathione peroxidase (GPx) through the oxidation of glutathione (GSH) to 

oxidized glutathione (GSSG). Alternatively, ROS generation occurs when transition metals (such 

as Fe(II) or Cu(II)), interacts with H2O2 , which forms hydroxide radicals. Hydroxide radicals lead 

to DNA and membrane damage, ultimately causing neuronal cell dysfunction or death.   
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 Metal ion exposure and its link to ALS has been studied, specifically by looking at 

professions with neurotoxic metal exposure and the associated risk of ALS in the individuals 

within the profession.60-62 For example, tool manufacturing, pottery, glass, and tile workers63 are 

at increased risk of ALS, and these occupations involve neurotoxic metal exposure.64,65 Elevated 

metal ion concentrations have also been measured in ALS patients, such as aluminum, cadmium, 

cobalt, magnesium, lead, uranium, vanadium, selenium, zinc, iron, and copper.66-70 Studies suggest 

there is a link between metal ions and ALS, but the exact interplay between the two is poorly 

understood. Specifically, the pathophysiological mechanism of TDP-43 and the role of metal ions 

in causing ALS remains elusive. 

 
1.3.1. Zinc (Zn(II)) 

 Zn(II) is found in the blood, kidney, bones, liver, and brain. It plays important biological 

roles in cell division, DNA and RNA synthesis, and protein synthesis.71 Zinc also has effects on 

cognition, emotional stability, and memory.72 In neurons, zinc regulates postsynaptic excitability 

and protects against ꞵ-amyloid peptide neurotoxicity.71 However, at elevated concentrations, 

Zn(II) will translocate into neurons and inhibits various enzymes, influences mitochondrial 

respiration, and causes neuron depletion. Zinc readily forms stable coordination complexes within 

cells, thus, a majority of the intracellular zinc is bound to proteins and there is a low free zinc 

concentration.73 However, since oxidative stress is associated with neurodegenerative diseases, 

Zn(II) may be released, causing an increase in free Zn(II).74,75 This increase in Zn(II) could prompt 

the denaturation of TDP-43, and aggregation.  

 Zn(II) has been shown to bind to TDP-43 in the RRM1/2 region.73 Zn(II) binds to the RNA-

binding domains of TDP-43 (residues 102-269), with an association constant of 2.8 ± 0.2 x 205 M-

1.73 The binding of Zn(II) within this domain decreases the thermostability of the domains and 

Robert Huber
Found in?

Robert Huber
?

Robert Huber
Not sure what you are trying to say here.



   
 

17 
 

induce aggregation.73 Garnier et al. (2017) analyzed the NMR structure of the RRM12 domains, 

with RNA bound to determine some potential Zn(II) binding sites, assuming binding sights for 

zinc would be to cysteine and histidine amino acids.73 The potential binding site for Zn(II) in the 

RRM is hypothesized to be formed by Cys175, Cys173, and His116 in the ꞵ-strand of the RRM1 

(Fig. 1.6). Whereas in the RRM2 domain, the hypothesized binding sight was formed by His 256, 

Glu261, and Cys244.73 The binding site within the RRM2 is located on the surface, in close 

proximity to the C-terminus. The CTD also contains several points for Zn(II) binding, such as 

His264.73 Golovin et al. (2020) also investigated Zn(II) binding to TDP-43, specifically to the 

256HISNAEPKH264 peptide form, which corresponds to the RRM2 domain of the protein.76 It was 

determined that one Zn(II) can coordinate with the peptide by the His256, His264, Glu261, and 

the backbone of O from His 256.76  
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Figure 1.6. Hypothesized binding sights for Zn(II) coordination to TDP-43 RRM domains.73 Two 

sites were identified for possible Zn(II) binding. In the last ꞵ-strand of the RRM1 domain, there is 

a site formed by Cys175, Cys173, and His166. The other is within the RRM2 domain, formed by 

His256, Glu261, and Cys244.  
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Although Garnier et al. (2017) and Golovin et al. (2020) provide evidence which suggested 

that there is binding between Zn(II) and the RRM domains of TDP-43, this interaction has not 

been studied in the biologically relevant context of full-length TDP-43.73,76 Full length TDP-43 

and other disease variants of TDP-43 need to be investigated to determine if binding occurs. 

Following this, Zn(II) and its possible role in TDP-43 pathogenesis can be investigated further, 

and insight into ALS disease mechanisms can be gained. 

 

1.3.2. Mercury (Hg(II)) 

 Mercury (Hg) has no known functions within the body. However, people are often exposed 

to the toxic heavy metal. The most common exposure to Hg is through fish consumption or dental 

amalgam, which is a metal mixture used to fill cavities .77 Methyl-Hg is absorbed through the gut 

and can deposit in many tissues, including the brain.77 Although, elemental Hg crosses the blood-

brain barrier more efficiently.77 Inhalation of mercury vapour goes primarily to the brain.78 There 

are two different types of Hg, organic and inorganic, both toxic to organisms. Methyl mercury and 

ethyl mercury are types of organic Hg and are more toxic forms compared to elemental Hg and 

salts. Hg exposure has been linked to ALS. Mercury intoxication has been reported to stimulate an 

ALS-resembling syndrome, which resolves in time with a reduction in Hg levels.79-81 The effect 

of Hg on TDP-43 has been studied. Specifically, inorganic Hg was exposed to spinal cord tissue, 

and Hg and TDP-43 were simultaneously immunostained.82 Hg inclusions were observed in the 

tissue. However, TDP-43 aggregation was not observed. Additionally, no ALS-linked motor 

neuron symptoms were observed in the mice exposed to Hg.  

 Additionally, methyl-Hg and TDP-43 interactions were also studied. MethylHg was 

shown, with immunofluorescence, to increase nuclear TDP-43 aggregation and cell death.83 
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MethylHg exposure, via drinking water, to mice also induced TDP-43 aggregation and mRNA 

splicing issues.83 Data so far illustrate that environmental exposure to heavy and toxic metals may 

contribute to disease development. These environmental factors are exacerbated in remote regions 

where water monitoring is challenging. 

 

1.3.3. Lead (Pb (II)) 

Lead (Pb), like Hg, has no known biological function in the body, and once it enters, it 

causes severe health effects.84 Pb contains important properties, such as softness, malleability, 

ductility, resistance to corrosion, and poor conductivity, that make it useful in the industry, despite 

the toxic effects.85 Additionally, Pb is non-biodegradable in nature, so continued use leads to 

accumulation in the environment.85 Exposure to Pb often occurs from working in occupations that 

deal with leaded gasoline, smelting of Pb and its combustion, pottery, building boats, Pb-based 

paint, Pb-containing pipers, and battery recycling.85 Pb has been thoroughly studied for its 

neurotoxic properties to gain a better understanding of how it contributes to neurodegenerative 

diseases.85 Pb concentration was found to be elevated in both blood and cerebral spinal fluid (CSF) 

in ALS patients.66-68 

 TDP-43 aggregation is a known contributor to ALS; thus, Pb(II) was exposed to TDP-43 

to determine if the metal ion can stimulate aggregation.83 Different Pb(II) solutions were exposed 

to rat adrenal medulla cells, and the effect on TDP-43 was observed. Exposure of Pb(II) to these 

cells resulted in aggregation of TDP-43 and disruption in RNA metabolic functions, such as 

alternative splicing.83 Environmental exposure to heavy and toxic metals may contribute to disease 

development, as indicated by these studies. However, the mechanism by which these metals 
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contribute to ALS needs to be further investigated. Further studies should be conducted to 

determine if the metal-induced aggregation is indirectly or directly caused by metal-binding.  

 

1.3.4. Iron (Fe(III)) 

 Iron (Fe) has important roles in intracellular redox reactions, and elevated levels of Fe are 

observed in the CSF of ALS patients.70 Fe is a redox-active metal, circulating between Fe(II) and 

Fe(III) states. The homeostasis of the metal is maintained by iron-responsive/regulatory element 

proteins, which adjust the uptake or storage. Several receptors within the brain, such as the 

transferrin receptor, divalent metal transporter 1, amyloid precursor protein, ferroportin 1, 

ceruloplasmin, and ferritin, are involved in Fe trafficking.70 Fe is a cofactor for various enzymes 

for normal brain metabolism, such as oxidative phosphorylation, transmitter formation, and 

myelination.70 However, elevated Fe levels can be toxic, the free Fe catalyzes the formation of 

ROS, a key factor in ALS.70 Fe(III) will react with H2O2 and form HO radicals. This Fenton 

reaction occurs naturally in biological systems,86 and the formation of the radicals can be 

detrimental to cellular function and survival (Fig. 1.5). 

Fe accumulates in the central nervous system of ALS patients.70 However, exposure of 

Fe(II) to neuronal-like SY5Y cells did not increase aggregation or decrease TDP-43.87 It is 

important to note that the SY5Y cells were previously treated with Zn(II), and then exposed to 

both Cu(II) and Fe(II), and this study did not directly monitor the impacts of Fe(II) on TDP-43.87 

Fe accumulations and TDP-43 aggregation have been observed in case studies of ALS patients 

presenting with speech apraxia and upper motor neuron symptoms.88 However, whether the Fe 

accumulation causes TDP-43 aggregation is unknown. Although there is evidence of Fe(II)/(III) 

accumulation in ALS, further studies are required to determine if Fe(II)/(III) causes the 

Robert Huber
Make sure this was defined earlier.



   
 

22 
 

aggregation. Additionally, it would be of interest to determine how Fe(II) or Fe(III) interact with 

the protein in terms of binding sites. 

 

 

1.3.5. Copper (Cu(II)) 

 Copper (Cu) is essential to biological functions; it is required for growth, cardiovascular 

integrity, neuroendocrine function, and iron metabolism.89 Cu is also an important factor for 

numerous enzymes in the nervous system and plays an important role in its development.90 

Dysregulation of Cu can lead to increased oxidative stress. There is a clear relationship between 

ROS and redox-active Cu(II).91 OH- is one of the most abundant ROS species in nature, and it is 

generated by Fenton-type reactions between the reduced transition metal ion and H2O2 ,91 similar 

to Fe(III) (Fig. 1.5). A Fenton reaction is process which converts hydrogen peroxide into a 

hydroxyl free radical.92 H2O2 is a by-product of oxygen metabolism in humans, which will complex 

with  Cu(II) due to its highly reactive transition metal.92 Cu(II) can oxidize H2O2 to O2 radicals and 

form Cu(I) in its place, which reacts with excess H2O2 to form HO radicals.92 Thus, when Cu(II) 

is not bound, it moves between its oxidized and reduced states, and this process can lead to the 

formation of ROS.93 It has been reported that the coordination of Cu(II) to neurodegenerative 

peptides, such as amyloid, results in the formation of various ROS species.91 Neurons contain low 

concentrations of copper (II) ions, and elevated levels lead to toxic effects, including protein 

oxidation, neuronal membrane damage, and DNA damage.93 The normal level of Cu(II) in 

neuronal cells is 40 µM, while the elevated Cu(II) concentrations (related to diseases) are as high 

as 400 µM.91 
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 Although the prior treatment of neuronal-like SY5Y cells with Zn(II), followed by Cu(II) 

and Fe(II) did not increase aggregation or decrease the level of TDP-43.87 Parker et al. (2012) 

demonstrated that treatment of SY5Y cells with Cu(II) bis-thiosemicarbazone complexes inhibited 

TDP-43 aggregation.94 However, to our knowledge, this is the only piece of literature investigating 

the interactions between TDP-43 and Cu(II). The Cu(II)-TDP-43 interactions need to be further 

investigated to determine if the Cu(II) is an interactor for TDP-43, and if high Cu(II) concentration 

in the disease state contributes to TDP-43 pathogenesis.  

 

 

 Overall, there is evidence that metal ions interact with TDP-43. From previous studies, 

which investigated the effect of metal ion interactions on other neurodegenerative related proteins, 

it has been observed that metal ion interactions are capable of inducing aggregation in the proteins, 

suggesting that they may have a role in the pathogenesis of neurodegenerative diseases. Metal-

protein interactions are a new field of interest, and thus literature examining these interactions can 

be limited; but this offers an exciting avenue of research. Investigating these metal interactions 

with TDP-43 can provide insight into how aggregation may occur. Furthermore, it can provide 

insight into the tertiary structure or protein, as coordination sites of metal ions are well reported in 

literature. Additionally, investigating this possible mechanism of pathogenesis may provide an 

avenue for new potential therapeutics for the disease, and perhaps blocking of disease 

progressions, as this is not possible with current treatment. 
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1.4. Analytical Methods for the Study of Metal Ion-TDP-43 Interactions 

One of first steps in investigating metal ions and their possible involvement in TDP-43 

pathogenesis is first establishing a correlation between the two. Many systematic studies have 

reported elevated metal ion concentrations in patients affected by ALS. The next step would be to 

investigate interactions between TDP-43 and metal ions. Metal ion interactions with TDP-43 were 

studied using immunofluorescence to detect TDP-43::GFP. Rat PC12 cells that were transfected 

with Tet-off-inducible wild-type TDP-43::GFP and grown.83 The TDP-43::GFP was separated into 

two different types: diffuse nuclear (granule diameter of 3-11 µM, bias toward larger) and cellular 

puncta/aggregates (granule diameter of 1-5 µM, bias towards smaller),95 to determine the effect of 

the metal ion on TDP-43. Larger granules indicated TDP-43 aggregation due to the presence of 

metal ions. Metal ion interactions with TDP-43 were also studied using immunostaining to detect 

TDP-43 in the spinal cord after metal exposure. TDP-43 was immunostained with both 

phosphorylation-dependent and independent antibodies to detect both types of TDP-43 and 

observe any possible aggregation.82 Although both Ash et al. and Boyd et al. observed aggregation 

of TDP-43 after metal ion exposure, there is no distinct evidence that TDP-43-metal ion binding 

causes the aggregation.83 Thus, methods such as mass spectrometry (MS), circular dichroism (CD), 

isothermal titration calorimetry (ITC) and electrochemistry, provide a better understanding of 

TDP-43-metal ion interactions and binding. 

 

1.4.1. Mass Spectrometry 

 Mass spectrometry (MS) is a common technique used in protein research and provides 

structural information about free protein and its complexes with metal ions. Golovin et al. utilized 

electrospray ionization (ESI)-MS to measure Zn(II) interactions with a TDP-43 RRM2 peptide.76 
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To prevent dissociation of the Zn(II)-peptide complexes, soft ionization parameters were used. 

ESI-MS was utilized to allow for the detection of non-covalently bound multimeric peptide 

species.76 Signals for the mono- (1032.5 m/z) and di-protonated (516.7 m/z) RRM2 peptide 

monomers were observed in the absence of Zn(II). When Zn(II) was exposed, signals at 547.8 and 

578.7 m/z were detected, which corresponds to the RRM2 peptide complexed with one and two 

zinc ions.76 Garnier et al. also used ESI-MS. In the absence of Zn(II), the RRM1/2 species had a 

calculated average mass of 19967.7 ± 1 Da, where the theoretical mass of the peptide is 19967.5.73  

However, after the exposure of Zn(II), the average mass was 20098 ±  1.4 Da, where the theoretical 

mass was 20099.5 Da, indicating the binding of two Zn(II) to the species.73 Overall, Golovin et al. 

(2020) and Garnier et al. (2017) utilized mass spectrometry to investigate the interactions between 

TDP-43 and Zn(II).76,73 Both studies utilized peptides to investigate these interactions in the RRM 

domains of the protein specifically. Additionally, it was determined that two Zn(II) bind to the 

RRM peptide. While metallo-peptide studies have been reported, no MS data is available for the 

full-length protein and metal ion interactions and is required to determine the biological relevance 

of these interactions. Regardless, MS can be a suitable method for investigating TDP-43 

interactions with metals and confirming coordination. 

 

 

1.4.2. Circular Dichroism 

 Circular dichroism (CD) is a technique for the examination of protein structure in 

solution.96 CD refers to the differential absorption of the two circularly polarized components of 

plane-polarized light. CD is used in protein studies because complementary structural information 

can be obtained from spectral regions.96 Secondary structure information can be determined using 
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CD. The spectrum of peptide bands will depend on the content of α-helix, ꞵ-sheet, turns, and 

random coil.97 

 Although there are no studies investigating interactions between metal ions and TDP-43, 

CD has been used to study the TDP-43 structure alone. Kuo et al. (2009) studied the structure of 

TDP-43 and utilized CD to monitor the thermal stability of an RRM2 dimer, rich in antiparallel ꞵ-

sheets. The CD was monitored at 218 nm, to indicate the melting of the structure.16 Melting was 

indicated by changes in the difference between the absorbance of L and R components of the plane-

polarized light, reported as ellipticity, in degrees.96 Specifically, the absorbance of the R 

component of plane-polarized light increased because of the denaturation. The RRM2 domain was 

investigated to due to the presence of an atypical RRM fold, allowing self association of the RRM2 

domains.96 The discovery of this increased thermally stable RRM2 dimer can be used to provide a 

model for studying the TDP-43 aggregates, and seeing if the dimerization is a contributing factor 

to the protein pathology.  

 It would be of interest to use CD to monitor changes to the secondary structure induced by 

metal ion binding. However, metal-binding proteins may have charge transfer bands that are CD-

active in the same region. Since the changes in CD are a sum of the secondary structure and charge 

transfer bands, no clear statement about the changes to the structure could be made.97 This could 

be one explanation as to why TDP-43-metal interactions have not been explored using CD. 

Regardless, Kuo et al. did demonstrate that CD can be utilized to investigate the TDP-43 structure, 

and it is of interest to determine if the charge transfer bands from metal-protein binding interfere 

with CD results, as this method could provide insight into secondary structural changes in response 

to metal ion binding.  
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1.4.3. Isothermal Titration Calorimetry 

 Isothermal titration calorimetry (ITC) is a method used to determine the thermodynamic 

parameters of an interaction. For data collection, two cells are kept at the same temperature, then 

heat sensing devices detect the difference between the measurement and control cell and produce 

a signal. ITC measures the enthalpy of the reaction to provide a dissociation constant and a model-

based binding stoichiometry.97 The heat measured during analysis is a sum of all the reactions 

occurring, which include dilution, precipitation, oxidation, and degradation, during the titration of 

a metal ion to the protein.97 

 Golovin et al. (2020) assessed zinc binding to a TDP-43 RRM2 peptide using ITC.76 Zn(II) 

was injected into cells containing the peptide in solution. To gather more accurate results, the heat 

of dilution was measured by injecting Zn(II) into the buffer solution, and this value was subtracted 

from the heat of the reaction in the peptide solution. The association constant for Zn(II) binding to 

the RRM2 peptides was determined to be 1.6 ± 0.3*105 M-1 76, which is similar to a Zn(II)-Aꞵ 

peptide association constant (0.9 ± 0.3*105 M-1,98). The constant for Zn(II)-RRM2 binding is low; 

however, given that neuronal concentration of Zn(II) is increased due to the release of Zn from 

metalloproteins, it may be considered important in the role of aggregation.76 The enthalpy of the 

interaction was also determined, -7.6 kcal/mol, showing the process is enthalpy driven, like Aꞵ6-

14.98 However, Zn(II)-RRM2 is an entropy unfavorable process, unlike Aꞵ6-14, indicating Zn(II) 

binding does cause the burying of hydrophobic residues.76   

 Garnier et al. (2017) utilized ITC to examine the thermodynamics of Zn(II) binding to 

RRM 1 and 2.73 Similar to Golovin et al. (2020), with the heat of dilution accounted for, the 

association constant for Zn(II)-RRM1/2 binding was 2.8 ± 0.5 × 105 M−1.76 The enthalpy of the 
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interaction was 15.2 ± 0.8 kcal/mol, showing that the interaction in enthalpy unfavourable. The 

Zn(II)-RRM1/2 was 73.6 cal/ K mol, indicating that there is an entropically driven.73 Garnier et al. 

expected the ITC stoichiometry of Zn(II)-RRM1/2 binding to be around 2, but less than 0.4 ± 0.1 

was measured.73 this indicates that the ITC signal corresponds to one of the two Zn(II) binding 

sites, and the enthalpy of the second is undetectable.73 The low stoichiometry indicates that the 

presence of Zn(II) binding reduces accessibility to other binding sites.73 However, similar to MS 

methodology, only metallo-peptide studies have been reported, and further studies looking at full-

length TDP-43 and metal ion interactions are required to determine the biological relevance of 

these interactions. 

Overall, Golovin et al. (2020) utilized ITC to demonstrate Zn(II) binding to the RRM2 

domain of TDP-43. The results also indicated that Zn(II) coordination to the domain may result in 

conformation changes.76 Similarly, Garnier et al. (2017) investigated Zn(II) interactions with the 

RRM 1 and 2 domains of TDP-43 using ITC. ITC data indicated Zn(II) binding and also suggested 

that the binding of Zn(II) to the RRM 1 and 2 may block further Zn(II) binding. These results 

indicate that TDP-43 may be capable of binding metal ions, and given that metal ion concentrations 

increase in ALS, it is of interest to further study these interactions to determine if they play a role 

in TDP-43 pathogenesis. However, interrogating metalloproteins is challenging, and alternative 

approaches are needed to make fundamental discoveries in TDP-43 biochemistry. ITC allows for 

the investigation of metal ion binding to proteins but does not allow for further investigation of 

these interactions, such as confirmational changes. 
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1.4.4. Electrochemistry 

Studies of TDP-43 by electrochemistry are scarce, and metal ion interactions with the 

protein have not been investigated using electrochemistry. To our knowledge, there are only two 

studies investigating TDP-43 using electrochemistry at this time. Dia et al. developed an 

electrochemical biosensor for a human TDP-43 peptide.99 Using ferri/ferrocyanide as a redox 

probe, differential pulse voltammetry (DPV), and electrochemical impedance spectroscopy (EIS), 

TDP-43 peptide was detected using Ab on Au surfaces in the presence of a ferri/ferrocyanide redox 

probe, using differential pulse voltammetry and electrochemical impedance spectroscopy (EIS) 

(Fig. 1.7A).99 The sensor was a label-free method and allowed for a limit of detection (LOD) at 

0.5 ng/mL. Full-length TDP-43 protein detection was also detected using TDP-43 Ab on Au.100 

However, this sensor was based on the immunosensor sandwich assay for protein detection and 

required the secondary molecules to indicate TDP-43 binding (Fig. 1.7B). The LOD achieved 

using the Ab-based assay was 12 pg/mL.100  

Although these studies do not use TDP-43 directly bound to the surface or provide detail 

about metal ion binding to the surface, they do provide measures of TDP-43 protein in solution. 

In both cases, electrochemical signals were not associated with TDP-43. Dia et al., needed to use 

the ferri/ferrocyanide redox probe to indicate TDP-43 presence on the surface. The signal measure 

was based on the redox probes' accessibility to the electrode surface. Serafin et al., required the 

secondary horseradish peroxidase (HRP)-labelled Ab and 3,3’,5,5’-tetramethylbenzidine (TMB) 

substrate as an indicator, which provided the signal measured. Regardless, these two studies 

provide a fundamental understanding of TDP-43 behaviours in electrochemical settings and 

indicate that electrochemical methods can be utilized to investigate this protein. 
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Figure 1.7. Schematic of TDP-43 binding to electrode surface for electrochemical measurement. 

(A) Dia et al. (2018) prepared a thiol-linked TDP-43 antibody to allow for easy immobilization 

onto the gold sensing surface, and allow for electrochemical detection of TDP-43 binding to the 

immobilized antibody using differential pulse voltammetry.99 (B) Serafin et al. (2021) prepared a 

sandwich-type immunosensor for the detection of TDP-43, along with the neurodegenerative-

related protein tau. A TDP-43 antibody was immobilized to an Au surface, and after TDP-43 was 

bound, the surface was exposed to horseradish peroxidase-labelled antibodies to allow for 

amperometric detection.100 

Robert Huber
Not sure this is needed.



   
 

31 
 

Electrochemical methods have been employed to study metal ion interactions and 

neurodegenerative disease biomarkers. Jiang et al. (2007) investigated the interactions between β-

amyloid and Cu(II) using several methods, including solution electrochemistry. The glassy carbon 

working electrode was placed in a cell containing a ꞵ-amyloid solution, spiked with Cu(II), to 

monitor the interaction. The redox chemistry of the complex was investigated using cyclic 

voltammetry, the redox potential for the reduction of the bound Cu(II) was 0.08 V (Fig. 1.8A).101 

Whereas Peng et al. 2010, utilized voltammetric experiments to determine the oxidation potential 

of α-synuclein binding to Fe(II).102 In the absence of Fe(II), a small irreversible oxidation peak at 

0.73 V was observed (Fig.1.8B),102 which is attributed to the oxidation of tyrosine residues.101 

However, this peak disappeared after Fe(II) exposure. Peng et al. postulated that this occurs 

because the α-synuclein-Fe(II) complex causes alterations in the secondary structure, reducing the 

number of tyrosine residues available for electrooxidation. Additionally, an oxidation (0.143 V) 

and reduction (-0.093 V) peaks appeared after Fe(II) exposure, corresponding to the oxidation of 

α-synuclein-Fe(II) and reduction of α-synuclein-Fe(III) (Fig. 1.8B).102  

 Overall, Jiang et al. (2007) and Peng et al. (2010) demonstrated that metal-protein 

interactions can be monitored utilizing solution electrochemistry. The resulting data from the 

experiments provide a fundamental understanding of the metal-protein binding and can be utilized 

to confirm these interactions before moving to more time consuming or expensive methods. 

 

Robert Huber
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Figure 1.8. (A) Cyclic voltammograms of 50 µM β-amyloid (dashed curve) and 50 µM β-amyloid 

spiked with 50 µM Cu(II) (solid curve) at a glassy carbon disk electrode surface, from Jiang et al. 

(2007). Cu(II) redox potential was observed at 0.08V.101 (B) Cyclic voltammogram of 200 µM ɑ-

syn (dotted curve) and 200 µM Fe(II) spiked (solid curve) solution initially, and after 2 hours 

(dashed curve) from Peng et al. (2009). The oxidation curve for Fe(II) was observed at 0.143 V, 

and the reduction peak for Fe(III) was observed at -0.093 V.102 (C) Cyclic voltammogram of Tau 

films on the gold surface before (a) and after (b) incubation with Cu(II) solution, from Martic et 

al. (2013). The Cu(I) reduction peak was observed at 60 mV, and the Cu(II) oxidation peak to 

observed at 210 mV.103 (D) Various mixtures of other peptides with R3 variant a) R3 mixed with 

R1, b) with R2, c) or with R4, from Golec et al. (2021). When the tau R3 peptide was mixed with 

other R peptides, similar SWV measurements were obtained, all resembling the Cu(II)/R3 peptide 

SWV profile. Indicating that R3 binds to Cu(II) with the strongest affinity compared to other 

peptides.104 

A B 

C D 

Robert Huber
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Martic et al. (2013) utilized surface electrochemistry to monitor the binding of Cu(II) to 

full-length tau-410 protein.103 Tau was immobilized on gold surfaces, and the electrochemical 

signal measured before and after Cu(II) exposure was compared to verify the metal-protein 

interaction (Fig. 1.8C). Cu(II) exposed tau surfaces resulted in a signal at 140 ± 5 mV, which was 

due to the Cu(II)/Cu(I) redox couple.103 Additionally, Cu(II) binding to the tau film was strong, as 

there was no reduction in signal intensity with repeated cycling.103 Whereas, Golec et al. (2021) 

investigated Cu(II) binding to four tau R peptides using cyclic voltammetry, square-wave 

voltammetry, and differential pulse voltammetry.104 A decrease in the current signal was observed, 

which was attributed to free Cu(II) binding to the R peptides in the solution.104 This was the case 

for each peptide studied. Along with the reduced free Cu(II) signal, a new signal was observed, 

which was attributed to the Cu(II)-tau peptide complex. The R3 peptide had the strongest binding 

affinity, demonstrated using competition binding studies (Fig. 1.8D).104 While electrochemical 

studies have been performed on other neurodegenerative disease-related proteins and metal ions, 

no such work has been reported to date for TDP-43.105-108 

 Overall, Martic et al. (2013) and Golec et al. (2021) demonstrated Cu(II) binding to tau 

protein, and provided evidence that these interactions can be monitored utilizing electrochemistry. 

The resulting data from the experiments provide a fundamental understanding of the Cu(II) 

interactions with protein. Specifically, signal observed at 140 mV after Cu(II) exposure to tau 

protein  binding, provides an indication for where Cu(II) signals can be observed when 

immobilized to non-redox proteins, similar to TDP-43.103 Additionally, free Cu(II) in the solution 

would provide a different potential for the Cu(II) signal, compared to the Cu(II) signal produced 

when it is bound to the protein surface.104  Once more, demonstrating that metal-protein 

interactions can be monitored utilizing electrochemistry. In addition to providing a fundamental 

Robert Huber
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understanding of the metal-protein binding, surface electrochemistry allows for the evaluation of 

these interactions utilizing minimal protein concentrations, allowing for cost effective 

investigations. 

 

Overall, there are several different methods that can be utilized to investigate TDP-43 and 

metal ion interactions. Each method provides particular information regarding the possible 

interaction between the two, however, these methods are often required to be used in conjunction 

with one another to verify metal ion-TDP-43 interactions and or investigate the impact of the 

interactions on the protein structure. Utilizing these types of methods to investigate the metal-

TDP-43 interactions will ultimately lead to a better understanding of the role of TDP-43 

pathogenesis in ALS. 

 

1.5. Thesis Research Rationale 

 Neurodegenerative diseases remain without a cure and early diagnosis. The lack of 

therapeutic and diagnostic tools is due to the poor understanding of disease pathogenesis. 

Specifically, the role of metal ions on protein pathogenesis is not fully understood, but when 

identified could lead to major discoveries in the field of metalloproteins and their role in aging and 

diseases. In this thesis, my objective was to determine if biologically relevant metal ions, such as 

Cu(II), Zn(II), Fe(III) interact with TDP-43. The biophysical studies were conducted by using 

electrochemical methods, which allow for direct monitoring of metal ion binding to the protein. 

The TDP-43 and metal exposed surfaces were also followed up by surface characterization. Due 

to the many benefits of electrochemistry, the unique properties of the protein were determined, 

such as redox potentials, reduction/oxidation reactions, metal ion competition and binding between 

Robert Huber
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redox active metal ions and proteins, all of which are integral for a greater understanding of 

metalloproteins, especially in neurodegenerative diseases.  

Chapter 2 describes Cu(II)-TDP-43 interactions using surface electrochemistry. The 

experimental surface was characterized using x-ray photoelectron spectroscopy (XPS), contact 

angle, and ellipsometry. Surface characterization was conducted to characterize Cu(II)-TDP-43 

films, Cu(II)-free TDP-43 films, and verified other critical steps in surface modification. The 

effects of other biologically relevant metal ions, such as Zn(II) were evaluated in Chapter 2. 

Chapter 3 focused on the interplay between Cu(II) and Fe(III) and their interactions with TDP-43 

protein film on Au surface. Using the bioelectrochemical approach, I provided a more fundamental 

understanding of the metallopathic relationship between TDP-43 and copper, and the effects other 

metal ions have on this interaction, by providing primary evidence that copper bound TDP-43. 

However, more research on the interaction could enhance the understanding of TDP-43 

pathogenesis in ALS.  

Robert Huber
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Abstract 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by 

progressive loss in function of motor neurons. Both genetic and environmental factors contribute 

to ALS. Elevated copper (II) (Cu(II)) levels have been reported in ALS cases. Cu(II) interactions 

with other proteins associated with ALS have been investigated, however, the effects of 

metallation on transactive response (TAR) DNA-binding protein of 43 kDa (TDP-43) are less 

known. Normal TDP-43 has functions in alternative splicing and transcriptional regulation in the 

nucleus and, in the cytoplasm, it is responsible for stabilizing and transporting mRNA. However, 

in diseased cells, TDP-43 is hyperphosphorylated and aggregated, compromising TDP-43 

function. There is increasing evidence that Cu(II) ions play a role in TDP-43 biochemistry. Here, 

I present an electrochemical and surface study of the interactions between full-length TDP-43 and 

Cu(II) ions. Compared to a Ag/AgCl reference electrode, the coordination of Cu(II) to the 

immobilized TDP-43-Au surface induced an electrochemical signal at approximately 0.18 V, due 

to the Cu(II)/Cu(I) redox couple. The binding of Cu(II) was also favourable at physiological pH. 

A competitive zinc(II) (Zn(II)) ion binding studies revealed TDP-43-Au films preferentially bind 

Cu(II), which may have  biological significance. 
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2.1 Introduction 

Metal ions can be essential for biochemical reactions to occur throughout the body. The 

specific roles vary, ranging from aiding in the structural integrity of proteins to acting as a catalytic 

point in enzymes.52-54 The impact of metal ions is also evident in certain diseases. Metal 

dyshomeostasis has been reported in many neurodegenerative diseases (NDD).55,56 Copper (II) 

(Cu(II)) ions promote the aggregation of several NDD-related proteins, including α-synuclein, tau, 

and β-amyloid, by directly binding to these targets.109-111 Dysregulation of metal ions, particularly 

copper, moves between its oxidized and reduced states, forming reactive oxidative species (ROS). 

Neurons contain low concentrations of Cu(II) ions, and elevated levels lead to toxic effects, 

including protein oxidation, neuronal membrane damage, and DNA damage.93 

Amyotrophic lateral sclerosis (ALS) is an NDD that is characterized by protein misfolding 

and aggregation, and recently, there is evidence that metal ions, such as Cu(II) and zinc(II) (Zn(II)), 

also play a role.57 In particular, transactive response (TAR) DNA-binding protein of 43 kDa (TDP-

43), found inside neuronal cells, contributes to the degeneration of motor neurons. Normal TDP-

43 has functions in alternative splicing and transcriptional regulation in the nucleus and, in the 

cytoplasm, it is responsible for stabilizing and transporting mRNA.13 However, in diseased cells, 

TDP-43 is hyperphosphorylated and aggregated, compromising TDP-43 function.29-31 

Additionally, there have been recent studies suggesting that TDP-43 mislocalization also 

contributes to ALS.33 Even though metal ion toxicity and the effect it has on other NDD-related 

proteins has been studied,112-114 the effects of metalation on TDP-43 are less known.57 However, 

there is evidence that metal ions contribute to TDP-43 pathologies.115,57 There is increasing 

evidence that Cu(II) ion levels may play an important role in TDP-43 biochemistry. The binding 

of Cu(II) to cysteine (Cys) within the RRM1 domain causes Cys oxidation, and the oxidation leads 
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to loss of function in TDP-43 and aggregation.116 However, the neuronal-like cells (SY5Y) 

exposure to Cu(II) inhibited phosphorylation, and prevented aggregation (Parker et al., 2012). The 

binding of Cu(II) to cysteine within the RRM1 domain causes cysteine oxidation, and the oxidation 

leads to loss of function in TDP-43 and aggregation.116 Currently, it is not well understood how 

metal ions interact with TDP-43 and regulate its biochemistry. The redox chemistry of Cu(II) and 

Cu(II)/TDP-43 protein complex has not yet been identified, but is critical for understanding metal-

catalyzed ROS formation and its role in ALS. 

Electrochemical methods have been used to study NDD-related protein (peptides) 

interactions with Cu(II),101-108 but Cu(II)/TDP-43 protein interactions have not been previously 

explored by electrochemical means. Due to the many benefits of electrochemistry, the unique 

properties of protein may be discovered, such as redox potentials, reduction/oxidation reactions, 

and binding between redox active metal ions and proteins. All of these facets are integral for 

greater understanding of metalloproteins, especially in NDD.  Surface electrochemistry can also 

be used to measure conformation changes of proteins because of metal ion interactions.  

Here, I employed the electrochemical technique square-wave (SWV) and cyclic 

voltammetry (CV) to monitor the interactions of the full-length TDP-43 protein with Cu(II) ions. 

The TDP-43 films were fabricated on the Au surface, and their interactions with Cu(II) were 

measured. The interactions of TDP-43 protein with Cu(II) ions were measured using surface 

electrochemistry, as depicted in Fig. 1. I hypothesized that, in the absence of Cu(II) ions, TDP-43 

films on gold surfaces would be redox silent in the potential range of interest. However, upon 

binding to Cu(II) ions, an electrochemical signal is expected. Specifically, two peaks should be 

observed, which are associated with Cu(II) reduction and Cu(I) oxidation. The appearance of the 

peaks would indicate the formation of redox-active films, which can be detected using 

Robert Huber
Grammar should be corrected here.



   
 

40 
 

electrochemical methods. Chapter 2 includes the evaluation of the concentration-dependent and 

pH-dependent binding of Cu(II) to the full-length TDP-43 protein films. The competitive and 

displacement metal ion binding of Zn(II) with Cu(II)/TDP-43 films was also explored. All metal 

ion-containing and free TDP-43 films were characterized by X-ray photoelectron spectroscopy, 

electrochemical impedance spectroscopy, and ellipsometry. 

 

 

 

Figure 2.1. Schematic illustration of TDP-43-Au film and subsequent Cu(II) binding to form the 

redox active Cu(II)/TDP-43 protein film on Au-surface. The schematic diagram and coordination 

of Cu(II) to TDP-43 films are not to scale. 
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2.2. Experimental 

2.2.1. Materials and Methods 

The monobasic and dibasic potassium phosphate, 1-butylamine, hexanethiol, and reagent 

alcohol (EtOH) were purchased from Fisher Scientific. Potassium hydroxide (KOH) was 

purchased from Caledon Laboratory Chemicals. Ethanol was purchased from Commercial 

Alcohols by Greenfield Global. Potassium chloride was purchased from EMD. N-(3 

dimethylamino-propyl)-N’-ethyl carbodiimide hydrochloride (EDC), N–hydroxysuccinimide 

(NHS), and DLα-lipoic acid were purchased from Sigma Aldrich (MO, USA). Alumina was 

purchased from Fisher Chemicals. Copper(II) nitrate 2.5 hydrate, was purchased from J. T. Baker. 

Zinc(II) perchlorate was purchased from Alfa Aesar (MA, USA). Potassium ferricyanide and 

potassium ferrocyanide was purchased from Acros Organics. Concentrated sulfuric acid was 

purchased from VWR Chemicals. The P-ladder was the Precision Plus Dual Colour Molecular 

Weight Marker (Bio-Rad, CA, USA). Primary antibodies used in this study were PA5-29949 

([antibody] = 1.59 mg/mL, rabbit polyclonal anti-TDP-43 1-289 [NTD-CTD], Invitrogen, MA, 

USA); anti-pTDP-43 (pSer410) antibody produced in rabbit ([antibody] = 1.0 mg/mL).  Secondary 

antibodies (goat anti-rabbit IgG [H+L]-HRP [horseradish peroxidase] conjugate) were purchased 

from Bio-Rad (CA, USA).  Alpha beta gamma buffer (αβγ, pH 7.5) was prepared using sodium 

acetate (Sigma Aldrich Fine Chemicals, MO, USA), monosodium phosphate (VWR Chemicals, 

PA, USA), glycine (Invitrogen, MA, USA), and sodium chloride (Bio-Shop, CA). 1 M sodium 

hydroxide was used to adjust the pH of the buffer (Fisher Scientific, NY, USA).  Sodium dodecyl 

sulfate (SDS) was purchased from Bio-Rad (CA, USA). All reagents were used without further 

purification. 

 

Robert Huber
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2.2.2. TDP-43 Expression, Purification and Characterization 

Full-length TDP-43 protein was expressed using a pET plasmid in E.coli Nico21. Bacterial 

cultures were grown in lysogeny broth media at 37 °C until an optical density of 0.4 - 0.6 was 

reached. This was measured using a UV-visible spectrophotometer at 600 nm (Nanodrop). Once 

the target optical density was reached, the cells were induced with 1mM IPTG and incubated at 16 

°C overnight. After overnight incubation, cell lysis was carried out using lysis binding buffer 

containing 20 mM NaPi, 300 mM NaCl, 30 mM imidazole, 1 mM DTT, and 5% glycerol and 

PMSF. Then, the cells were sonicated for 10s on and 50s off for a total of 30 minutes at 40% 

amplitude. The lysate was centrifuged for 1.5 h at 18,500 rpm. The resulting supernatant was 

collected and syringe filtered using a 0.22 µm filter. The filtered supernatant was combined with 

15 mL nickel resin that was equilibrated with the lysis/binding buffer and allowed to stir in a cold 

room for 1 hour. The supernatant/resin mixture was applied to a gravity flow column (BioRad) 

and washed using a series of buffers: a lysis/binding buffer and a wash buffer. The column was 

eluted with a buffer containing high concentration of imidazole. The elution was dialyzed against 

20 mM HEPES pH 7.5, 150 mM KCl, 1 mM DTT, and 40% Glycerol three times for a minimum 

duration of 4 h between each buffer exchange. The elute was passed through a heparin FPLC 

column (AKTA Systems). The purest fractions were combined and concentrated to a final 

concentration of 9uM which was determined by UV spectroscopy (Nanodrop). The final protein 

sample was aliquoted and stored at -80 °C. 

TDP-43 protein solution was spotted onto the nitrocellulose membrane and incubated 

overnight at 4 °C with primary anti-TDP-43 rabbit antibody (PA5-27221; 1:2000 in TBST; 3% 

BSA solution in TBST).  The blots were incubated with secondary HRP-labeled goat anti-rabbit 

antibody (IgG; 1:1000 in TBST) for 45 min at RT; ~25°C.  Dot blots were exposed to enhanced 
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chemiluminescence (ECL) reagent (1-2 min) and imaged using the ChemiDoc XRS Imaging 

system.  The dot-blot analysis was carried out in duplicate to ensure accuracy. 

 

2.2.3. Electrochemical Measurements 

Electrochemical experiments were carried out using an Autolab PGSTAT302N by 

Metrohm AG. The gold disk electrodes (0.314 cm2 surface area) were purchased from CH 

Instruments Inc. (TX, USA). A conventional three-electrode system using a working gold 

electrode, an auxiliary platinum wire electrode, and a reference Ag/AgCl/1.0 KCl electrode were 

used for all experiments. All surface characterization electrochemical experiments were performed 

in 10 mM potassium phosphate buffer (PB), pH 7.4, and 10 mM [Fe(CN)6]3-/4- unless otherwise 

specified. All measurements with Cu(II) were performed in a 10 mM potassium phosphate buffer 

(PB), pH 7.4. Cyclic voltammetry (CV) was performed at a scan rate of 100 mV/s and in the 

potential range between -0.4 and 0.7 V, for [Fe(CN)6]3-/4- or -0.6  to 0.6 for Cu(II) studies, unless 

otherwise stated. Square-wave voltammetry (SWV) was obtained by scanning the potential in the 

range -0.6 to 0.8 V at a frequency of 25 Hz and amplitude of 0.02 V. At a step height of 0.005 V, 

the effective scan rate was 0.12589 V/s unless otherwise stated. Electrochemical impedance 

spectroscopy (EIS) was applied at a frequency range of 1 – 100,000 Hz with an amplitude of 0.01 

V. Fitted and experimental data were presented as Nyquist plots. The charge transfer resistance, 

Rct, was determined by fitting the impedance data to the equivalent circuit. All experiments were 

performed in triplicates, and the corresponding error bars represent the standard deviations.  
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2.2.4. Cleaning of Au Electrodes 

The Au disk electrodes were cleaned chemically in piranha solution (3:1 H2SO4:H2O2) 

for 5 min, then rinsed with deionized (DI) H2O and polished on alumina slurry (80-200 mesh) for 

3 min. After polishing, electrodes were sonicated in DI H2O for 3 min to remove excess alumina 

and were cleaned electrochemically. Electrochemical cleaning was performed by running the CV 

in 0.5 M KOH solution at 0.5 V/s in the -2 - 0 V range. Followed by 0.5 M H2SO4 solution in the 

0 - 1.5 V range at a scan rate of 0.5 V/s. The electrodes were then sonicated again for 5 min and 

cleaned electrochemically in 0.5 M H2SO4 once again. Clean Au electrodes were rinsed with DI 

water, then rinsed with ethanol.  

 

2.2.5. Preparation of Protein Solution 

10 mM PB was prepared by dissolving solid monobasic and dibasic potassium phosphate 

in reverse osmosis H2O, and pH was adjusted to 7.4, using KOH solution. 500 μM Cu(II) was 

prepared by dissolving solid Cu(NO3)2 in PB, pH 7.4. 50, 100, 250, and 350 µM Cu(II) solutions 

were prepared by diluting 500 μM Cu(II) solution with PB, pH 7.4. 250 μM Zn(II) was prepared 

by dissolving solid Zn(II) perchlorate in PB, pH 7.4.  1 μM TDP-43 aliquots were diluted to 50 

nM using PB, pH 7.4. 

 

2.2.6. Preparation of TDP-43 Films on Au Electrodes 

The clean Au electrodes were immersed in 4 mM DLα-lipoic (ethanol) at 4 ˚C overnight. 

After rinsing with ethanol, the electrodes were incubated in a mixture of  10 mM NHS (ethanol) 

and 8 mM EDC (ethanol) solution for 1 h at room temperature and rinsed with ethanol. After the 

surface was air dried, the electrodes were incubated in 50 nM TDP-43 (PB, pH 7.4) at 4 ˚C 

Robert Huber
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overnight. After rinsing with PB followed by ethanol, the electrodes were immersed in 10 mM 1-

butylamine (ethanol) for 1 h at room temperature. Electrodes were rinsed with ethanol and 

incubated in 10 mM hexanethiol (ethanol) for 30 min at room temperature. Subsequently, the 

electrodes were rinsed with ethanol followed by 10 mM PB, pH 7.4, prior to electrochemical 

measurements. 

 

2.2.7. Interactions with Metal Ions 

TDP-43-Au film was incubated in 5 µL of various Cu(II) solutions in PB (pH 7.4) for 30 

min at room temperature unless otherwise mentioned. The electrodes were rinsed with PB, prior 

to the measurements. The Cu(II) concentrations tested were 50, 100, 250, 350, and 500 µM. The 

pH-dependent Cu(II) studies were performed at pH 3, 7.4, and 10.  

The competition and displacement studies were carried out by incubating TDP-43-Au with 

5 µL of 350µM Cu(II) or 2 mM Zn(II) solutions for 30 min at room temperature, in succession or 

at the same time. The TDP-43 free surface was prepared as described above without the TDP-43 

immobilization step. Next, the TDP-43-free surface was incubated in Cu(II) solution as described 

above.  

 

2.2.8. Sample Preparation for Surface Characterization 

 The samples for surface characterization were prepared using 140 nm Au sputtered on 6 

nm titanium wafer (Surface Science Western University, Canada). The Au wafers were sliced into 

substrates, which were cleaned by etching with piranha solution for 5 min and rinsing with DI 

water. Next, the substrates were rinsed with water, followed by ethanol, and preparation of the 

stepwise modification steps were performed as described above. Metal ion binding was carried out 
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at 250 µM Cu(II) and or 2 mM Zn(II) for 1 h at room temperature. Finally, the substrates were 

rinsed with 10 mM phosphate buffer, pH 7.4, and measured by ellipsometry, XPS, and contact 

angle measurements.  

 

2.2.9. Ellipsometry 

Multiwavelength ellipsometry was performed on a Film Sense FS-1 (NE, USA) 

Ellipsometer. The four LED light sources operated at 465 nm (blue), 525 nm (green), 590 

nm(yellow), and 635 nm (red). The azimuthal orientation P of the internal polarizer set the 

polarization state of the incident beam to be +45 °. The reflected beam polarization state was 

automatically analyzed by the software based on the method proposed by Azzam.117 Each sample 

was tested in duplicate measurements.  

 

2.2.10. Contact Angle Measurements 

 Contact angle (q) was measured using the method based on the diameter of 3 µL droplet 

of deionized water to determine the surface wettability of various steps in surface modification on 

an Au surface. Each sample was tested in duplicate measurements.  

 

2.2.11. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements were carried out at the Materials 

Characterization Facility, Ontario Tech University, using a ThermoFisher Scientific Nexsa Surface 

Analysis System. The monochromated Al Κɑ (1486.6 eV) X-ray source was at 12 κV, 6 mA 

emission current, and 400-µm spot size. The charge compensation was achieved using a flood gun. 

The chamber pressure was 7 x 10E–8 mbar, and the survey spectra were at low energy axis point 
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density (1.0 eV point spacing) and low energy resolution (E-pass = 200 eV). The regional spectra 

was 0.1 eV point spacing and higher energy resolution E-pass = 50 eV. The XPS data was analyzed 

using Avantage software. A Shirley background function was used to approximate the 

experimental background. Scofield Al κ-ɑ sensitivity factors were used to calculate relative atomic 

percentages. Each sample was tested in duplicate measurements.  

 

 

2.3. Results and Discussion 

2.3.1. Biochemical Characterization of TDP-43 

TAR DNA-binding protein of 43 kDa (TDP-43) is composed of 414 amino acids and its 

primary sequence consists of an N-terminal domain (NTD), two RNA recognition motifs (RRM1 

and RRM2) and an C-terminal domain (CTD) (Fig. 2.2). Importantly, TPD-43 has 6 Cys residues, 

4 of which are located in the RRM domains. The full-length TDP-43 protein was expressed using 

a pET plasmid in E.coli, and purified. The growth of the TDP-43 construct produced high 

expression levels as evidenced by a high intensity band at ~50 kDa on SDS-PAGE (Fig S1A). To 

confirm that TDP-43 was not phosphorylated, dot blots were carried out and showed no 

phosphorylation at the S410 site (Fig. S1B). This purified full-length TDP-43 protein was used for 

electrochemical studies with metal ions. Non-phosphorylated TDP-43 was used to aid in the 

development of a fundamental understanding of Cu(II) and other metal ion interactions with TDP-

43. If Cu(II) binding to TDP-43 was observed using the electrochemical methods, further studies 

could be done to determine if these interactions still occur with disease related types of TDP-43, 

such as mutants and forms of TDP-43 that are post-translationally modified incorrectly. 

Robert Huber
While these may have already been defined earlier in the thesis, it might not be a bad idea to re-define them here. Alternatively, you could include an abbreviations section at the beginning of this chapter.

I'd also include a figure in your thesis that shows these domains in the protein (i.e., a domain architecture figure for TDP-43).

Robert Huber
Should clarify what you mean by growth of the construct. The Ecoli grow but the construct replicates during Ecoli cell division.

Robert Huber
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Additionally, the discovery of metal ion binding to normal TDP-43 may provide some insight into 

TDP-43 pathogenesis. 

 

 

Figure 2.2. Domain map showing the relative sizes of TDP-43 domains, N-terminal, RNA 

recognition, and C-terminal domains, respectively. Adapted from François-Moutal et al. (2019).25 

 

 

2.3.2. TDP-43-Au Film Fabrication 

To monitor Cu(II) binding to TDP-43, electrochemical methods were utilized. To 

investigate the interactions, TDP-43 must be immobilized to an electrode surface. Similar to other 

studies investigating metal interactions with proteins, a gold surface disc electrode was used to 

monitor binding to the surface.118,103 TDP-43 was immobilized to the surface through a reactive 

Lip-NHS ester. After TDP-43 immobilization, the surface was exposed to more solutions to 

remove other possible interaction sites for metal ions, and ensure metal ions were integrating with 

the TDP-43 surface.  

In more detail, the fabrication of the TDP-43-Au surface is depicted in Fig. 2.3. Briefly, 

the lipoic acid (Lip) was immobilized on the Au surface (i), followed by EDC/NHS 

functionalization (ii) to generate a reactive Lip-NHS active ester on the Au surface. Next, the 

conjugation of the TDP-43 protein was achieved preferentially via a terminal amino group of 

protein with the active ester on the surface (iii). Subsequently, the unreacted NHS sites were 

blocked with n-butylamine (iv) and Au surface backfilled with diluent, hexanethiol (v). To verify 

Robert Huber
I think normal is a better word choice. Wild-type is usually used in a genetic context to describe  cell lines and animals that are not genetically modified. 
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the surface modification steps, electrochemistry, contact angle, ellipsometry, and X-ray 

photoelectron spectroscopy were completed. 

 

 

Figure 2.3. Schematic illustration of the surface modifications of Bare Au: (i) Lipoic acid, (ii) 

EDC and NHS, (iii) full-length TDP-43 protein, (iv) n-butylamine, (v) hexanethiol, and (vi) Cu 

(II) exposure.  
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The stepwise fabrication of the TDP-43–Au surface was characterized by CV as in Figure 

2.2 in the presence of the redox couple [Fe(CN)6]3-/4-. The bare-Au (a) electrode exhibited 

reversible oxidation/reduction peaks (Ipa = -0.088 mA, Ipc = 0.095 mA, ΔE = 0.17 V) (Fig. 2.4A). 

At this point in fabrication, the redox probe could interact with the surface readily. However, after 

the fabrication of active Lip-NHS ester and TDP-43 immobilization caused a reduction in the 

current and an increase in the peak difference (ΔE = 0.20 V). The reduced current and increased 

peak separation indicated that the accessibility of the redox probe to the Au surface was reduced, 

which verified that the Au surface is no longer bare and suggested that TDP-43 has been 

immobilized to the electrode surface. Blocking with 1-butylamine (ΔE = 0.43 V) and subsequent 

backfilling with hexanethiol caused more significant signal changes when compared to bare Au 

peaks (ΔE = 0.17 V). The blocking and backfilling steps were expected to increase the resistance 

of the film to the redox probe, as it introduced more steric hinderance and reduced the free gold 

surface to the redox probe. The increased peak separation indicated that the blocking and 

backfilling steps were successful, and thus the only possible binding site for Cu(II) would have 

been to the protein. 

The stepwise fabrication of the TDP-43-Au surface was also monitored by EIS. The bare-

Au (a) electrode was characterized by the diffusion-controlled process, Warburg parameter, W 

(Fig. 2.3B). Data were fitted using the equivalent circuit (inset Fig. 2.4B). In the event that data 

did not exhibit an obvious W component, data was fitted to the equivalent circuit composed of 

solution resistance (RS), charge transfer resistance (Rct), and constant phase element (CPE).119,120 

The RS value was dependent on the distance between the Au electrode surface, reference electrode, 

and the solution, and was likely to remain unchanged for the duration of the measurements. The 

Rct was associated with the access that the redox probe had to the electrode and was related to the 
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resistance of electron transfer at the electrode surface. The Rct corresponded to the diameter of the 

semi-circle observed in Nyquist Plots, where the larger diameter indicated an increased 

resistance.121 The bare Au was characterized by a low Rct value (149 Ω) compared to the Lip-NHS 

film (Rct= 1870 Ω). Again, further indication of successful immobilization of the TDP-43 to the 

bare gold surface. The blocking with 1-butylamine resulted in an increase in resistance due to 

successful blocking of unreacted NHS sites. The final TDP-43–Au surface was characterized by 

the Rct of 1090 Ω.  The increased Rct from 149 to 1090 Ω indicated that the redox probe had a 

decreased accessibility to the gold surface after the final TDP-43-Au film was fabricated, which 

indicated changes occurred to the surface. It was assumed that these changes were correlated with 

successful surface modification, however, further studies were conducted to verify TDP-43-Au 

film fabrication. 

 

 

 

 

 

Robert Huber
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Figure 2.4. A) Cyclic voltammograms and B) Nyquist plots of stepwise surface modifications of 

bare Au surface for fabrication of TDP-43-Au film (Inset: the equivalent circuit used for fitting 

experimental data with W. Data without W were fitted with an exact circuit and W omitted; 

experimental data - symbols, fitted data - solid line). Data collected by M.T. 

 

 

 



   
 

53 
 

In addition to electrochemical surface characterization, surface modification was also 

evaluated using non-electrochemical methods. Ellipsometry was used to determine the relative 

film thickness of the TDP-43-Au film (3.1 ± 0.3 nm). The surface wettability was determined by 

measuring the contact angle. Typically, a hydrophobic surface would produce a larger contact 

angle,122 such as a bare Au at 67.1 ± 1.1o. The contact angle of the TDP-43-Au film was 51.5 ± 

2.0o, which suggested that the surface was more hydrophilic after the addition of the protein to the 

surface. Finally, the surface modifications were also characterized by XPS. XPS analysis of the 

Lip-Au film showed O, C, and S content, with an 8.8:1.9:1.7 ratio, respectively, which was close 

to the expected values based on the Lip stoichiometry.  The O 1s peak at 532.0 eV was observed, 

alongside the carbon C 1s peaks at 284.8 eV and 289.0 eV, which corresponded to the aliphatic 

and carbonyl carbon, respectively. The Lip-Au film was also confirmed by the characteristic two 

doublets at the S 2p binding energy (163.3 and 164.6 eV), which indicated the successful 

attachment of the Lip to the Au surface.123 Pure monolayers would have exhibitted two main 

doublets with an approximate ratio of 2:1, and a 1.2 eV splitting.123  Unbound thiols have an S 2p1/2 

binding energy of around 165 eV,123 thus, the binding energy observed for the sample may have 

indicated the presence of some bound and some unbound Lip. The TDP-43-Au film was 

characterized by Au, S, C, N, O binding energies (Fig. 2.5). The S 2p binding energies at 162.0, 

163.5, and 165.1 eV were observed (Fig. 2.5A). The bound thiol was associated with 162.0 eV 

peak, while unbound thiol or disulfide was assigned to the 163.5 eV.124 The binding energy of the 

S 2p3/2 at 162.0 eV was consistent with the sulfur atoms bound to the Au surface as a thiolate 

species. The large difference in binding energy (1.3 eV) indicated the presence of bound thiolate. 

Additionally, the intensity of the S 2p peak at 163.5 eV increased compared to Lip-Au surface, 

which indicated the presence of additional unbound thiols, and the peak at 165.1 eV was attributed 
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to unbound disulfides of protein. In general, S-S and S-H bonding is located in the 163.5 - 165.0 

eV range. The N 1s spectrum of the TDP-43-Au films was characterized by three major peaks at 

401.9 eV, 400.4 eV and 399.09 eV (Fig. 2.5B). Amide nitrogen appeared at 400 eV, which 

indicated the presence of a protein on the surface. The blocking reagent may have also contributed 

to the signal. The peak at 401 eV indicated an ammonium group (sp2), whereas the peak at 399 eV 

indicated pyridinic N due to His residues of protein (sp2). The O 1s peak was centered at 532.2 eV, 

which was the expected binding energy for C–O bonds (Fig. 2.5C). The C 1s area can be 

deconvoluted into two peaks at 285.4 ad 288.0 eV (Fig. 2.5D). The peak at 285 eV was 

characteristic of a C–C bond, whereas the 288 eV peak was representative of a carbonyl carbon.  
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Figure 2.5. XPS spectra of TDP-43-Au film showing A) S 2p peaks at 162.0, 163.5, and 165.1 

eV; B) N 1s peaks at 399.09, 400.44, and 401.91 eV; C) O 1s peak at 532.2 eV; and D) C 1s peaks 

at 285.35 and 287.98 eV. Data collected by M.T. with assistance from I.E. 
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Overall, the successful surface modification of the Au surface was verified using 

ellipsometry, contact angle, and XPS. Ellipsometry provided data showed that the thickness of the 

final film on the gold surface increased, compared to the unmodified gold surface, indicating 

changes occurred. The contact angle data provided information regarding the hydrophilic and 

hydrophobic properties of the surface after various steps in modification. The changes in these 

properties were consistent with the elemental composition of the surface at the various steps in 

modification. For example, the bare Au surface had a contact angle 67.1 ± 1.1o, however, after Lip 

immobilization, and the introduction of more the strongly hydrophilic carboxyl groups, the contact 

angle was reduced to 51.6 ± 1.9o. Finally, XPS provided the elemental composition of the final 

film and various steps in modification. Presence of the sulfur S 2p peaks indicated the successful 

immobilization of the Lip-NHS ester to the Au surface, which was required for the TDP-43 

immobilization. Additionally, the ratio observed for the carbon C 1s, oxygen O 1s and nitrogen N 

1s peaks were characteristic and similar to those observed in other studies looking at protein-

immobilization.103 Thus, data suggested that the procedure utilized for TDP-43 immobilization to 

the Au surface to allow for electrochemical measurements was adequate. 

 

2.3.3. Interactions of Cu(II) with TDP-43-Au Surfaces 

While the amyloidogenic CTD region of TDP-43 does not have amino acids which are able 

to chelate metal ions, the NTD and RRM domains contain 32 potential chelating sites (Cys, His 

and Glu residues). Hence, these amino acids are potential coordination sites for Cu(II). Once the 

TDP-43-Au film was fabricated, the film was exposed to Cu(II). Various concentrations of Cu(II) 

were tested with TDP-43-Au film (Fig. 2.6). The physiological level of Cu(II) in neuronal cells is 

40 µM, while the elevated Cu(II) concentrations (related to diseases) are as high as 400 µM.97 

Robert Huber
Should clarify what you mean by normal level. Normal relative to what?
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Upon Cu(II) binding to TDP-43-Au film, the cyclic voltammogram (Fig. 2.6A) shows a 

characteristic Cu(II)/Cu(I) redox couple at 160 mV. Notably, TDP-43-Au film was not redox 

active in the potential range measured (-0.6 - 0.6 V). The square-wave voltammograms (Fig. 2.6B) 

showed an increase in Cu-related signal with increasing metal ion concentrations. The relationship 

between electrochemical signal and the Cu(II) concentration (Fig. 2.6C) was linear with an R2 

value of 0.91 (Fig. S18). Thus, the electrochemical data suggests that Cu(II) binds to the TDP-43-

Au surface when exposed. The concentration dependent studies also indicate that the Cu(II) 

electrochemical signal observed is directly correlated to the concentration of Cu(II) exposed to the 

surface. Additionally, from the concentration dependent studies, I observed that disease-related 

concentrations will bind to the fabricated TDP-43-Au surface, allowing us to monitor relevant 

concentrations in the metal ion interaction studies. It was assumed that the appearance of the 

reversible peaks was due to Cu(II) presence, however, further studies were conducted to verify 

TDP-43-Au film fabrication. 
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Figure 2.6. A) CVs of TDP-43-Au film before (black dash line) and after (blue solid line) 350 µM 

Cu(II) binding; B) Square wave voltammetry for TDP-43-Au film and varying concentrations of 

Cu(II); C) Plot of current as a function of Cu(II) concentrations (taken from B). Data collected by 

M.T.  
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The TDP-43–Au surface was characterized prior and post Cu(II) binding also using 

ellipsometry, contact angle, and XPS, to verify Cu(II) binding to the TDP-43 surface. Ellipsometry 

was used to determine the relative thickness of the TDP-43-Au surface prior to and post Cu(II) 

exposure. The thickness of the film remained relatively similar after Cu(II) exposure (3.8 ± 0.2 nm 

after, and 3.10 ± 0.3 nm before). Slight increase in film thickness may indicate that Cu(II) binding 

to TDP-43 induced a conformational change and change in overall thickness of the protein layer. 

The surface wettability post and prior Cu(II) exposure was also measured. After Cu(II) exposure, 

the contact angle for TDP-43-Au film increased to 47.6 ± 2.4o, indicating a more hydrophilic 

surface. XPS analysis revealed the presence of O, C, S, N and Cu in the Cu(II)-TDP-43-Au film, 

as expected. No Cu(II) signal was observed for TDP-43-Au film (Fig. 2.7A). Well-defined Cu 2p 

binding energy contained a doublet at 933 (Cu 2p3/2) and 952 (Cu 2p1/2) eV125 for Cu(II)-TDP-43-

Au surface (Fig. 2.7B).  The difference in binding energy was 19 eV. No satellite peaks were 

observed at the high energy side of the main lines, which is typical for Cu(I). Cu(II) would produce 

the satellite peaks. In addition, Cu(II) complexes are characterized by binding energy ~935 eV, 

while Cu(I) complexes were observed at ~933 eV.126 It is possible that under X-ray radiation and 

vacuum, Cu(II) was reduced to Cu(I).127 The other possibility is that Cu(II) coordinated to Cys 

residues leading to their oxidation and Cu(II) reduction. Of note is that XPS provides information 

from the surface and subsurface layers (2 - 5 nm), rather than from the bulk. If the chemical 

composition of bulk is different from that on the surface, then the XPS may not be fully 

representative of the whole system. The TDP-43-Au film had a S 2p3/2 binding energy at 162.0 eV 

(Fig. 2.7C) indicative of bound S on the surface, and this component dramatically decreased in the 

Cu(II)-TDP-43-Au surface (Fig. 2.7D). Notably, thiols of protein may preferentially bind to Cu(II) 
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rather than Au surface resulting in a decreased amount of bound thiols. Notably, minimal changes 

in N 1s spectra were observed for metalloprotein and protein films. 
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Figure 2.7. XPS spectra of Cu and S for (A, C) TDP-43-Au and (B,D) Cu(II)-TDP-43-Au films. 

A) No peaks within the Cu 2p spectra; B) Cu 2p spectra with peaks at 932.5 and 952.33 eV. C) S 

2p peaks at 162.03, 163.64, and 165.34 eV; D) S 2p peaks at 162.04, 163.54, and 164.82 eV. Data 

collected by M.T. with assistance from I.E. 
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Overall, Cu(II)-TDP-43 binding at the Au surface was verified using ellipsometry, contact 

angle, and XPS. Most importantly, XPS provided the elemental composition of the final and Cu(II) 

exposed final films. The presence of the copper Cu 2p peaks with the Cu(II)-TDP-43-Au sample 

indicates Cu(II) presence. Since the samples were thoroughly rinsed, it is assumed that the Cu(II) 

present on the surface is bound to TDP-43. However, the Cu 2p spectra resemble the presence of 

Cu(I) instead of Cu(II) which may suggest that Cu(II) coordinated to Cys residues. Additionally, 

XPS shows a decrease in the S 2p3/2 after Cu(II) binding. This may be due to thiols preferentially 

binding to Cu(II), resulting in a decrease of bound thiols to the Au surface. Overall, these results 

indicate that Cu(II) was present at the TDP-43-Au surface, possibly coordinating with Cys residues 

in TDP-43. However, the XPS data indicated the method of exposure to the fabricated TDP-43-

Au surface results in Cu(II) interactions, indicating that the electrochemical measurements used 

are adequate for investigating Cu(II)-TDP-43 interactions. 

 

 

2.3.4. pH Affect on Cu(II)-TDP-43 Interactions 

Cu(II)-TDP-43 interactions were further investigated to provide more context of the 

interaction in a biological setting. The effect of pH on Cu(II) binding to TDP-43-Au was also 

evaluated given the slightly acidic environment in neuronal cells as well as considering the pI 

value of the protein. Since the pI of TDP-43 is 5.8128 the positively charged protein surface exists 

at pH=3 and negatively charged surface predominates at pH=7.4. A reduction in signal was 

observed when the TDP-43-Au film was exposed to Cu(II) under acidic conditions (pH = 3, 0.52 

± 0.023 µA), compared to a biologically relevant pH (pH = 7.4, 0.90 ± 0.19 µA) (Fig. 2.8A and 

B). Changes in the environmental pH may have caused a disruption in the protein’s tertiary and 

Robert Huber
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secondary structures and misfolding of TDP-43.129 At pH 3, an asparagine (D105), and two 

histidines (H166, and H256), within the binding motif became protonated, likely inducing a 

conformational change.129 The protonation of the His and Cys residues may have resulted in a loss 

of binding for Cu(II), causing the reduction in current signal. While this kind of conformational 

change was reported in solution, it may also partially appear when protein was immobilized onto 

the surface despite its limited freedom to move, by being bound to a surface. Hence, the lower 

current observed may have been due to lower Cu(II) binding to protein film. Data indicated that 

the Cu(II)-TDP-43 interactions were influenced by the environmental pH, showing a preference 

for Cu(II) binding at the biological pH of 7.4. Additionally, the pH studies provided insight into 

possible binding sites of Cu(II), His and Cys residues, as the protonation of these residues disrupted 

and minimized Cu(II) binding to the film. However, since the Cu(II) signal was still observed, 

Cu(II) binding is not completely lost, suggesting Cu(II) may have other binding sites.  
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Figure 2.8. A) Representative SWV measurements of 500  µM Cu(II)-TDP-43-Au surface at pH 

3 (yellow) and pH 7.4 (green); B) Plot of current for TDP-43-Au and Cu(II) at various pH values 

(I = 0.52 ± 0.023 µA for pH 3 and I = 0.90 ± 0.19 µA for pH 7.4); C) Representative SWV 

measurements of TDP-43-Au surface (black), 2 mM Zn(II)-TDP-43-Au surface (grey), 2 mM 

Zn(II)-TDP-43-Au surface followed by 350 µM Cu(II) exposure (blue), and Cu(II)-TDP-43-Au 

surface (green); D) Plot of current for 350 µM Cu(II)-TDP-43-Au (green, I = 1.83 ± 1.22 µA) and 

2 mM Zn(II)-TDP-43-Au, followed by 350 µM Cu(II) exposure (blue,  I = 4.94 ± 0.127 µA). 

Statistical data performed for all data (n=3) (Table S9), statistical significance is indicated by ‘*’, 

non statistically significant data is indicated by ‘ns’. Data collected by M.T.  

A 

 
B 
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D 

 
* 

Robert Huber
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2.3.5. Cu(II)/Zn(II)-TDP-43 Studies 

 In addition to Cu(II), Zn(II) has many biological roles in the body. In the brain, Zn(II) is 

stored within synaptic vesicles where it modulates brain excitability, and contributes to normal 

cognitive and emotional functioning.130,131 Given the biological roles of Zn(II), it is considered a 

potent neurotoxin, and its homeostasis plays a critical role in normal functioning. It has been 

demonstrated that Zn(II) binds to the RRM domain as well as the His residues within the 256-

HISNAEPKH-264 TDP-43 peptide sequence.76 Notably, two Zn(II) metal ions were found to bind 

to the RRM2 (102-269) fragment with a binding constant of 0.1 - 1 x 106 M-1 fragment resulting 

in protein aggregation.73 The potential Zn(II) binding sites were determined to be Cys173, Cys175 

and His166 in RRM1 domain and Cys244, His256, and Glu261. Additionally, both Cu(II) and 

Zn(II) may coordinate to similar His and Cys residues. Thus, it was of interest to evaluate how 

TDP-43 protein interacted with these metal ions. Several systematic studies were performed (Fig. 

2.9) and included: a) Cu(II) binding and subsequent Zn(II) coordination to determine the ability of 

Zn(II) to displace Cu(II), b) Zn(II) binding and subsequent Cu(II) coordination to determine the 

ability of Cu(II) to displace Zn(II), and c) direct competition with co-mixed Cu(II) and Zn(II) to 

determine preferential binding. Overall, it was hypothesized that Zn(II) will prevent some Cu(II) 

binding when exposed to the surface first, due to their similar properties and binding sites reported.  
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Figure 2.9. Schematic representation of competitive and displacive studies conducted to determine 

other metal ions, specifically Zn(II) (grey) effect on Cu(II)-TDP-43 binding. A) Cu(II) (blue) 

binding and subsequent Zn(II) coordination to determine the ability of Zn(II) to displace Cu(II); 

B) Zn(II) binding and subsequent Cu(II) coordination to determine ability of Cu(II) to displace 

Zn(II); C) Direct competition with co-mixed Cu(II) and Fe(III) to determine preferential binding; 

D) Zn(II) coordination to TDP-43 surface, to determine metal ion binding. The schematic diagram 

and coordination of Cu(II)/Zn(II) to TDP-43 films are not to scale. 
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 Since Zn(II) is redox silent, no signal was observed after its binding to TDP-43-Au film 

(Fig. S21). XPS was performed to verify Zn(II) binding to the TDP-43-Au surface. Following the 

Zn(II)-TDP-43-Au formation, the subsequent exposure to Cu(II) produced the characteristic 

Cu(II)/(I) redox couple indicative of Cu(II) ability to bind to such film. However, current for 

Cu(II)-Zn(II)-TDP-43-Au film was statistically significantly higher (I = 4.94 ± 0.81 µA) than for 

Cu(II)-TDP-43-Au film (I = 1.83 ± 1.22 µA) (Fig. 2.8C and D), indicating that the initial Zn(II) 

exposure had an impact on Cu(II) binding, presumably causing conformational changes that 

increased Cu(II) binding to TDP-43. Similarly, when the Cu(II)-TDP-43-Au was exposed to 

Zn(II), no statistical differences were observed in current (Fig. S22A), indicating the inability of 

Zn(II) to displace Cu(II). Finally, when a co-mixture of Cu(II) and Zn(II) was exposed to the TDP-

43-Au surface the current was similar to Cu(II)-TDP-43-Au (Fig. S22D), again indicating that 

TDP-43 had preferential binding to Cu(II), compared to Zn(II). Interestingly, I did not see that 

Zn(II) prevented Cu(II) binding as hypothesized. Instead, I observed that prior exposure to Zn(II) 

lead to an increase in Cu(II) binding. The hypothesized mechanism for this interaction was that 

Zn(II) interacts with the TDP-43 film and caused conformational changes which increased Cu(II) 

binding. Curtain et al (2001) reported that Cu(II) binding to amyloid-β peptides was cooperative 

in nature.132 Additionally, it was determined that Zn(II) competed with Cu(II) for binding to the 

same sites, however, the cooperative Cu(II) binding to amyloid-β was still observed. Thus, I 

hypothesis that a similar mechanism occurred at the TDP-43 surface, where Zn(II) increases the 

cooperative Cu(II) binding mechanism. However, since Zn(II) is redox silent, the presence of 

Zn(II) needed to be verified using XPS. 
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XPS was performed to determine if Zn(II) coordinated to TDP-43-Au. The Zn 2p 3/2 and 

2p 1/2 binding energies expected at 1021 and 1044 eV were not observed for any of the TDP-43-

Au films. Typical Zn 2p binding energies for Zn-peptide films were reported to be in the 1021 - 

1028 eV range.133 Specifically, the binding energy at 1028 eV is expected when the local chemical 

environment for Zn atoms in the mononuclear complex, such as Zn(His)2. Analogously, zinc 

acetate had reportedly similar binding energy at 1027 eV due to the tetrahedral Zn atom surrounded 

by O atoms from carbonyl groups. Notably 1027 eV band was not observed in this study (Fig. 

2.10B, D, and F). The absence of Zn(II) in XPS may have been due to weak binding of Zn(II) to 

TDP-43 as well as weak transitions associated with Zn(II) in XPS measurements. Notably, when 

Zn(II)-TDP-43-Au film was exposed to Cu(II), the Cu 2p was observed in XPS, indicating Cu(II) 

binding (Fig. 2.10C). The Cu 2p was also observed when Cu(II)-TDP-43-Au film was exposed to 

the Zn(II), indicating lack of Cu(II) displacement (Fig. 2.10A). Similarly, a co-mixture of Cu(II) 

and Zn(II) resulted in the Cu(II) signal as well (Fig. 2.10E), pointing to the ability of Cu(II) to bind 

to TDP-43-Au despite the presence of Zn(II). This was also observed in the electrochemical 

measurements. Overall, Cu(II) binding to TDP-43 was observed in each of the cases both 

displacive and the competition studies, indicated by the presence of the 2 Cu 2p spectra peaks. 

Zn(II) binding to TDP-43 was less clear based on the XPS results. Similar to the Cu 2p spectra, 

two Zn 2p peaks were expected, however that was not the case. The absence of the peaks may be 

due to weak binding, or issues with the XPS method itself. Thus, additional studies, such as mass 

spectrometry are required to determine if Zn(II) binds to TDP-43. 
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Figure 2.10. XPS spectra of TDP-43 film exposed to Cu(II) and Zn(II) in varying successions. A) 

Cu(II) exposure to TDP-43, followed by Zn(II) exposure. Shows Cu 2p and B) Zn 2p XPS spectra. 

C) Zn(II) exposure to TDP-43, followed by Cu(II) exposure, showing Cu 2p and D) Zn 2p XPS 

spectra. E) Co-mixture of Zn(II) and Cu(II) exposed to TDP-43, simultaneously. Shows Cu 2p and 

F) Zn 2p XPS spectra. Data collected by M.T. with assistance from I.E. 
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 The data suggested that Zn(II) may have influenced Cu(II)-TDP-43 binding. However, 

Zn(II) was only shown to have a statistical significant impact Cu(II)-TDP-43 binding when it was 

exposed to the surface before Cu(II), which increased the Cu(II) signal. A hypothesis for this 

impact on Cu(II) binding to TDP-43 when expose to Zn(II) prior, was that Zn(II) interactions with 

TDP-43 caused a structural changes which increased available Cu(II) binding sites. However, 

further studies, such as circular dichroism (CD), should be conducted to investigate and verify 

changes to the structure upon metal exposure. Additionally, data indicated that Cu(II) may bind to 

Zn(II) more readily, as co-exposure of the two metal ion to the surface has no statistical significant 

impact on Cu(II) binding (Table S9). Thus, in biological context, the elevated Zn(II) levels may 

influence the Cu(II)-TDP-43 binding. However, Zn(II) did not seem to have a negative impact on 

Cu(II) binding. It was hypothesized that uncoordinated TDP-43 interacts with Zn(II) and causes 

structural changes which increased Cu(II) binding.  

 

2.4 Conclusion 

In this chapter, I set out to evaluate metal ion binding to TDP-43 for the first time, using 

electrochemical methods. Additionally, this was the first study, to our knowledge, which 

investigates the direct interactions between Cu(II) and TDP-43. Electrochemistry was utilized 

because Cu(II) binding to the protein produced a distinct electrochemical signal which could be 

quantified. The distinct signal allowed for Cu(II)-TDP-43 interaction evaluation in different 

biological contexts. Additionally, it allowed for the evaluation of the impact of other metal ions on 

the Cu(II)-TDP-43 interaction.  

In this chapter, I demonstrated successful immobilization of TDP-43 films on Au surfaces, 

which were further characterized by (non)electrochemical methods. The direct binding of Cu(II) 
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ions to the TDP-43-Au film was detected and quantified using electrochemical methods. Cu(II)-

TDP-43 binding was influenced by the environmental pH, and was favourable at a neutral pH 

value. In this chapter, I also set out to determine the Cu(II) interactions with TDP-43 in biological 

conditions. The data obtained from the studies investigating the impact of pH on these interactions 

supported the importance of considering environmental pH when studying metal ion/protein 

interactions. Neutral pH interactions were strong, which may contribute to the pathology of TDP-

43. In relation to biologically relevant studies, Cu(II)-TDP-43 interactions were investigated in the 

context of other biologically metal ions, Zn(II) and later Fe(III) (Chapter 3). The displacive metal 

ion studies revealed that Zn(II) did not outcompete or displace Cu(II) from the TDP-43-Au surface. 

However, the data collected did indicate that exposing the TDP-43-Au film to Zn(II) prior to Cu(II) 

increased the Cu(II) signal, suggesting that Zn(II) may have interacted with the surface and caused 

changes that increased Cu(II) coordination. All the different metal coordination to TDP-43 were 

also confirmed by surface characterization measurements. Cu(II)-TDP-43 samples indicate 

successful Cu(II) binding to TDP-43. However, XPS data with regards to Zn(II) interactions with 

TDP-43 and Cu(II)-TDP-43 was less clear. Thus I am suggesting additional work to verify Zn(II) 

coordination to TDP-43. Additionally, CD should be conducted to see if the increase in Cu(II) 

signal is due to Zn(II) induced structural changes. Overall data suggest that, in the disease state of 

ALS, with elevated metal ion concentrations, Cu(II) will likely coordinate to TDP-43. The metallo-

protein formation has a biological significance, and the protein bioelectrochemistry is well suited 

for monitoring metal ion binding, which is the critical step in understanding the role of metallo-

proteins in normal and diseased states.  
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Chapter 3 : Electrochemical Analysis of Fe(III) and Cu(II) 

Interactions with TDP-43 

 

Abstract 

In addition to elevated copper (II) (Cu(II)) levels reported in ALS cases, elevated iron (Fe) 

has also been reported. Iron has neurotoxic properties, and may lead to an increase in oxidative 

stress, related to neurodegenerative diseases. However, the exact iron interactions with TDP-43 

have not been studied. There has been a link between TDP-43 pathogenesis in ALS and iron, but 

it is unclear if Fe directly binds TDP-43. Fe(III) binding sites identified in other proteins are known 

to include two Tyr, one Asp, and one His residue, but this has not been demonstrated for TDP-43. 

Thus, I am interested in determining whether Fe(III) binds to TDP-43, and affects the Cu(II). 

Electrochemical methods were used to monitor Cu(II) binding to TDP-43 under displacement and 

competition conditions with Fe(III). Herein, I observed that the exposure of the Fe(III) to TDP-43 

resulted in the production of a more conductive film, due to incorporation of Fe(III) into the 

protein. Additionally, I observed that exposing TDP-43 to Cu(II) and Fe(III) simultaneously 

resulted in a statistically significant increase in current signal, compared toCu(II) only. Data 

indicate that Fe(III) metal ions may influence Cu(II) binding to TDP-43, which may have 

biological consequences. 
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3.1. Introduction 

 As discussed in Chapter 2, metal ions are required for several biochemical reactions to 

occur. In addition to Cu(II) and Zn(II), Iron (Fe) is of interest. This metal ion has important 

biological roles in the body, similar to Cu(II) and Zn(II). However, some of the unique roles of 

iron include its requirement for the synthesis of oxygen transport proteins, specifically hemoglobin 

and myoglobin.134 Iron is also required for the formation of heme enzymes, or other iron-containing 

enzymes, involved in electron transfer and oxidation reduction reactions.134 Moreover, in the brain, 

Fe is involved in DNA synthesis, oxygen transport and respiration, myelin synthesis, and 

neurotransmitter synthesis and metabolism.135 However, in excess, Fe has neurotoxic properties. 

Excess Fe can oversaturate storage molecules, and lead to the formation of iron pools, which can 

lead to oxidative damage and cell death. Some Fe accumulation is observed in healthy aging 

individuals.70 However, Fe accumulation in particular regions within the brain has been observed 

in neurodegenerative diseases, and is associated with oxidative stress.135 It is unclear whether Fe 

accumulation is a primary event, or a secondary effect, of neurodegeneration.135 Elevated levels of 

Fe, based on Fe serum-status indicators, have also been reported in ALS patients.136-137 

Additionally, elevated levels are observed in the CSF.70 Two preliminary studies have been 

conducted to look at Fe and TDP-43 interactions or binding.87,88 Caragounis et al. (2010) 

investigated the impact of metal ions on the decreased amount or aggregation of TDP-43 in 

neuronal-like cells. The metal ions investigated in these studies were Zn(II), Fe(II), and Cu(II), 

with an emphasis on Zn(II). Fe(II) and Cu(II) were exposed after Zn(II) exposure to TDP-43, to 

investigate the impact these metal ions had Zn(II)-TDP-43 interactions.87 Mitani et al. (2021) 

reported both Fe accumulation and TDP-43 aggregation in a systematic review of ALS case 

studies.88 However, neither of these Fe related studies directly monitor Fe interactions with TDP-
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43, and to our knowledge, there are no other studies looking at these possible interactions. Thus, 

more research looking directly at Fe impacts on TDP-43 are required. The general concern with 

Fe accumulation is the production of ROS. Specifically, Fe(III) will react with H2O2 and form HO 

radicals, within biological systems.86 The formation of these radicals will negatively impact 

cellular function and survival and, although there is evidence of Fe(II)/(III) accumulation in ALS, 

the role it plays in the pathogenesis is unknown. 

 Due to the biological roles of Fe, many binding sites of the metal ion in different proteins 

have been investigated. For example, transferrin, which is a protein that mediates the transport of 

iron through blood plasma, binds Fe(III). Fe(III) will coordinate with two Tyr, one Asp and one 

His residue, as well as a bidentate ion in a nearby pocket.138 A carboxylate oxygen, two phenolate 

oxygens, and one imidazole nitrogen, from the side changes of the aforementioned residues, are 

ideal for binding Fe(III).138 However, there have been no studies to determine if similar binding 

sites exist in TDP-43. Although possible Fe binding sites to TDP-43 have not been studied, other 

similar neurodegenerative related proteins and Fe interactions have been investigated. There are 

studies investigating the binding of both Fe(II) and Fe(III), and their impact on Cu(II) binding to 

the neurodegenerative related proteins, such as tau and amyloid-β. However, in these studies, 

Fe(III) was shown to have different binding sites, and impact the conformation of the proteins, 

indirectly impacting Cu(II) binding.118 Since the impact of a similar metal ion, Zn(II), on Cu(II)-

TDP-43 interactions was investigated in Chapter 2, it was of more interest to investigate the 

impacts of Fe(III) on the interactions, because it shares dissimilar binding sites with Cu(II).  

 

Investigating the impact of Fe ions on the Cu(II)-TDP-43 interaction is of interest, 

particularly Fe(III), as these metal ions are often found together and have similar properties and 
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biological roles. Determining if metal ions bind to TDP-43 and if the binding is metal ion-

dependent is of importance in relation to ROS production and oxidative stress. I investigated 

Fe(III) interaction with TDP-43, and the impact this may have on Cu(II) binding to the protein, 

using electrochemistry. Several systematic studies (Fig. 3.1) were performed and include: a) Cu(II) 

binding and subsequent Fe(III) coordination to determine ability of Fe(III) to displace Cu(II), b) 

Fe (III) binding and subsequent Cu(II) coordination to determine ability of Cu(II) to displace 

Fe(III), and c) direct competition with co-mixed Cu(II) and Fe(III) to determine preferential 

binding. Based on the data from previous studies looking at Fe(III)-protein binding, I hypothesized 

that Fe(III) will bind to TDP-43, due to the presence of several binding sites. Additionally, I expect 

a reduction in Cu(II) signal when Fe(III) binds to competing protein sites. By contrast, if Fe(III) 

binds to unrelated and dissimilar sites to Cu(II), then no change in Cu(II) signal will be observed. 
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Figure 3.1. Schematic representation of competitive and displacive studies conducted to determine 

the effect of other metal ions, specifically Fe(III) (green) on Cu(II)-TDP-43 binding. A) Cu(II) 

(blue) binding and subsequent Fe(III) coordination to determine the ability of Fe(III) to displace 

Cu(II); B) Fe (III) binding and subsequent Cu(II) coordination to determine ability of Cu(II) to 

displace Fe(III); C) Direct competition with co-mixed Cu(II) and Fe(III) to determine preferential 

binding; D) Fe(III) coordination to TDP-43 surface, to determine metal ion binding. The schematic 

diagram and coordination of Cu(II)/Fe(III) to TDP-43 films are not to scale. 
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3.2. Experimental Section 

3.2.1. Materials and Methods 

The monobasic and dibasic potassium phosphate, 1-butylamine, hexanethiol, and reagent 

alcohol (EtOH) were purchased from Fisher Scientific. Potassium hydroxide (KOH) was 

purchased from Caledon Laboratory Chemicals (ON, CAN). Ethanol was purchased from 

Commercial Alcohols by Greenfield Global (ON, CAN). Potassium chloride was purchased from 

EMD. N-(3 dimethylamino- propyl)-N’-ethyl carbodiimide hydrochloride (EDC), N–

hydroxysuccinimide (NHS), and DLα-lipoic acid were purchased from Sigma Aldrich (MO, 

USA). Alumina was purchased from Fisher Chemicals (PA, USA). Copper(II) nitrate 2.5 hydrate, 

was purchased from J. T. Baker (NJ,  USA). Iron(III) perchlorate was purchased from Alfa Aesar 

(MA, USA). Potassium ferricyanide and potassium ferrocyanide was purchased from Acros 

Organics (Belgium). Concentrated sulfuric acid was purchased from VWR Chemicals (PA, USA).  

 

3.2.2. Cleaning of Au Electrodes 

The Au disk electrodes were cleaned chemically in piranha solution (3:1 H2SO4:H2O2) 

for 5 min, then rinsed with deionized (DI) H2O and polished on alumina slurry (80-200 mesh) for 

3 min. After polishing, electrodes were sonicated in DI H2O for 3 min to remove excess alumina 

and were cleaned electrochemically. Electrochemical cleaning was performed by running the CV 

in 0.5 M KOH solution at 0.5 V/s in the -2 - 0 V range. Followed by 0.5 M H2SO4 solution in the 

0 - 1.5 V range at a scan rate of 0.5 V/s. The electrodes were then sonicated again for 5 min and 

cleaned electrochemically in 0.5 M H2SO4 once again. Clean Au electrodes were rinsed with DI 

water, then rinsed with ethanol.  
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3.2.3. Preparation of Protein Solution 

10 mM PB was prepared by dissolving solid monobasic and dibasic potassium phosphate 

in reverse osmosis H2O, and the pH was adjusted to 7.4, using KOH solution. 500 μM Cu(II) 

was prepared by dissolving solid Cu(NO3)2 in PB, pH 7.4. 50, 100, 250, and 350 µM Cu(II) 

solutions were prepared by diluting 500 μM Cu(II) solution with PB, pH 7.4. 1 mM Fe(III) was 

prepared by dissolving solid Fe(III) perchlorate in PB, pH 7.4. 1 μM TDP-43 aliquots were 

diluted to 50 nM using PB, pH 7.4. 

 

3.2.4. Preparation of TDP-43 Films on Au Electrodes 

The clean Au electrodes were immersed in 4 mM DLα-lipoic (ethanol) at 4 ˚C overnight. 

After rinsing with ethanol, the electrodes were incubated in a mixture of 10 mM NHS (ethanol) 

and 8 mM EDC (ethanol) solution for 1 h at room temperature and rinsed with ethanol. After the 

surface was air dried, the electrodes were incubated in 50 nM TDP-43 (PB, pH 7.4) at 4 ˚C 

overnight. After rinsing with PB followed by ethanol, the electrodes were immersed in 10 mM 1-

butylamine (ethanol) for 1 h at room temperature. Electrodes were rinsed with ethanol and 

incubated in 10 mM hexanethiol (ethanol) for 30 min at room temperature. Subsequently, the 

electrodes were rinsed with ethanol, followed by 10 mM PB, pH 7.4, prior to electrochemical 

measurements. 

 

3.2.5. Interactions with Metal Ions 

For Fe(III) displacement studies, the TDP-43-Au film was incubated in 5 µL of 350 µM 

Cu(II) solution in PB (pH 7.4) for 30 min at room temperature. The electrodes were rinsed with 

PB, prior to and post the measurements, and air dried. Then the Cu(II)-TDP-43-Au film was 
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incubated in 5 µL of 1 mM Fe(III) solution in PB (pH 7.4) for 30 min at room temperature. The 

electrodes were rinsed with PB, prior to the measurements. This was repeated for the second 

displacement study, however, 1 mM Fe(III) was incubated first, then 350 µM Cu(II) was incubated 

onto the Zn(II)-TDP-43-Au film.  

For the Fe(III) competition studies, the TDP-43-Au film was incubated in 5 µL of a 350 

µM Cu(II)-1 mM Fe(III) solution and in PB (pH 7.4) for 30 min at room temperature. The 

electrodes were rinsed with PB, prior to the measurements.  

 

3.3. Results and Discussion 

From the fabrication of the TDP-43-Au film, I hoped to determine metal ion binding 

properties of the protein. In Chapter 2, I demonstrated that Cu(II) ions bind to the TDP-43-Au 

surface through electrochemical methods, based on the appearance of the characteristic oxidation 

and reduction peaks of Cu. Then, I further investigated this interaction by exposing the TDP-43 

surface to Zn(II) and Cu(II), in several systematic studies, to determine if Zn(II) ions have an effect 

on Cu(II) binding. Similarly, the aim of Chapter 3 is to investigate the effects of Fe(III) binding 

on the Cu(II) interactions with TDP-43.  

The first step in the study was to determine if Fe(III) binds to the TDP-43-Au film in the 

absence of Cu(II). This was done by fabricating the TDP-43-Au surface and exposing it to disease 

relevant concentration of Fe. However, it should be specified that no neuronal concentrations of 

Fe have been reported for ALS, so the chosen experimental concentration of 1 mM Fe was based 

on the reported concentrations in the other neurodegenerative diseases, such as Alzheimer’s 

disease.91 Upon Fe(III) binding, the appearance of electrochemical signal was expected, as the 

Fe(III) on the surface was reduced to Fe(II). However, when the Fe(III)-TDP-43-Au film was 
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measured, there were no peaks observed (Fig. 3.2A. This indicates that either 1) there was no 

Fe(III) bound to the TDP-43-Au surface, 2) the peaks were not visible in the potential range, or 3) 

Fe(III) bound to protein but was insulated and buried reducing its the electrochemical signal. In 

the absence of Fe(III)-related signal it was difficult to determine if Fe(III) bound to the protein. If 

Fe(III) bound to protein, then the protein film should be more conductive. To test for film 

conductivity, the films was subsequently tested in a solution containing a redox probe. This 

allowed us to measure conductivity through a redox probe. The redox signal was expected, and its 

magnitude was highly dependent on the film conductivity. If the signal of the redox probe was 

high, then the film conductivity was high as well. Hence, the Fe(III)-TDP-43-Au film was placed 

in a cell with the redox probe [Fe(CN)6]-3/-4 redox probe to investigate film conductivity after 

Fe(III) exposure.118 Comparing the TDP-43-Au film to the Fe(III)-TDP-43-Au film, there was a 

change in the peak current density and separation (Fig. 3.2B), indicating that Fe(III) may have 

been bound to the surface and causing the change. The increased in [Fe(CN)6]-3/-4 signal was 

indicative of a more conductive film, while a signal decrease would have indicated the formation 

of passivation (non-conductive) film. A shift in the oxidation (0.428 to 0.340 V) and reduction 

peak potentials (-0.00366 to 0.0573 V) was observed for the TDP-43-Au, and Fe(III) exposed film, 

respectively (Fig. 3.2B). Additionally, there was a change in current signals associated with the 

oxidation (63.81 and 70.56 µA), and reduction peaks (-72.90 and -88.19 µA) observed for the 

TDP-43-Au, and Fe(III) exposed film, respectively (Fig. 3.2B). Hence, a more conductive protein 

film was seen when TDP-43 was exposed to Fe (III) compared to metal-free TDP-43 protein film, 

suggesting that there were changes to the surface, caused by Fe(III) coordination and binding to 

the TDP-43-Au film. 
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Figure 3.2. A) TDP-43-Au film exposed to 1 mM Fe (III) solution (green) and phosphate buffer 

(blue) in a phosphate buffer electrochemical cell. B) TDP-43-Au film exposed to 1 mM Fe (III) 

solution (green) and phosphate buffer (blue) in [Fe(CN)6]-3/-4 redox probe.  

 

 

So far, I have determined that Fe(III) binding to the TDP-43-Au surface resulted in the 

conductive film due to Fe(III)-TDP-43 interactions (Fig. 3.2). Next, the impact of Fe(III) on 

Cu(II)-TDP-43-Au binding was evaluated based on the difference in Cu(II) signal measured. 

Following the Fe(III)-TDP-43-Au formation, the subsequent exposure of this film to Cu(II) 

produced the characteristic Cu(II)/(I) redox couple indicative of Cu(II) ability to bind to such film 

(Fig. 3.3A), which suggested that although Fe(III) may interact with the TDP-43-Au surface, 

Cu(II) could still bind to the protein to a similar extent. Additionally, Fe(III) was initially exposed 

to TDP-43, followed by Cu(II) exposure (I = 3.45 ± 1.68 µA), and no statistical difference was 

observed in the current compared to when Cu(II) was exposed to TDP-43 alone (I = 3.29 ± 0.28 

µA) (Fig. S37 & S38, Table S1), indicating that Fe(III) had no impact on Cu(II) binding when 

exposed prior. Likely, the resulting mixed film Cu(II)-Fe(III)-TDP-43-Au was formed. Data 

indicated that Fe(III) and Cu(II) may not have share similar binding sites. This was further 

B A 
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supported by the experiment when Cu(II)-TDP-43-Au film was exposed to Fe(III). Similar 

currents were observed for Fe(III)-Cu(II)-TDP-43-Au (I = 3.88 ± 0.79 µA) and Cu(II)-TDP-43-

Au (I = 3.29 ± 0.28 µA) (Fig. S35 & S36), indicating that Fe(III) did not displace Cu(II). 

However, the Cu(II/I) current for TDP-43-Au film exposed to a mixture of Cu(II) and 

Fe(III) at the same time was lower (I = 1.61 ± 0.91 µA) than for Cu(II)-TDP-43-Au film (I = 3.29 

± 0.28 µA) (Figure 3.3B). There may be two plausible reasons for this trend. Firstly, the partial 

Cu(II) binding may introduce conformational protein change and promote Fe(III) binding, 

resulting in a unique mixed metal protein film which may have a lower affinity for Cu(II). 

Secondly, the mixed metal film formed under these conditions may have adapted a specific 

conformation, leading to shielding and insulating of Cu(II) centers, resulting in the lower current. 
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Figure 3.3. A) Representative SWV measurements of TDP-43-Au surface (grey), Cu(II)-TDP-43-

Au surface (blue) and 350 µM Cu(II)-1 mM Fe(III) exposure surface (green), simultaneously; B) 

Plot of current for a mixture of 350 µM Cu(II)-1 mM Fe(III) exposure to TDP-43-Au, 

simultaneously, (I = 1.60 ± 0.91 µA) (green) and 350 µM Cu(II)-TDP-43-Au signal (I = 3.29 ± 

0.28 µA) (blue). Statistical data performed for all data (n=3) (Table S9), statistical significance is 

indicated by ‘*’, non statistically significant data is indicated by ‘ns’. 

 

 

Although Fe binding or other interactions with TDP-43 has not been explored, other 

neurodegenerative related proteins have reported Fe(III) binding to His residues. For example, 

Fe(II) was shown to bind to tau and promote aggregation, but Thr phosphorylation resulted in a 

loss of this interaction, indicating its importance to Fe(II) interactions with tau.118 Whereas, Fe(III) 

interactions with tau were unaffected by the phosphorylation of Thr residues,118 indicating the 

nature of the Fe(III) interaction with the protein is different than that which occurs between Fe(II) 

and tau. Additionally, in the microtubule binding domain of tau, Fe(III) binds strongly to His 

residues.139 Smith et al. (1997) also determined that mutations in His residues abolished Fe(III) 

binding to neurofibrillary tangles.140 Miura et al. (2001) identified a potential binding site for 
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Fe(III) in amyloid-beta between three His residues (His6, 13, and 14) and one Tyr residue 

(Tyr10).141 Tyr residues may also be a point for Fe(III) binding, as the phenolic oxygen can 

coordinate Fe(III) when it is deprotonated.141 Additionally, Fe(III) was shown to bind to the 

carboxylate groups of glutamate and aspartate side chains, in full-length amyloid-β.141 TDP-43 

protein has several amino acid binding sites that may act as potential coordination points. Based 

on the literature evidence, Fe(III) exposure to the TDP-43 surface may have a different binding 

site compared to Cu(II) exposure. Indicating that the effect of Fe(III) on Cu(II)-TDP-43 binding 

was not due to competition of the binding site, but allosteric structural changes, inhibiting Cu(II) 

accessibility. Previous studies have looked at the effect of Fe(III) on Cu(II) coordination to the 

neurodegenerative related protein, tau. It was observed that Fe(III) exposure prevents Cu(II) 

interaction with the protein, suggesting that the tau-Fe(III) interaction prevented Cu(II) binding by 

blocking the accessibility through conformational changes.118 This change in structure after Fe(III) 

exposure was confirmed using CD.118 Thus, the reduction in signal seen after Fe(III) and Cu(II) 

are co-exposed to the TDP-43 surface may be a result of Fe(III) induce conformational changes, 

blocking some Cu(II) binding. However, further methods, such as CD, should be used to confirm 

these structural changes upon Fe(III) exposure. 

 

3.4 Conclusions 

Various metal ions play important biological roles, and a deeper understanding of their 

interplay in relation to proteins is needed. In this chapter, the interactions of Fe(III) with TDP-43 

film was investigated by electrochemical methods. Exposure of the Fe(III) to TDP-43 resulted in 

the production of a more conductive film which was indicative of Fe(III) binding. 
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The second aspect of this chapter was to determine if Fe(III) competes or displaces Cu(II) 

ions from TDP-43 films. Co-exposing TDP-43 to 350 µM Cu(II) and 1 mM Fe(III) resulted in a 

statistically significant decrease in current signal of 1.60 ± 0.91 µA, compared to the Cu(II)-TDP-

43-Au surface, 3.29 ± 0.28 µA. However, Cu(II) exposure followed by Fe(III) exposure, and 

Fe(III) exposure followed by Cu(II) exposure, did not produce statistical significant changes in the 

signal. The lack of changes observed for the Cu(II) signal in the cases were the metal ions were 

exposed following one another suggested that the Fe(III)-TDP-43 interaction caused a 

conformational protein change to the protein, which reduced Cu(II) binding or insulated Cu(II) 

centers. 

Overall, the data showed that metal ions influenced each other and their binding to TDP-

43, which is of biological significance. Additional structural studies are required to determine the 

amount of metal ion binding to TDP-43, and binding sites, by other methods, such as mass 

spectrometry. Additionally, methods such as circular dichroism should be conducted to gain 

insight into the nature of Fe(III) interactions, and confirm whether the hypothesis of the impacts 

of Fe(III) on Cu(II) is accurate as our work may have involved conformation changes.  
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Chapter 4 : Conclusions and Future Work 

4.1 Conclusions 

TDP-43, the major biomarker protein in ALS, has been shown to be linked to other 

neurodegenerative diseases, such as frontotemporal lobar degeneration and Alzheimer’s disease. 

However, the protein still lacks full characterization and its role in ALS is not fully understood. 

Of the studies that have been conducted on TDP-43, most are targeted toward investigating specific 

domains, such as the CTD and RRM1/2. Studies investigating metal ion binding to TDP-43 are 

also rare. Only one metal ion, Zn(II), was shown to bind to TDP-43; still, further studies are 

required to determine how Zn(II) interacts with full-length TDP-43, as these studies looked at the 

RRM1/2 domains. Minimal studies have been conducted that look at metal interactions with TDP-

43. From our knowledge, Koski et al. (2021)57 is the only review of current literature on the topic, 

and there have been few studies investigating these interactions since the review was published. 

Additionally, in the Koski et al (2021) review57, it is highlighted that only Zn(II) metal ions 

has been reported to bind to TDP-43, whereas the others, such as mercury, lead, iron, and copper, 

are just shown to have a link between aggregation and pathogenesis of the protein, but no actual 

binding site has been identified. The findings from Chapter 2 expanded the current knowledge on 

metal ion interactions with full length TDP-43 and contribute to a broader understanding of the 

full-length protein in vitro. In Chapter 3, I investigated the influence of other metal ions on Cu(II)-

TDP-43 interactions, which contribute to understanding how this interaction is influenced in 

biological settings. 
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4.1.1. Cu(II) Binding to TDP-43  

Chapter 2 investigated the interaction between Cu(II) and TDP-43. The biological roles of 

Cu(II) are well understood, specifically within neurons. For example, Cu(II) is an important co-

factor in numerous enzymes within the nervous system, such as copper/zinc superoxide dismutase, 

and is required for proper development. However, copper in excess is neurotoxic. Dysregulation 

of Cu can lead to increased oxidative stress. There has been a clear relationship between ROS and 

redox-active Cu(II). Since elevated Cu(II) has been reported in ALS patients, it was of interest to 

determine if the metal ion interacted with TDP-43 to provide a fundamental understanding of a 

possible mechanism in ALS pathogenesis. 

In Chapter 2, our goal was to establish Cu(II) binding to full-length TDP-43 in vitro, using 

surface electrochemistry. To our knowledge, this study was the first to investigate Cu(II) binding 

to TDP-43. Our method of establishing the Cu(II) binding to TDP-43 can be broken down into two 

objectives. 1) Verification of surface modifications and TDP-43 immobilization to the Au surface. 

2) Investigating the Cu(II) interactions with TDP-43 using surface electrochemistry. 

Our surface characterization was completed using methods such as ellipsometry, contact 

angle, x-ray photoelectron spectroscopy (XPS), and electrochemistry. Electrochemical impedance 

spectroscopy (EIS) and cyclic voltammetry (CV) were used to monitor each step in surface 

modification, to allow for TDP-43 immobilization and subsequent Cu(II) exposure. For EIS 

measurements, successful modifications were characterized by changes in the Rct. Additionally, 

CV measurements indicated successful surface modifications by changes in the peak separation 

and current intensity. Changes to the CV peaks and EIS Rct indicated change to the electrode 

Robert Huber
Co-factor for?



   
 

89 
 

surface due to reduced or increased availability of the redox probe to reach the Au surface. Various 

steps in modification were analyzed using ellipsometry, contact angle, and XPS. Ellipsometry 

revealed that the thickness of the TDP-43-Au film was 3.1 ± 0.3 nm. The contact angle 

measurements indicated that the final film is also more hydrophilic (51.5 ± 2.0o) compared to the 

bare Au (67.1 ± 1.1o). XPS confirmed the presence of a protein on the surface based on the peak 

binding energies and ratio of C, N, and O elements. Cu(II) binding to the protein surface was 

verified using XPS, based on the appearance of the two Cu 2p peaks at 933 and 952 eV, thus 

verifying that Cu(II) is bound to the TDP-43-Au surface fabricated. 

For my second objective, I explored the Cu(II)-TDP-43 binding further. The direct binding 

of Cu(II) ions to the TDP-43-Au film was detected using electrochemistry. The coordination of 

Cu(II) ions to immobilized TDP-43-Au induced an electrochemical signal at approximately 0.18 

V versus Ag/AgCl. The Cu(II)-related signal had a linear relationship with Cu(II) concentration, 

with an R2 value of 0.91. I also determined that Cu(II)-TDP-43 binding was influenced by pH, so 

the binding of Cu(II) occurred favourably at physiological pH. A reduction in Cu(II) signal was 

observed at lower pH (pH = 3), which suggested that the protein structure may become disrupted, 

due to the protonation of residues in the RRMs, such as Asp and His. These results indicated that 

elevated Cu(II) concentrations may lead to Cu(II) coordination with full-length TDP-43 in 

biological conditions. 

 

4.1.2. The Influence of Zn(II) Cu(II)-TDP-43 Binding 

Chapters 2 and 3 was built on the knowledge of the Cu(II)-TDP-43 binding and 

investigated the effect of other biologically relevant metal ions on this binding interaction. Chapter 
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2 focused on the impact of Zn(II) on Cu(II)-TDP-43 interactions. The biological roles of Zn are 

well understood, specifically within the brain. For example, Zn(II) contributes to normal cognitive 

and emotional functioning and has important roles in cell division, RNA and DNA synthesis, and 

protein synthesis. However, when Zn is in excess, it becomes neurotoxic. Additionally, the 

oxidative stress observed in neurodegenerative disorders, causes the release of Zn, which may 

impact TDP-43 ands its aggregation.  

In Chapter 2, our goal was to monitor the influence that Zn(II) had on Cu(II) binding to 

full-length TDP-43 in vitro, using surface electrochemistry. Our method of establishing the effect 

of Zn(II) on Cu(II) binding to TDP-43 can be broken down into two objectives. 1) Investigation 

of the metal ion effect on Cu(II)-TDP-43 binding though competitive and displacive studies. 2) 

Verifying metal ion binding and changes in elemental composition using XPS. 

The effect of the Zn(II) on Cu(II) binding to TDP-43 was investigated by exposing the 

TDP-43-Au surface to the metal ions in different order, as well as together. These metal-exposed 

TDP-43-Au surfaces were then measured by electrochemistry and analyzed using the surface 

characterization method of XPS. The initial findings showed that while no changes in 

electrochemical signals were observed with Zn(II), thus the impact of Zn(II) exposure on Cu(II)-

TDP-43 binding was monitored through the Cu(II) signal. Following this, I wanted to determine 

if Zn(II) could compete or displace Cu(II) ions from TDP-43 films. Zn(II) exposure to TDP-43, 

followed by Cu(II) exposure, resulted in a statistically significant increase in current signal, 

compared to the Cu(II)-TDP-43-Au surface, suggesting that Zn(II) caused a change to the protein 

surface rather that increased Cu(II) binding. From XPS studies, the Cu 2p was also observed when 

Cu(II)-TDP-43-Au film was exposed to the Zn(II), which indicated a lack of Cu(II) displacement. 

This was also observed in the electrochemical measurements. 
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Overall, data from Chapter 2 indicate that Zn(II) influenced Cu(II)-TDP-43 interactions, 

which is of biological significance. Additional structural studies are required to determine the 

amount of metal ion binding to TDP-43, and binding sites, by other methods, such as mass 

spectrometry. 

 

4.1.3. The Influence of Fe(III) on Cu(II)-TDP-43 Binding 

Similar to Chapter 2, Chapter 3 was built on the knowledge of the Cu(II)-TDP-43 binding 

and investigated the effect of other biologically relevant metal ions on this binding interaction, 

specifically Fe(III). Similar to Zn and Cu, the biological roles of Fe are well understood, 

specifically within the brain. Specifically, Fe is involved in DNA synthesis, as well as oxygen 

transport and respiration, myelin synthesis, and neurotransmitter synthesis and metabolism. 

However, excess Fe can be neurotoxic. Oversaturation of iron storage molecules leads to the 

formation of iron pools, which can lead to oxidative damage and cell death. Oxidative stress, which 

is often observed in neurodegenerative disorders, may cause TDP-43 aggregation. 

In Chapter 3, our goal was to monitor the influence of Fe(III) on Cu(II) binding to full-

length TDP-43 in vitro, using surface electrochemistry. Our method of establishing the effect of 

the impact Fe(III) has on Cu(II) binding to TDP-43 can be broken down into two objectives. 1) 

Investigation of the electrochemical response of  Fe(III)-TDP-43 binding. 2) Investigation of the 

impact of Fe(III) on Cu(II)-TDP-43 binding though competitive and displacive studies. 

The effect of Fe(III) on Cu(II) binding to TDP-43 was investigated by exposing the TDP-

43-Au surface to Fe(III) and Cu(II) in different orders, as well as together. These metal-exposed 



   
 

92 
 

TDP-43-Au surfaces were then measured by electrochemistry. Initial findings showed Fe(III) 

interactions with TDP-43 produced a more conductive film. This increase in conductivity indicated 

one of the following: Fe(III) coordination and binding to the TDP-43-Au film, or Fe(III) exposure-

induced changes, increasing conductivity. Following this, I wanted to determine if Fe(III) could 

compete or displace Cu(II) ions from TDP-43 films. Co-exposing TDP-43 to Cu(II) and Fe(III) 

resulted in a statistically significant decrease in the current signal, compared to the Cu(II)-TDP-

43-Au surface, which indicated that Fe(III) interacts with TDP-43 and causes a change to the 

surface that reduces Cu(II) binding. Overall, data from Chapter 3 indicate that Fe(III) influenced 

Cu(II) binding to TDP-43, which is of biological significance. Additional structural studies are 

required to determine the structural impacts of metal ion binding to TDP-43, by other methods, 

such as circular dichroism. 

 

4.2. Future Research Directions 

This thesis explored the bioelectrochemistry of metal ion interactions with TDP-43 by 

exposing immobilized TDP-43 to Cu(II), Zn(II), and Fe(III). The surfaces were verified using 

ellipsometry, contact angle, and XPS. For the future of this research, the binding site of these 

various metals, if any, should be explored. Changes to the TDP-43 structure post metal ion binding 

should also be investigated. Additionally, other disease state variations of TDP-43 should be 

utilized to determine if this metal ion binding only occurs with full-length TDP-43. 
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4.2.1. Exploring Binding Sites of Metal Ions 

 Although the results of this thesis indicated that Cu(II) binds to TDP-43, a better 

understanding of this interaction could be obtained by determining the binding sites of Cu(II). The 

sequence of TDP-43 has been reported; however, deducing a reliable three-dimensional folded 

structure of a protein based on the amino acid sequence is difficult unless the sequence is very 

similar to that of a protein with a known structure. The primary technique used to discover the 

three-dimensional structure of a protein at an atomic resolution is x-ray crystallography. 

 X-rays directed at a sample of pure protein result in a small fraction of the x-rays being 

scattered by the atoms in the sample. If the sample contains a well-ordered crystal, the scattered 

waves will appear as diffraction spots when the x-rays are detected. Then the measured diffraction 

pattern, along with the amino acid sequence, can be used to produce an atomic model.142 The 

limiting factor to this experiment would be the generation of a suitable protein crystal for TDP-43. 

Characterization of metal binding sites in proteins using this method has an additional 

complication. Preparing metal-containing protein samples is difficult and usually irreproducible 

due to issues arising from changes in pH, incorporation of unexpected metals, and or the 

oxidation/reduction of the targeted metal.143 Handling et al. (2018) have developed a protocol for 

producing sufficient metal-containing protein crystals for analyzing the structure of a 

metalloprotein using x-ray crystallography.143  However, the protocol is time-consuming, with the 

protocol taking up to 190 days to complete, most of which is dedicated to crystal growing. 

However, this method would facilitate a better understanding of Cu(II) coordination to TDP-43 

and identify specific binding sites. 
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However, before determining the binding sites, Cu(II) coordination should be verified 

using other methods. Additionally, the Zn(II) and Fe(III) interactions with TDP-43 and Cu(II)-

TDP-43 should also be verified to determine if these metal ions bind in addition to Cu(II) or 

influence Cu(II) binding in another way. Mass spectroscopy (MS) could be used to verify metal 

coordination to TDP-43. This method can directly detect metal ion binding and the binding 

stoichiometry. Native MS would evaluate the mass changes corresponding to adding metal ions to 

the protein.144 MS can be conducted on the Cu(II) exposed TDP-43 to verify the Cu(II) binding. 

Additionally, our Zn(II)-TDP-43 binding verification through XPS was unclear, due to the absence 

of the two expected Zn 2p peaks, thus MS could provide further verification as to whether Zn(II) 

is binding. 

 

4.2.2. TDP-43 Structure Post Metal Ion Binding 

 After verifying Cu(II) binding to TDP-43, and determining the nature in which Fe(III) or 

Zn(II) are interacting with TDP-43, further investigation of the effect of these interactions on the 

structure of TDP-43 should be determined. Additionally, it would provide more information as to 

the nature in which Zn(II) exposure to TDP-43 prior to Cu(II) increases the Cu(II) binding, 

observed in the Chapter 2 displacement studies. Similarly, insight into why Cu(II) binding is 

reduced when Fe(III) and Cu(II) are exposed at the same time could be provided by investigating 

the structure of TDP-43 before and after the metal exposure. A technique which can be utilized to 

study changes in the structure is circular dichroism (CD). 

Circular dichroism (CD) is a technique that facilitates an examination of protein structure. 

The data obtained from CD depends on the content of α-helix, ꞵ-sheet, turns, and random coil.97 



   
 

95 
 

Thus, changes in these contents before and after metal ion exposure can be used to indicate whether 

the metal ion exposure resulted in changes to the structure. However, the metals make it difficult 

to clearly state the structure changes.97 Isothermal titration calorimetry (ITC) may provide a better 

methodology to determine if changes to the structure occur. 

 ITC is a method used to determine the thermodynamic parameters of an interaction. For 

data collection, heat-sensing devices detect the difference between the measurement and control 

cell, produce a signal, and provide a dissociation constant. The constant obtained from the 

measurement can provide some information about whether the structure is more stable before or 

after metal ion binding. Data obtained from these studies could provide insight into how these 

metal interactions affect the structure of TDP-43. If the data indicated that changes in the structure 

occur after metal ion interactions, it would be of further interest to determine if these changes in 

the structure lead to TDP-43 aggregation. 

  

4.2.3. Metal Ion Binding to Aggregated TDP-43 

Currently, this thesis provides a basis that Cu(II), and perhaps Zn(II) and Fe(III), bind to 

full-length TDP-43  normal biological conditions. However, investigating these interactions under 

disease-state conditions would also be beneficial in understanding ALS. By examining this 

interaction in these different conditions, we could gain insight into whether these interactions occur 

as ALS progresses, or if it only occurs in the earlier stages, when TDP-43 is not aggregated. 

Surface electrochemical methods can be used to analyze this interaction, similar to the 

methods utilized throughout this thesis. Phosphorylated TDP-43 (pTDP-43) will readily aggregate 
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in the cytoplasm of neuron.145 Thus, by immobilizing pTDP-43 to the surface instead of the full-

length TDP-43 used in these studies, we could have a better understanding of how Cu(II) interacts 

with the protein in ALS. 

 

4.2.4. Metal Ion Binding to ALS-Linked TDP-43 Mutations 

 In addition to using pTDP-43, the interaction between metals and specific ALS-linked 

TDP-43 mutations should be studied. A similar surface electrochemistry method may be utilized 

to determine the impact of the common missense mutations on the Cu(II)-TDP-43 interactions. A 

common missense mutation in familial ALS patients is A382T in the TARDBP gene.146  A382T 

has been linked to TDP-43 accumulation in the cytoplasm and negatively impacts the functions of 

the protein. A382T, along with other common missense mutations to TDP-43 associated with ALS, 

may affect the binding sites of the metal ions to TDP-43 and can either cause an increase in Cu(II) 

binding or a reduction. Thus, further surface electrochemical studies can be conducted to 

investigate the impact of common mutations associated with the disease on Cu(II) and metal ion 

coordination. Similar to the suggested pTDP-43 studies, this study would provide a better 

understanding of how Cu(II) interacts with the protein in ALS. 
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Overall, these studies indicate that Cu(II) binds to TDP-43 suggesting that metal ions can 

interact with TDP-43, and may have an impact on its pathogenesis linked to ALS. However, 

methods such as x-ray crystallography, mass spectroscopy, circular dichroism, and isothermal 

titration calorimetry, can be used to verify the interactions, and provide more information about 

the impact of metal ion binding to the structure of TDP-43. Additional studies should also be 

conducted to determine if disease-related states of TDP-43 also interact with Cu(II), so more 

insight can be gathered in the context of ALS. These methods and additional studies will be useful 

to provide a deeper understanding of this metal ion interaction, which in term will provide a better 

understanding of TDP-43, and perhaps its pathogenesis in ALS. The electrochemical detection of 

metal-binding to TDP-43 acts as a fundamental understanding of the interaction between the two 

and can provide more insight into ALS. 
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Appendices 
Appendix 1. Other Significant Research Contributions 

1. Martic, S., Tabobondung, M., Gao, S., and Lewis, T. (2022) Emerging electrochemical 
tools for microplastics remediation and sensing. Frontiers in Sensors. 3, 23.  

This review explored the current electrochemical based studies related to detection of 

microplastics. Although there are some fundamental studies which demonstrate the ability to 

monitor and remediate microplastic pollutants, more studies to address and remove the harmful 

pollutant from the environment are required. The electrochemical studies highlighted in the 

minireview demonstrate the power behind this method, and how they can be used for 

environmental sensing and removal of the pollutants.   

My contributions to this project included additional experiments on every gelsolin peptide in 

the absence of inhibitors to satisfy the journal reviewer’s revisions and suggestions.  Here, the 

peptides (both mutants and non-mutants) were aged over the course of 7 days and ThT 

fluorescence, TEM, and turbidity results were used to characterize the peptide using additional 

methods not reported in the original manuscript.  Additionally, select peptides were chosen for 

sonication experiments to determine if the aggregates could be broken down using sound waves.  

Finally, theoretical calculations on the pI, net charges, and hydrophobicity of each peptide were 

conducted using ThermoFisher’s online Peptide Analyzing Tool.  Writing of the manuscript and 

the Supplementary Information were also part of my contributions to the publication.   
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2. UNDER REVISION: Wallace W., Tabobondung M., Espoto J., and Martic S. (2023) 

Antibody Based electrochemical Sensor for Detection of the Full-Length Phosphorylated 

TDP-43 Protein Biomarker of Amyotrophic Lateral Sclerosis. Journal of The 

Electrochemical Society. Manuscript ID: JES-109020.R1 

This study explored the design and development of an electrochemical immunosensor. The 

fabricated immunosensor was designed to detection Transactive response DNA binding protein 

(TDP-43), a biomarker associated with amyotrophic lateral sclerosis (ALS). The diagnosis relies 

on the onset of symptoms. Hence, novel methods are needed for the early detection of TDP-43. 

Specifically, the sensor designed was tested to detection full-length phosphorylated TDP-43 

(pTDP-43) using electrochemical impedance spectroscopy (EIS). The TDP-43 antibodies (Abs) 

on gold (Au) surfaces (Ab-Au) were employed as recognition probes for the protein detection. 

Detection of the protein was based on changes to the Rct, which was calculated from the EIS 

measurements.   

My contributions to this project included additional experiments on the surface 

characterization of the fabricated sensor. These surface characterization methods included contact 

angle, ellipsometry, x-ray photoelectron spectroscopy, electrochemical impedance spectroscopy, 

and cyclic voltammetry. Writing of the manuscript and the Supplementary Information were also 

part of my contributions to the publication.   
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3. SUBMITTED: Mitti M., Dingman Peterson F., Camilus N., Tabobondung M., Golec C., 

Macairan J-R., and Naccache R. (2023) Guanosine vs. Cu(II): Quenching of dual-

fluorescent carbon dots. Physical Chemistry Chemical Physics. Manucript ID: CP-ART-

03-2023-001001.  

My contributions to this project included additional experiments on the detection of 

guanosine using carbon dots in an electrochemical setting.  Here, a classy carbon electrode was 

placed in a three-electrode cell, containing a Ag/AgCl reference and platinum wire counter 

electrode. The solution in the cell contained the carbon dots used in the rest of the studies 

throughout the manuscript. Electrochemical methods such as cyclic voltammetry was used for 

the detection. Providing this data in the Supplementary Information were also part of my 

contributions to the publication.   
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Electrochemical and surface analysis of Cu(II) and Zn(II) metal ions and TDP-43 protein 
interactions 
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Figure S1. (A) SDS-PAGE of MBP-tagged, full-length TDP-43 protein.  The single band at 

approximately 75-80 kDa (red arrow) indicates the protein is monomeric (~43 kDa), since the 

weight of the MBP-tag is ~42.5 kDa. The molecular weight marker (MW) was the Precision Plus 

Dual Colour from Bio-Rad; (B) Dot blots of TDP-43 stained with A) anti-pTDP-43 (pS410) 

antibody or B) PA5-29949 (residues 1-289) antibody ([TDP-43]final = 0.52 µM). 
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Figure S2: Contact angle (q) of various surface modification steps. 
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Figure S3: XPS spectra of lipoic acid monolayer 

 

 

Figure S3: XPS C1s spectra of  lipoic acid monolayer 
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Figure S4: XPS O1s spectra of lipoic acid monolayer 

 

 

Figure S5: XPS S2p spectra of lipoic acid monolayer 
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Figure S6: XPS Au 4f spectra of TDP-43-Au (N=2).  

 

 

Figure S7: XPS S 2p spectra of TDP-43-Au (N=2).  
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Figure S8: XPS C1s spectra of TDP-43-Au (N=2).  

 

 

Figure S9: XPS N1s spectra of TDP-43-Au (N=2). 
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Figure S10: XPS O1s spectra of TDP-43-Au (N=2).  

 

 

Figure S11: XPS Cu 2p spectra of TDP-43-Au film (N=2).  
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Figure S12: XPS spectra of TDP-43-Au film (N=2).  

 

  

Figure S13: XPS spectra of Cu(II)-TDP-43-Au film (N=2).  
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Figures S14. XPS Au 4f spectra of Cu(II)-TDP-43-Au film (N=2).  

 

 

Figures S15. XPS S 2p spectra of Cu(II)-TDP-43-Au film (N=2).  
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Figures S16. XPS C 1s spectra of Cu(II)-TDP-43-Au film (N=2).  

 

 

Figures S17. XPS N 1s spectra of Cu(II)-TDP-43-Au film (N=2).  
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Figures S18. XPS O 1s spectra of Cu(II)-TDP-43-Au film (N=2).  

 

 

Figures S19. XPS Cu 2p spectra of Cu(II)-TDP-43-Au film (N=2).  
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Figures S20. Calibration curve of electrochemical peak signal for various concentrations of 

Cu(II) exposed to TDP-43 (n=3). 

 

 

Figure S21: CV of TDP-43-Au film before (black line) and after (green line) 2 mM Zn(II) 

binding. 
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Figure S22: A) Representative SWV measurements of 350 µM Cu(II)-TDP-43-Au (grey) and 2 

mM Zn(II) exposure to Cu(II)-TDP-43-Au (yellow). B) Representative SWV measurements of 

350 µM Cu(II)-TDP-43-Au (blue) and 350 µM Cu(II) exposure to Zn(II)-TDP-43-Au (green). C) 

Representative SWV measurements of 350 µM Cu(II)-TDP-43-Au (blue) and PB incubation to 

Cu(II)-TDP-43-Au (orange). D) Representative SWV measurements of 350 µM Cu(II)-TDP-43-

Au (green) and simultaneous 2 mM Zn(II) 350 µM Cu(II) exposure to TDP-43-Au (blue). 

 

 

A 

 
B 

 

C 

 

D 
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Figure S23: A) Plot of current for 350 µM Cu(II)-TDP-43-Au (grey) (I = 1.74 ± 0.80 µA) and 2 

mM Zn(II) exposure to Cu(II)-TDP-43-Au (yellow) (I = 1.28 ± 0.24 µA). B) Plot of current for 

350 µM Cu(II)-TDP-43-Au (blue) (I = 1.83 ± 1.22 µA)  and 350 µM Cu(II) exposure to Zn(II)-

TDP-43-Au (green) (I =4.94 ± 0.81 µA). C) Plot of current for 350 µM Cu(II)-TDP-43-Au (blue) 

(I =0.56 ± 0.23 µA) and PB incubation to Cu(II)-TDP-43-Au (orange) (I =0.55 ± 0.16 µA). D) 

Plot of current for 350 µM Cu(II)-TDP-43-Au (green) (I =0.49 ± 0.15 µA) and simultaneous 2 

mM Zn(II) 350 µM Cu(II) exposure to TDP-43-Au (blue) (I =0.29 ± 0.20 µA). Statistical test 

results in Table S9. 

 

A 

 
B 

 

C 

 
D 

 

Robert Huber
But the Table S1 you are referring to is in Appendix 3, which corresponds to Chapter 3. Isn't the plot in Figure S23 supplemental to Chapter 2. If so, then shouldn't you be referencing Table S9 and S10 in Appendix 2 for the stats?

Also, I think you should redo all the stats in the thesis using Graphpad. I provided the free website link in a comment to Table S9 below. Then, you need to indicate whether the data on all the relevant plots in the thesis are significant or not. If they are, then you need to include stars on the plots. Then in the text, you can say the data are statistically significant. However, if the data are not significant, then you should also indicate this on the plot with "ns", and perhaps temper your conclusions and interpretation of the data in the text.  
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Figures S24. XPS spectra of Zn(II)-TDP-43-Au film (N=2) 

 

  

Figures S25. XPS O 1s spectra of Zn(II)-TDP-43-Au film (N=2) 
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Figures S26. XPS C 1s spectra of Zn(II)-TDP-43-Au film (N=2) 

 

 

Figures S27. XPS Au4f spectra of Zn(II)-TDP-43-Au film (N=2) 
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Figures S28. XPS Zn 2p spectra of Zn(II)-TDP-43-Au film (N=2) 

 

 

Figures S29. XPS N 1s spectra of Zn(II)-TDP-43-Au film (N=2) 
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Figures S30. XPS S 1s spectra of Zn(II)-TDP-43-Au film (N=2) 

 

 

Figures S31. XPS spectra of Zn(II) exposed Cu(II)-TDP-43-Au film (N=2) 
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Figures S32. XPS Cu 2p spectra of Zn(II) exposed Cu(II)-TDP-43-Au film (N=2) 

 

 

Figures S33. XPS O1s spectra of Zn(II) exposed Cu(II)-TDP-43-Au film (N=2) 
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Figures S34. XPS C1s spectra of Zn(II) exposed Cu(II)-TDP-43-Au film (N=2) 

 

 

Figures S35. XPS Au4f spectra of Zn(II) exposed Cu(II)-TDP-43-Au film (N=2) 

 

 



   
 

142 
 

 

Figures S36. XPS Zn 2p spectra of Zn(II) exposed Cu(II)-TDP-43-Au film (N=2) 

 

 

Figures S37. XPS N1s spectra of Zn(II) exposed Cu(II)-TDP-43-Au film (N=2) 
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Figures S38. XPS S2p spectra of Zn(II) exposed Cu(II)-TDP-43-Au film (N=2) 

 

 

Figures S39. XPS spectra of Cu(II) exposed Zn(II)-TDP-43-Au film (N=2) 
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Figures S40. XPS Zn2p spectra of Cu(II) exposed Zn(II)-TDP-43-Au film (N=2) 

 

 

Figures S41. XPS O1s spectra of Cu(II) exposed Zn(II)-TDP-43-Au film (N=2) 
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Figures S42. XPS C1s spectra of Cu(II) exposed Zn(II)-TDP-43-Au film (N=2) 

 

 

Figures S43. XPS Au4f spectra of Cu(II) exposed Zn(II)-TDP-43-Au film (N=2) 
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Figures S44. XPS Cu 2p spectra of Cu(II) exposed Zn(II)-TDP-43-Au film (N=2) 

 

 

Figures S45. XPS N1s spectra of Cu(II) exposed Zn(II)-TDP-43-Au film (N=2) 
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Figures S46. XPS S2p spectra of Cu(II) exposed Zn(II)-TDP-43-Au film (N=2) 

 

 

Figures S47. XPS spectra of simultaneous Cu(II) and Zn(II) exposure to TDP-43-Au film (N=2) 
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Figures S48. XPS Zn2p spectra of simultaneous Cu(II) and Zn(II) exposure to TDP-43-Au film 

(N=2) 

 

\ 

Figures S49. XPS O1s spectra of simultaneous Cu(II) and Zn(II) exposure to TDP-43-Au film 

(N=2) 
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Figures S50. XPS C1s spectra of simultaneous Cu(II) and Zn(II) exposure to TDP-43-Au film 

(N=2) 

 

 

Figures S51. XPS Au4f spectra of simultaneous Cu(II) and Zn(II) exposure to TDP-43-Au film 

(N=2) 
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Figures S52. XPS Cu 2p spectra of simultaneous Cu(II) and Zn(II) exposure to TDP-43-Au film 

(N=2) 

 

 

Figures S53. XPS N1s spectra of simultaneous Cu(II) and Zn(II) exposure to TDP-43-Au film 

(N=2) 
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Figures S54. XPS S2p spectra of simultaneous Cu(II) and Zn(II) exposure to TDP-43-Au film 

(N=2) 
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Table S1. The peak potentials and peak separation for various surface modification steps in 

[Fe(CN)6]-3/-4. 

Surface modification steps Epc (V) Epa (V) ΔE (V) 

Bare 0.245361 0.079346 0.166016 

Lipoic acid 0.255127 0.062256 0.192871 

EDC/NHS 0.299072 0.096436 0.185577 

TDP-43 0.26001 0.096436 0.163574 

1-butylamine 0.41626 -0.01587 0.432129 

hexanethiol 0.313721 0.047607 0.266113 

 

 

 

Table S2. The peak potentials and peak separation for various surface modification steps in 

[Fe(CN)6]-3/-4. 

Surface modification steps Ipc (mA) Ipa (mA) 

Bare 0.095306 -0.08838 

Lipoic acid 0.08374 -0.07672 

EDC/NHS 0.082672 -0.10291 

TDP-43 0.082947 -0.09802 

1-butylamine 0.064606 -0.07584 

hexanethiol 0.079254 -0.09 
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Table S3. Circuit fit parameters for various stepwise surface characterization steps. 

Parameters Au Lip EDC/NHS TDP-43 1BA Hex Units 
RS 2.81E+02 3.22E+02 2.43E+02 2.76E+02 3.44E+02 2.31E+02 Ohm 
RCT 1.49E+02 1.87E+03 4.78E+02 2.02E+02 2.81E+04 1.09E+03 Ohm 
W 1.04E-03 1.54E-03 1.35E-03 1.40E-03  2.05E-03 s^(1/2)/Ohm 

CPE 3.45E-06 5.07E-06 1.95E-06 1.10E-05 2.61E-05 6.50E-06 s^N/Ohm 
N 8.79E-01 8.76E-01 8.57E-01 7.31E-01 9.03E-01 9.61E-01  

 
 

 

Table S4: Thickness of various surface modification steps determined using ellipsometry. 

Surface modification step Sample 1 (nm) Sample 2 (nm) Average (nm) SD (±) 

Bare Au 0 0.3 0.15 0.212 

Lip-Au 3.41 2.57 2.99 0.5939 

TDP-43-Au 2.82 3.29 3.055 0.3323 

Cu(II)-TDP-43-Au 3.95 3.62 3.785 0.2333 

 
 

Table S5: Contact angle (q) of various surface modification steps. 

Surface modification step Sample 1 (°) Sample 2 (°) Average (°) SD (±) 

Bare 67.85 66.27 67.06 1.117229 

Lipoic acid 52.96 50.27 51.615 1.902117 

EDC/NHS 49.73 51.17 50.45 1.018234 

TDP-43 50.06 52.88 51.47 1.99 

Cu(II) 49.29 45.97 47.63 2.35 
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Table S6: X-ray photoelectron peak binding energy, CPS count, and spectroscopy atomic 

percentages for Lip-Au surface. 

Name  Peak BE (eV) Height CPS Atomic % 

C1s 284.83 98870.42 63.74 

C=O 289.08 10971.73 9.85 

O1s 532.7 29159.34 14.36 

S2p3/2 163.32 28937.83 12.05 

S2p1/2 164.59 14781.76 6.15 
 

 

Table S7: X-ray photoelectron peak binding energy, CPS count, and spectroscopy atomic 

percentages for TDP-43-Au surface. 

 
Sample 1 Sample 2 

Name  Peak BE (eV) Height CPS Atomic % Peak BE (eV) Height CPS Atomic % 

Au4f7/2 84.08 1185083.74 18.79 84.08 1220459.72 19.23 

Au4f5/2 87.75 920076.61 14.62 87.75 947259.87 14.96 

S2p3/2 163.52 7349.6 2.26 163.64 7065.99 2.16 

165.1 2922.91 0.84 165.34 2403.18 0.55 

S2p1/2 161.98 7373.97 1.42 162.03 7300.42 1.74 

C1s  285.35 47558.05 39.13 285.31 48213.7 38.76 

C=O 287.98 8476.42 9.6 287.98 8626.98 9.38 

N1s  399.09 6780.71 2.38 398.81 4941.81 1.6 

400.44 10192.96 3.07 400.39 9747.61 3.65 

401.91 3835.86 1.54 402.14 2193.44 0.93 

O1s  532.18 15113.3 6.34 532.22 16001.12 7.02 
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Table S8: X-ray photoelectron peak binding energy, CPS count, and spectroscopy atomic 

percentages for Cu(II)-TDP-43-Au surface. 

 
Sample 1 Sample 2 

Name  Peak BE (eV) Height CPS Atomic % Peak BE (eV) Height CPS Atomic % 

Au4f7/2 84.03 382113.74 4.82 84.06 649753.59 8.88 

Au4f5/2 87.7 295338.1 3.74 87.73 503076.7 6.89 

S2p3/2 163.16 26113.29 6.75 163.54 16543.27 3.13 
 

164.82 8289.8 1.57 

S2p1/2 161.63 7044.45 1.77 162.04 6443.55 1.22 

C1s  284.85 101467.22 53.22 285.34 82090.64 50.7 

C=O 287.45 15901.68 9.4 287.94 12847.17 8.63 

N1s  399.72 16422.7 5.58 400.07 19581.93 7.25 

398.02 8467.08 2.56 398.42 8665.06 2.71 

401.89 4073.7 1.32 402.42 3085.4 1.08 

O1s  531.77 26193.49 9.04 532.11 20140.45 7.28 

Cu2p3/2 932.5 32127.48 1.09 932.74 10575.14 0.42 

Cu2p1/2 952.33 12438.67 0.72 952.58 4925.54 0.26 
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Table S9. Mean and standard deviation results for displacive and competitive Zn(II) and Cu(II) 

studies. T-test results were obtaining by using an online statistical calculator GraphPad Prism 9 

(https://www.graphpad.com/quickcalcs/ttest1.cfm).  

 Average SD t-test results Significance 
350 μM Cu exposure 0.56104 0.229922 t = 0.0405 

df = 4 
standard error of 
difference = 0.161 
P value = 0.9696 

Not 
statistically 
significant 
(ns) Phosphate buffer incubation 

and washing 
0.554502 0.159195 

350 μM Cu exposure 1.744187 0.799227 t = 3.6701 
df = 4 
standard error of 
difference = 0.847 
P value = 0.0214 

Statistically 
significant 
(*) 350 μM Cu signal after 2 

mM Zn exposure 
1.283997 0.243907 

350 μM Cu signal  1.834354 1.221952 t = 0.9539 
df = 4 
standard error of 
difference = 0.482 
P value = 0.3942 

Not 
statistically 
significant 
(ns) 2 mM Zn followed by 350 

μM Cu exposure 
4.943983 0.812731 

Simultaneous 2mM Zn and 
350 μM Cu exposure 

0.285452 0.200377 t = 1.4221 
df = 4 
standard error of 
difference = 0.146 
P value = 0.2281 

Not 
statistically 
significant 
(ns) 350 μM Cu signal  0.492375 0.152843 

 

 

 

 

 

 

 

 

 

 

https://www.graphpad.com/quickcalcs/ttest1.cfm
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Table S10: X-ray photoelectron spectroscopy peak binding energy and spectroscopy atomic 

percentages for Zn(II)-TDP-43-Au surface. 

 
Sample 1  Sample 2 

Name  Peak BE Atomic % Peak BE Atomic % 

S2p3/2  163.88 1.42 163 0.49 
 

164 0.2 

S2p1/2 161.88 1 162 2.37 

Contamination 168.79 0.55 167.8 1.13 

C1s  285.64 53.46 284.67 24.29 

287.28 5.41 286.09 8.47 

288.62 3.46 288.35 7.95 

N1s 400.05 3.83 400.3 3.11 

397.71 
 

398.55 1.56 

398.72 
 

402.3 0.57 

O1s 532.96 10.71 532.37 10.5 

531.5 3.1 
 

Zn2p 
 

1036.35 0.46 

Au4f7/2 84 9.75 84 20.59 

Au4f5/2 87.6 7.31 87.7 18.32 
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Table S11: X-ray photoelectron spectroscopy atomic percentages for Zn(II)-Cu(II)- TDP-43-Au 

surface, displacement. 

 
Sample 1 Sample 2 

Name  Peak BE (eV) Atomic % Peak BE (eV) Atomic % 

S2p3/2  163.1 0.7 163.8 0.35 

164.6 0.18 163.8 0.35 

S2p1/2 161.9 1.07 162.07 0.78 

Contamination 168.48 0.87 168.66 0.24 

C1s  285 39.29 285.48 48.18 

287 2.39 287.2 3.35 

288.5 4.04 288.6 4.32 

Contamination  
 

293.5 2.13 

295.9 0.68 

N1s  400.43 3.18 400.5 3 

398.7 1.12 398.64 0.37 

402.5 0.49 
 

Contamination 404.8 0.12 

406.6 0.09 

O1s 532.44 16.51 532.89 14.75 

Au4f7/2 84.1 16.78 84 12.1 

Au4f5/2 87.7 12.91 87.7 9.15 

Cu2p3/2 932.31 0.05 932.74 0.25 

Cu2p1/2 951.9 0.02 952.33 0.04 

Zn2p 1035.29 0.17 
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Table S12: X-ray photoelectron spectroscopy atomic percentages for Cu(II)-Zn(II)- TDP-43-Au 

surface, displacement. 

 
Sample 1 Sample 2 

Name  Peak BE (eV) Atomic % Peak BE (eV) Atomic % 

S2p3/2 163 0.76 163.5 0.47 

S2p1/2 161.9 1.11 162 1.52 

C1s  285.2 43.76 285.01 36.15 

286.8 7.67 286.7 6.97 

289.2 3.72 288.4 5.15 

Contamination  168.8 0.53 
 

N1s  400.33 1.5 400.5 2.41 

398.8 0.4 398.25 0.53 

401.7 0.79 
 

O1s 532.8 10.64 532.61 12.92 

Au4f7/2 84 16.59 84 16.59 

Au4f5/2 87.7 12.49 87.7 12.49 

Cu2p3/2 
 

932.08 0.08 

Cu2p1/2 951.22 0.06 

Zn2p 1034.54 0.05 1033.64 0.33 
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Table S13: X-ray photoelectron spectroscopy atomic percentages for co-mixed Cu(II) and Zn(II) 

with TDP-43-Au surface. 

 
Sample 1 Sample 2 

Name  Peak BE (eV) Atomic % Peak BE (eV) Atomic % 

S2p3/2  162.9 0.45 163 0.3 

164.6 0.09 163.8 0.35 

S2p1/2 161.8 0.84 162.07 0.78 

Contamination 
 

168.66 0.24 

C1s  285.6 41.97 285.6 41.97 

287.2 1.88 287.2 1.88 

288.3 2.82 288.3 2.82 

Contamination  293.5 10.29 293.5 10.29 

296.2 0.49 296.2 0.49 

N1s  402.1 0.18 400.5 3 

400.5 2.35 398.64 0.37 

398.8 0.99 
 

O1s 532.9 16.29 532.89 14.75 

Au4f7/2 84 11.93 84 12.1 

Au4f5/2 87.7 9 87.7 9.15 

Cu2p3/2 932.1 0.12 932.74 0.25 

Cu2p1/2 952 0.06 952.33 0.04 

Zn2p 1035.54 0.25 
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Appendix 3. Supplementary information (Chapter 3) 
SUPPORTING INFORMATION 

Electrochemical analysis of Fe(III) and Cu(II) interactions with TDP-43 
Meaghan Tabobondung1, Dr. Sanela Martic1, 2 
 
1 Environmental and Life Sciences, Trent University, Peterborough, Ontario K9L 0G2, Canada 
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Figure S1.A) Representative SWV measurements of TDP-43-Au surface (grey), 350 µM Cu(II)-

TDP-43-Au surface (yellow), and 1 mM Fe(III) exposure to 350 µM Cu(II)-TDP-43-Au surface 

(green).  

 

 

Figure S2. Plot of current for 350 µM Cu(II)-TDP-43-Au surface (light blue) (3.29 ± 0.28 µA), 

and 1 mM Fe(III) exposure to 350 µM Cu(II)-TDP-43-Au surface (dark blue) (1.61 ± 0.91 µA).  
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Figure S3. A) Representative SWV measurements of TDP-43-Au surface (grey), 350 µM Cu(II)-

TDP-43-Au surface (blue), and 350 µM Cu(II) exposure to 1 mM Fe(III)-TDP-43-Au surface 

(green).  

 

 

 

Figure S4. Plot of current for 350 µM Cu(II)-TDP-43-Au surface (blue) (3.29 ± 0.28 µA), and 

350 µM Cu(II) exposure to 1 mM Fe(III)-TDP-43-Au surface (dark blue) (3.45 ± 1.68 µA). 
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Table S9. Mean and standard deviation results for displacive and competitive Fe(III) and Cu(II) 

studies. T-test results were obtaining by using an online statistical calculator GraphPad Prism 9 

(https://www.graphpad.com/quickcalcs/ttest1.cfm).  

Sample Average SD t-test results Significance 
350 μM Cu exposure 

3.28979 0.281372 
t = 3.0742 
df = 4 
standard error of 
difference = 0.547 
P value = 0.0371 

Statistically 
significant 
(*) Simultaneous 1 mM Fe 

and 350 μM Cu exposure 1.607428 0.905156 
350 μM Cu exposure 

3.28979 0.281372 
t = 1.2154 
df = 4 
standard error of 
difference = 0.485 
P value = 0.2910 

Not 
statistically 
significant 
(ns) 

1 mM Fe exposure after 
350 μM Cu signal 3.879718 0.792212 
350 μM Cu exposure 

3.28979 0.281372 
t = 0.1614 
df = 4 
standard error of 
difference = 0.984 
P value = 0.8796 

Not 
statistically 
significant 
(ns) 

350 μM Cu exposure after 
1 mM Fe followed  3.448573 1.681031 

 

 

 

 

 

 

 

https://www.graphpad.com/quickcalcs/ttest1.cfm
Robert Huber
I don't think you need this. See my comments above. Please revise using an online calculator.
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