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Abstract 

Metallothioneins (MT) are a family of cysteine-rich metal-binding intrinsically disordered 

proteins that are ubiquitous across life. The proposed functions of MTs are to maintain 

Zn(II) homeostasis, participate in heavy metal detoxification, and protect against oxidative 

stress by binding to a variety of metals in a range of stoichiometries. However, due to their 

disordered nature and ability to form multiple metallated species, these diverse structures 

are not well characterized. Electrospray ionization mass spectrometry (ESI-MS) is a 

technique that allows quantification of heterogeneous metallation states through analysis 

of the speciation distributions. In this thesis, ESI-MS in combination with other 

spectroscopic techniques is used to probe the structural features of apo-MT, the early Zn(II) 

and Cd(II) metallation steps, the binding of the xenobiotic metal Bi(III), and the pathway 

of oxidation and subsequent Zn(II) and Cd(II) displacement upon exposure to H2O2. These 

speciation details shown using ESI-MS have not yet been described using other techniques. 

It was concluded that both the apo-MT structure and the metal-loading status impact MT’s 

metallation and oxidation properties, which provides insight into the structure-function 

relationship of MTs. 
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Metallothionein, protein folding, metalloproteins, intrinsically disordered proteins, metal-

induced folding, protein denaturation, cadmium, zinc, bismuth, electrospray ionization 

mass spectrometry, absorption spectroscopy, circular dichroism spectroscopy, stopped 

flow, molecular dynamics, density functional theory. 
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Summary for Lay Audience 

Many proteins require metals such as zinc or copper for their physiological functions. 

However, the correct balance of these metals must be maintained as a concentration that is 

too low or too high may be toxic to cells. Additionally, environmental exposure to toxic 

heavy metals can lead to adverse health effects. Metallothioneins (MTs) are cysteine-rich, 

low molecular weight proteins that bind a variety of metals, balancing the availability of 

nutritionally essential metals and providing protection against toxic heavy metals. MTs 

may also act as an antioxidant. However, this process results in the release of bound metals 

from MT. The pathways of metal binding and metal release are relevant to our 

understanding of how MTs function, but these pathways are not currently well-described. 

MTs can bind multiple metals at once, making determination of the individual states 

difficult. Mass spectrometry (MS) is a technique that can identify these individual species 

and their relative concentrations based on mass changes caused by the binding of each 

metal. Using this technique, the metal binding pathways and metal release pathways to and 

from MTs can be described. The effect of the MT structure on these processes can also be 

considered, providing more insight into the relationship between protein structure and 

function. 
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Chapter 1 

1 Introduction 

This thesis concerns the small metal-binding protein metallothionein (MT). This protein is 

unique when it comes to its structural properties. The apo form of MT is fluxional with no 

defined metal-binding sites but can bind a variety of metals in a range of stoichiometries. 

Mammalian MTs have 20 cysteines, which can undergo redox reactions resulting in 

disulfide bond formation and metal displacement. In this introductory chapter, an overview 

of the general structural properties of both metal-binding proteins and intrinsically 

disordered proteins, and the discovery, classification, structure, and function of MTs is 

provided. 

1.1 Structural Properties of Proteins 

1.1.1 Protein folding: the relationship between sequence, structure, 
and function 

Proteins play a variety of critical roles in the function of cells, from catalysis to transport 

to cell-signalling, with the specificity to their targets attributed to their overall structure 

and binding sites.1 The question of what drives protein folding to its final structure has 

been challenging scientists for many decades. In 1961, Christian B. Anfinsen published his 

work on ribonuclease A where he found that protein unfolding via denaturation inhibited 

activity and that reversing the denaturation returned the protein to full activity.2 The ability 

to refold a protein back into the native, biologically active conformation eventually led to 

the proposal of the Thermodynamic Hypothesis. This states that that the native state of a 

protein is the single lowest free energy conformation and that this 3D fold is encoded in 

the amino acid sequence of the protein.3 

Although today it is understood that cellular components such as molecular crowding and 

chaperones assist in the protein folding process, it is still accepted that the amino acid 

sequence, or primary structure, ultimately dictates the final native conformation.1 The 

amino acids in the sequence possess various properties that are important in determining 
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the native structure; including hydrogen bonding, the hydrophobic effect, van der Waals 

forces, salt bridges, and disulfide bonds. All of these properties depend on amino acid 

identity. Typical globular proteins fold in such a way where hydrophobic residues form the 

inner “core” of the protein and charged residues sit near the surface.1 The overall packing 

can leave crevices in the protein which can act as active sites, shielding catalytic residues 

from the environment where chemistry can take place.1 For example, the active site of the 

enzyme lysozyme is located in a cleft between its two domains and utilizes a glutamic acid 

and an aspartic acid for its activity.4  

1.1.2 Metalloprotein binding site structure 

Many elements are essential for life. These include the bulk elements H, C, N, O, P S, Ca, 

Na, Mg, S, Cl and K and the trace elements Mn, Fe, Co, Cu, Zn, and Mo.5 The majority of 

the trace metals in physiology perform their roles as cofactors for metalloproteins, which 

make up about 25–50 % of all proteins.6 

In metalloproteins, N, O, and S donor atoms have an affinity for metals and will typically 

form the binding sites.1 The amino acids involved in metal binding are commonly cysteine, 

methionine, histidine, tyrosine, aspartic acid, glutamic acid, asparagine, and glutamine.1 

Based on Hard Soft Acid Base Theory, hard acids such as Ca(II) will prefer to bind to 

harder bases such as RO-, and soft acids such as Cu(I) will prefer softer bases such as RS-

.7 Intermediate acids such as Zn(II) will prefer intermediate bases such as R2N- but will 

often bind to hard and soft bases as well.7 

Metalloproteins can bind to transient or permanent cofactors. Examples of proteins with 

transient cofactors include metal transporters and chaperones that bind metals and then 

donate them to enzymes. For example, free Cu(I) and Cu(II) are toxic to the cell and must 

be bound to proteins for protection.8 The copper chaperone for superoxide dismutase 1 

(CCS) binds copper in the cytoplasm and delivers it to Cu, Zn superoxide dismutase (SOD) 

which uses the redox activity of Cu(I) to protect the cell from oxidative stress.9-10 Zn-

regulated GTPase metalloprotein activator (ZNG1) is a family of zinc chaperones that has 

been identified as donating zinc to the Zn-metalloprotease methionine aminopeptidase 1 

(METAP1) through GTP hydrolysis.11 
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In some proteins permanent cofactors must remain bound for the protein to perform their 

functions. In hemoglobin, the iron is linked to protoporphyrin-IX as well as to a histidine 

residue on the protein. Iron can then bind oxygen, creating an octahedral complex. The 

heme group itself fits into a pocket created by the helical structure of the hemoglobin 

protein.12 

Zn(II) in particular plays an important role in protein function. It has been stated that there 

are approximately 3000 known Zn(II) proteins in the human proteome.13 There are two 

specific roles that Zn(II) has in protein function: catalytic and structural. Zn(II) will 

catalyze reactions despite its lack of redox ability. For example, the Zn(II) in carbonic 

anhydrase uses its Lewis acidity to stabilize the hydroxide anion created in the first step of 

the reaction.14-17 Structural Zn(II) does not participate in reactions but rather stabilizes the 

protein backbone fold. The DNA-binding Zn-finger proteins require a Zn(II) to link the 

two antiparallel beta sheets and alpha helix of the protein and is required for correct protein 

folding.18 

1.1.3 Intrinsically disordered proteins 

The view held that proteins must have a specific or rigid structure to perform a function 

was challenged as more proteins were discovered that do not adopt a well-defined structure 

under native conditions.19-21 This newly discovered group of proteins were labelled 

intrinsically disordered proteins (IDPs). Some proteins are entirely disordered, while others 

have one or more intrinsically disordered regions (IDRs).22 Approximately 60% of the 

human proteome consists of either IDPs or proteins with IDRs.23 Eukaryotes have more 

disorder in their proteomes than prokaryotes.24 

The fluxionality of IDPs gives them an advantage for certain functions. IDPs are commonly 

hubs in intracellular protein networks, their flexibility allowing for interaction with many 

different proteins.20 IDPs are more often targets for post-translational modifications 

(PTMs) than regularly ordered proteins and are commonly implicated in signalling 

pathways. For example the transcription factor p53 interacts with 14 different binding 

partners.25 
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IDPs and IDRs utilize disorder for function in many different ways. Some IDRs act as 

flexible linkers, allowing for movement of other domains such as the flexible linker region 

in SNAP25.26 An IDP can remain permanently disordered. The milk protein αs-casein, a 

Ca(II) chaperone, binds proteins to prevent aggregation.27 Order to disorder transitions are 

possible, such as with the PEVK domain in the titin protein. Titin is an entropic spring, 

with the helical domain unfolding during passive stretching of muscle tissue.28 Other IDPs 

can undergo a disorder to order transition upon binding to a partner, such as the disordered 

phosphorylated kinase-inducible domain (pKID) of CREB when binding to the KIX 

domain of CPB. The pKID adopts an alpha-helical structure upon the binding event.29 This 

is referred to as coupled binding and folding. Sometimes IDPs can form multiple different 

structures with multiple partners.30 Following a coupled binding and folding event, 

complexes can remain somewhat fluxional. This is called a fuzzy complex.31 An example 

of this is methylated DNA binding protein 2 (MeCP2), where fuzzy regions mediate the 

conformational selection of the protein during binding.32-33 This concept expands upon the 

traditional concepts of induced fit or conformational control by considering intrinsic 

disorder and suggests that protein rigidity may better be described on a spectrum. 

IDPs were once considered a strange anomaly. However, they have become accepted as an 

important part of the proteome where their unique structures, or lack thereof, contribute to 

important functions. 

1.1.4 Protein disfunction: misfolding, oxidative stress, and metal 
toxicity 

Correct folding is not only important for function but misfolding is linked to many diseases. 

Chaperones assist in the correction of off pathway folding by binding to exposed 

hydrophobic areas, preventing aggregation. When this system fails, misfolded proteins are 

degraded. However, the degradation systems also become less effective with age. Proteins 

that are left misfolded are susceptible to aggregation, which can ultimately form beta-

amyloid plaques which are associated with neurodegenerative diseases.34-35 Metals such as 

Cu and Zn are also involved in the formation of the beta-amyloid fibrils.36 Additionally, 

toxic metals with no known biological role may also be involved in protein misfolding and 

aggregation.37 
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Misfolding can occur due to a genetic mutation, producing the wrong amino acid sequence 

and thus the wrong protein structure. Sometimes the misfolded protein does not aggregate 

but results in a protein that has lost its function. This is the case in sickle cell anemia, where 

a change from a glutamic acid to a valine in hemoglobin prevents the correct structure from 

forming. This change in charge decreases the solubility and the red blood cells take on an 

abnormal shape.12, 38 Deletions, missense mutations, and truncation that lead to the CFTR 

protein degradation are a cause of cystic fibrosis.39 Protein misfolding can also cause 

cancer due to misfolding of cell differentiation regulator proteins.35  

Another way proteins can become damaged is through oxidative stress. Reactive oxygen 

species (ROS) are constantly generated in healthy cells. ROS can be produced from either 

normal endogenous processes such as cellular respiration or from external factors such as 

UV irradiation or air pollution.40-42 Under normal circumstances, the cell has multiple 

antioxidant defense systems that keep ROS levels under control. These can be proteins 

such as the enzyme superoxide dismutase or non-protein molecules such as ascorbate.40, 43 

However, when there is an imbalance of these systems in favour of the ROS, a state of 

oxidative stress will occur.43-45 Oxidative stress is linked to diseases such as Alzheimer’s, 

Parkinson’s, cardiovascular disease, cancer, and diabetes. It is also associated with aging, 

particularly due to degradation of antioxidant defense mechanisms.46-51 

Proteins are common targets for ROS due to their abundance in cells and their reactivity. 

ROS can cause backbone fragmentation and side chain oxidation, particularly on sulfur 

containing side chains.43, 45, 52-53 Proteins can also undergo carbonylation, which is a 

common biomarker of oxidative stress.44, 54 When proteins become oxidized, they can 

sometimes be repaired by cellular mechanisms but are otherwise usually degraded.45, 55 

Cysteine and methionine containing proteins often can undergo oxidation and reduction 

cycles, as their most common oxidative modifications, sulfoxide and disulfide bond 

formations, are reversible. This property provides a controlled pathway linking oxidation 

and reduction without permanent damage to the protein.52-53, 56-57 An example is the small 

peptide glutathione, an antioxidant that can neutralize the threat from an ROS by reducing 

it, forming a disulfide bond as a result.58 
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Proteins can also be damaged through deactivation, misfolding, or oxidative stress caused 

by toxic metals.37 Although many metals are essential for protein function, complications 

can occur if homeostasis is not maintained.8 Additionally, many metals have no known 

biological function and only cause toxic effects, such as Hg, Pb, Cd, or As.59 These metals 

adopt many different oxidation states depending on chemical composition.1 Low level 

exposure to these metals is commonplace but industrial activity can result in chronic effects 

and in some cases, acute effects. Health issues can arise in cases of toxic metal poisoning 

due to the softer heavy metals with a higher affinity displacing the normal metal in 

metalloproteins. For example, Cd(II) can replace Zn(II) in enzymes.60 Organic mercury 

can cross the blood-brain barrier and bind to sulfur ligands with high affinity.61 

Additionally, the presence of toxic heavy metals can cause or exacerbate oxidative stress.62 

1.1.5 Metallothionein: an intrinsically disordered metal binding protein 

Most metalloproteins, whether utilizing a transient or permanent metal, have one or more 

well-defined binding sites for a specific metal. IDPs use their flexibility to their advantage, 

often by binding to multiple targets. These targets are often other proteins in a cellular 

network. 

The focus of the research described in this thesis is a family of intrinsically disordered 

proteins that undergo coupled binding and folding with a variety of metal targets without 

defined binding sites: metallothioneins (MTs). Apo-MTs fit the IDP model in that they 

contain no secondary structural elements, have a fluxional structure, and can undergo 

metal-induced folding to form metal-thiolate clusters. In many organisms, fully metallating 

MT with Zn(II) will form distinct domains with flexible linker regions. 

MTs are cysteine-rich proteins. These cysteines allow for a diverse set of functions. MTs 

are generally thought to be involved in the homeostasis of Zn(II) and Cu(I), sequestration 

of toxic heavy metals, and protection against oxidative stress. 

 

1
Unless the specific oxidation state of the metal is relevant to the discussion, it will not be specified in the 

text. 
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1.2 Metallothioneins: Discovery and Classification 

1.2.1 Discovery of metallothioneins 

In 1957, Margoshes and Vallee discovered a small cadmium-binding protein with low 

aromatic amino acid content isolated from equine kidney cortex.63 After further 

characterization by Kagi and Vallee, the protein was named metallothionein (MT) for its 

high metal (cadmium and small amounts of zinc) and cysteine content.64 In 1966, MT was 

first isolated from human liver bound to cadmium, zinc, mercury, and copper.65 

The characteristics of the isolated equine MT formed the initial definition of MTs. These 

characteristics were a molecular weight of around 6000 – 7000 Da, high cysteine content 

(~30% of the sequence), a lack of aromatic amino acids or histidine, the characteristic 

cysteine sequence motifs of CXC and CCXCC (where X = any other amino acid), and 

possessing the optical features of metal-thiolates.66 

1.2.2 Metallothionein classification systems 

As additional MTs were isolated from various organisms, classification systems were 

developed. Fowler et al. proposed the first classification system at the Second International 

Meeting on Metallothionein and Other Low Molecular Weight Metal-binding Proteins in 

1985, which sorted MTs into 3 different classes.67 Class I MTs were those whose cysteine 

sequence motifs particularly resembled that of the equine MT. This class included all 

mammalian MTs, as well as some fish, crab, and mould MTs.68-69 Class II MTs included 

all other MTs whose sequences did not resemble that of the equine MTs, including that of 

yeast70 and sea urchin.71 Class III MTs were non-ribosomally synthesized MT-like γ-

glutamylcysteine (GGC) peptides found in plants, including phytochelatins and 

cadystins.72 

This classification eventually proved inadequate after the discovery of additional MTs, 

with a system being proposed by Binz and Kagi in 1999.73 MTs were divided into 15 

families based on sequence characteristics, taxonomic range, and phylogenetic 

relationships. These families, in numerical order are vertebrate, mollusc, crustacean, 

echinodermata, diptera, nematoda, ciliate, fungi-I, fungi-II, fungi-III, fungi-IV, fungi -V, 
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fungi-VI, prokaryota, and planta. Phytochelatins and non-proteinaceous MTs were classed 

as Family 99. Additionally, in 2002 Cobbett further divided Family 15 (planta)  into 4 

classes building off of Robinson in 1993.74-75 More recently in 2011, Capdevila proposed 

a new way to classify MTs based on whether they preferentially bind either Zn(II) or 

Cu(I).76 

1.2.3 Isoforms of mammalian metallothioneins 

MTs are now considered to be ubiquitous across life, having been discovered in many 

different organisms. The research in this thesis focuses on mammalian MTs, which have 

their own unique properties. Mammalian MTs have 20 conserved cysteine residues. There 

are four subfamilies of MTs in mammals: MT1, MT2, MT3, and MT4. These originated 

from a common ancestor via gene duplication events before mammals radiated into 

separate species.77 MT1 and MT2 were initially named based on the order they eluted off 

an ion exchange column during isolation and purification.78 However, they are now 

differentiated due to differences in their genes, specifically the introns and 5’UTR 

regions.73 Human MT1 can be further separated into sub-isoforms as the gene was 

amplified to 13 paralogs in humans with eight genes that code for MTs and five 

pseudogenes. Human MTs are coded at chromosome 6q13.79 

Table 1-1 shows the sequences of the human MT isoforms that are expressed with the 

cysteines highlighted in yellow.80-81 The only phenotypic difference between MT1 and 

MT2 is a single negative charge in the N-terminal domain.78 MT2 contains an aspartic acid 

while most MT1 sub isoforms have either a glycine or a valine residue. MT3, first isolated 

Table 1-1. Sequences of human MT isoforms. Sequences of expressed human MT 

isoforms with the cysteine residues highlighted in yellow. 
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in the brain and named growth inhibitory factor (GIF) while searching for a cause of 

neurofibrillary tangles, contains a CPCP motif in the β-domain and an acidic loop rich in 

aspartic acid in the α-domain that are not present in any other isoform.82 MT1 and MT2 are 

expressed ubiquitously in tissues, but are more concentrated in the liver and kidneys.83 

MT3 is expressed in the brain and central nervous system.84 MT4 is expressed in epithelial 

tissues.85 MTs are involved in essential metal homeostasis, heavy metal detoxification, and 

protection against oxidative stress. The next sections will discuss these functions in detail. 

1.3 Biological Functions of Metallothioneins 

Mammalian MTs have 20 cysteines that can both bind metals and undergo reversible redox 

reactions to form disulfide bonds. Therefore, it is important to explore MT’s functions in 

the context of metal binding and redox activity and how these features interplay with each 

other. 

1.3.1 Metal content of metallothioneins 

Metallothionein was discovered while Vallee was looking for a potential biological role 

for Cd(II): specifically, a Cd(II) protein much like the known Zn(II) proteins. He searched 

equine kidneys due to the organ’s high Cd(II) content and discovered Cd(II)-bound MT.63, 

66  

MT extracted from human renal tissues was bound mainly to Cd(II) and Zn(II) with some 

Cu(I) content,65, 81 while MT extracted from human liver was primarily Zn(II)-bound.86 

Cu(I)-bound MTs are more common in mammalian fetuses,87-88 in yeast and other fungal 

MTs,89 and in the mammalian brain MT3.82 These findings suggest a possible role in metal 

storage, homeostasis, or protection. 

1.3.2 Upregulation of metallothioneins: sources and pathway 

MT is always expressed at a basal level. However, many agents can upregulate MTs 

including metals, oxidative stress, glucocorticoids, and cytokines. MT1 and MT2 are 

inducible by metals, while MT3 and MT4 are not.83, 90 As the research described in this 

thesis primarily focuses on MT1, only the proposed functions of MT1 and MT2 are 

described in this section. 
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MT1 and MT2 induction in mammals can be caused by a variety of metals, including Zn, 

Cd, Cu, Hg, Bi, Cr, Fe, Pb, Mn, Ni, As, Ag, and Au.91-99 However, Zn and Cd are the most 

effective at MT induction and expression. Expression is ubiquitous for MT1 and MT2, 

however it is most concentrated in the liver and kidneys.83 

Many studies have also explored MT induction by oxidative stress. The source of this can 

include heavy metal exposure,100-103 stressors such as cold, food restriction, exercise, or 

radiation, chemicals such as acetaminophen or glyphosate, 104-105 superoxide generators 

like paraquat,104, 106-107 and free radical generators such as H2O2.108  

The pathway through which MT is primarily upregulated specifically involves Zn(II). If 

the cellular environment has a high enough level of free Zn(II), this Zn(II) binds to the 

MRE-binding transcription factor-1 (MTF-1), a Zn-finger protein. The Zn(II)-bound MTF-

1 then binds to metal response elements (MREs) in the promoter region of MT genes, 

inducing their transcription.109 This allows the cell to maintain homeostasis by way of 

inducing MT to bind the excess Zn(II). 

This induction pathway, while it requires Zn(II), can indirectly be stimulated by other 

metals and ROS. When a heavy metal enters the system, it can bind MT, displacing the 

Zn(II), which then binds to MTF-1.108 A similar pathway occurs with ROS. These oxidize 

MT’s cysteine thiols to disulfide bonds, causing release of the bound Zn(II). It has been 

shown that H2O2, Zn, Cd, and Cu can induce MT production when Zn-saturated MT is 

present by way of the MTF-1 pathway in a cell-free system.108 Additionally, ROS can 

induce MTs directly, independent of Zn(II) through the antioxidant response element 

(ARE). The implications are that ROS can induce MT via either pathway: they can displace 

metals and upregulate MT through MREs or directly through AREs.83 Other pathways 

through different response elements exist as well, however, discussions of these REs are 

beyond the scope of this thesis.110 

1.3.3 Protective effects of metallothioneins 

MTs were found to have a protective effect against heavy metals. Many studies using MT 

knockout mice have shown greater sensitivity to metals such as Cd, Zn, Cu, and As.111-114 
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However, although MT mitigates Cd toxicity, it does not cause excretion of Cd. Rather, it 

accumulates in the kidneys.113 MT has also been associated with formation of Pb inclusion 

bodies, which protect against Pb toxicity. MT-null mice do not form these inclusion bodies, 

and thus suffer greater effects of Pb poisoning.115 

MT has also been shown to protect against oxidative stress. MT has a redox potential of 

about –366 mV, which is lower than GSH116 and reacts with free radicals faster than 

GSH.117 In V79 Chinese hamster fibroblasts, MT was shown to prevent oxidative damage 

by H2O2 to DNA strands.118 MT also was able to protect NIH 3T3 cells from nitric oxide 

induced DNA strand breaks.119 Zn, Cu, Bi, Co, Cd, and Hg induction of MT prior to 

administration of paraquat to mice decreased mortality, with Zn being the most effective.120 

In another study, MT was induced in HL-60 cells using Zn. It was confirmed that no GSH 

was induced. A higher lethal dose of H2O2 was required after MT induction compared to a 

control, suggesting MT had a protective effect.121  

It is important to note that these studies do not consider the effect of possible Zn deficiency 

on the protective effect of MT. Since Zn is required for upregulation, particularly in the 

case for heavy metals, its absence may decrease MT’s protection in the wild type mice. 

1.3.4 Metallothioneins’ role in Zn(II) homeostasis 

Zn(II) plays an important role in the functions of MT. It is similar to a transient metal 

cofactor as it is required to upregulate MT in cases of stress. The total concentration of 

Zn(II) in mammalian cells is between 100 and 500 μM,122-124 while free Zn(II) is estimated 

to be in the nanomolar to picomolar range, meaning that the majority of cellular Zn(II) is 

bound to the Zn-proteome.122, 124-126 A cellular concentration of 13 μM has been reported 

for MT.127-128 

Metallothionein has been proposed to be involved in Zn(II) homeostasis. When a Zn(II)-

enriched diet was fed to rats, Zn-MT accumulated in the liver and kidneys. Conversely, 

when the rats were starved of Zn(II), the Zn(II) was released from the MT and excreted 

from the rats, suggesting that MT will release Zn(II) in times of Zn(II)-deficiency.129 
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MT-null mice given either deficient or excess Zn(II) showed higher sensitivity to the 

effects of Zn(II) deficiency or toxicity than controls with normal MT expression levels.111 

Additionally, MT-null mice were shown to have development problems even under 

conditions of only mild Zn(II) deficiency.130-131 However, another study concluded that 

MT-null mice are viable and born phenotypically normal, although more susceptible to 

Cd(II) toxicity.132 As discussed by Petering, the lab mice in this study were under optimal 

conditions and obtaining an adequate amount of Zn(II) which may have mitigated the 

possible impact of a Zn(II) deficiency.124 This suggests that MT plays the most important 

role under sub-optimal nutritional conditions. 

Zn(II) is normally transported into the cytoplasm by ZRT-IRT-like proteins (ZIP) and out 

of the cytoplasm by Zn(II) transporters (ZnT).124 There is evidence that MT may bind some 

of this cellular Zn(II) and can distribute it to other proteins. For example, Zn(II)-bound MT 

has been shown to donate Zn(II) to the DNA binding domain of Gal4,133 carbonic 

anhydrase,134-135 alkaline phosphatase, and carboxypeptidase A136 in vitro. Apo-MT can 

inactivate the zinc finger containing factor Spl,137 as well as alkaline phosphatase when in 

the presence of Zn(II) chelators.136 An in vivo experiment showed that Zn(II)-bound MT 

delivers Zn(II) to mitochondrial aconitase in in mouse hearts.138 It has also been shown that 

Zn7MT can transport Zn(II) into liver and prostate mitochondria.139 These experiments 

show that MT may participate in Zn(II) trafficking. 

Based on the available research, MTs appear to play roles in metal homeostasis, heavy 

metal detoxification, and protection against oxidative stress. To this point, however, there 

has been no discussion of possible structure-function relationships for MTs. Based on the 

proposed functions, it is clear that the structure of MT is dynamic and is controlled by the 

binding and releasing of metals and the oxidation and reduction of the cysteines. In the 

next section, the structural characterization of MT is described. 
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1.4 Metallothionein Structural Characterization 

1.4.1 Early characterization of metal-thiolate bonds and the two-
domain structure 

During the early years of MT research, MT’s lack of aromatic amino acids or secondary 

structural elements meant that the metal content and metal-thiolate bonds were the most 

prominent feature that could be easily studied. Common techniques used were atomic 

absorption spectrometry (AAS) for analyzing the metal content, UV-visible absorption and 

circular dichroism (CD) spectra to characterize metal-thiolate structures, and X-ray 

absorption spectroscopy (XAS) for elucidation of the coordination and local structure of 

the metal-thiolate bonds.140 Metallated MTs will have a ligand to metal charge transfer 

(LMCT) bands in the UV or near UV region depending on the metal identity. The CD 

spectrum of fully metallated Cd(II) and Zn(II) bound MTs contains a characteristic 

derivative shape. This is sometimes referred to as the “Cotton Effect” and is due to splitting 

of excited states.141 

To date, only two X-ray crystal structures of MT have ever been reported. The first was for 

Cd5Zn2MT2 from rat liver in 1986, which has the 20 cysteines typical of mammalian 

MTs.142-143 This structure was further refined in 1991.143-144 The connectivity of the metal-

thiolate clusters was determined through 1H and 113Cd nuclear magnetic resonance (NMR) 

spectroscopy studies from rabbit liver Cd7MT2,145 human liver Cd7MT2,146 and 

recombinant mouse Cd7MT1.147 This connectivity is shown in Fig. 1-1 using the human 

MT1a sequence, the isoform which is the focus of this thesis. It has been confirmed using 

NMR spectroscopy that recombinant human MT1a exhibits the same metal thiolate clusters 

as the other isoforms studied.148 Cd7MT and Zn7MT, have two metal thiolate clusters in 

distinct domains connected by a short linker region. The clusters have a mix of bridging 

and terminal thiolates. The N-terminal domain, which contains an M3S9 structure (where 

M = divalent metal and S = cysteinyl sulfur), is called the β-domain. The C-terminal 

domain, which contains an M4S11 structure, is called the α-domain. The metals are bound 

with a tetrahedral coordination geometry.  
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The second crystal structure was reported in 2005 for a yeast Cu8MT, which has a 

dissimilar structure to mammalian MTs. A single cluster of six trigonally and two 

diagonally coordinated Cu(I) to 10 cysteines was reported.149 MTs are notoriously difficult 

to crystallize due to their fluxional nature compared to more traditionally ordered proteins. 

Even fully metallated MTs are difficult to crystallize as evidenced by the existence of only 

two structures. This means that less well-defined apo and partially metallated MTs are next 

to impossible to crystallize. In fact, these other structures were so difficult to study, it was 

initially thought that only the fully metallated forms were relevant in vivo.144, 150-152 

1.4.2 The elusive structure of apo-metallothionein 

It was previously not known whether any forms other than the fully metallated MT existed. 

Due to its rapid degradation by proteases compared to the fully metallated Zn7MT 

counterpart,150 it was assumed that apo-MTs did not exist in vivo.151 Therefore, there was 

little interest in the study of apo-MTs. However, metal unsaturated MTs were eventually 

discovered in vivo using fluorescent sensors153 and Cd(II) saturation methods154-155 which 

challenged this view and piqued the interest of researchers to consider other forms of 

MT.153 

Figure 1-1. Sequence of human MT1a. The sequence of human MT1a showing the two-

domain connectivity of the metals based on data from Messerle et al., 1990. The Cd(II) 

are shown in green and the cysteines are shown in yellow. The linker region is shown in 

peach. 
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The structure of apo-MT is very difficult to study by traditional methods. Apo-MTs lack 

significant secondary structural elements. This means minimal information is obtained 

from CD spectra, which reveal a largely disordered structure.156 Their fluxionality and 

heterogeneity also means that NMR spectra show blurry, averaged signals.157 The 

conclusion from these data is that apo-MT is intrinsically disordered. However, some 

researchers have attempted to further characterize the apo-MT structure. 

Studies using ESI-MS charge state analysis158 and a fluorescence resonance energy transfer 

(FRET) sensor159 have shown that the difference in size between apo-MT and fully 

metallated MT is minimal, implying that the apo-MT is already in a compact conformation. 

Stopped flow kinetic studies have revealed that Cd(II) binds to apo-MT under native 

conditions more rapidly than apo-MT under denaturing conditions, which implies that 

structure of apo-MT is arranged in such a way to favourably bind metals.160-161 IM-MS 

studies showed that apo-MT exists in an ensemble of both compact and extended structures 

under native conditions, which shifts to include only the compact conformations upon full 

metallation to Cd7MT.162-163 

Molecular dynamics (MD) simulations of MTs have shown that MT retains its backbone 

fold after sequential demetallation.164 This contrasts with the results obtained from MD 

simulations of MTs beginning from a linear sequence, which revealed a collapsed but 

random coil. In both simulations, the cysteine residues were shown to be solvent-exposed 

in apo-MT.164 Conversely, cysteine modification experiments monitored using ESI-MS 

have shown that apo-MT under physiological conditions has some cysteines buried in the 

interior of the protein. This experiment was also performed on apo-MT under denaturing 

conditions, where it was found that all the cysteines are equally solvent-exposed, 

suggesting an unfolded protein.165 

1.4.3 Beyond two-domains: partially metallated Zn(II) and Cd(II) 
metallothionein structures and binding pathways 

Previously, it was thought that the two-domain Zn7MT and Cd7MT always formed 

cooperatively.144, 152 This thought persisted even after acknowledgement of metal-
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unsaturated MTs.153 Due to the limitation of many spectroscopic techniques only showing 

an average of species in solution, it was difficult to determine the metal binding pathway. 

The use of ESI-MS techniques proved an ideal solution to this problem as the spectra show 

individual species while maintaining gentle conditions that often reflect the solution phase. 

When this technique was employed for metal binding titrations, it was found that the 

formation of Zn7MT and Cd7MT were non-cooperative.166-168 There were, however, 

conflicting reports on the exact metal-binding pathway, particularly on the first four metals. 

Results reported an initial cooperative formation of Zn4MT or Cd4MT,169 a semi 

cooperative formation of Cd4MT170, or a non-cooperative formation where significant 

amounts of Zn1-3MT168 and Cd1-3MT166-167 species exist in a distribution. 

The pathway of metallation was also found to be highly dependent on pH environment, 

which provides a likely explanation for the varying results in these studies. Metal-binding 

releases the thiol proton, which reduces the pH level, particularly in ESI-MS compatible 

solvents which typically do not buffer at neutral pH. At pH > 7, Cd(II) will bind primarily 

non-cooperatively, reaching full non-cooperativity by pH 8.171 At pH < 7, a cooperative 

pathway where apo-MT forms Cd4MT and then Cd7MT will dominate.171 With Zn(II), at 

pH > 5, the non-cooperative pathway dominates. Below pH 5 some cooperativity to Zn4MT 

is observed, however it is never fully cooperative before the point where metals become 

displaced due to protons competing for the thiols. Species between Zn1-3MT are still 

observed.171 In the same study, these structures were also confirmed by CD spectroscopy 

by presence or absence of the derivative signal characteristic of the cluster structures.171 

An additional Cd8MT species has also been characterized by ESI-MS and CD 

spectroscopy.148 

Mass spectrometry also allows determination of individual relative binding constants by 

titrating in the metal against a competitor with a known binding constant such as carbonic 

anhydrase. Using this method, both the binding constants for the formation of Zn1-7MT and 

Cd1-8MT have been determined.135, 172 Other methods used, such as fluorescence 

spectroscopy and isothermal titration calorimetry (ITC) cannot distinguish all of the 

individual species.173-174 
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The specific binding sites of partially metallated Zn(II) and Cd(II) at physiological pH have 

also been investigated using a combination of cysteine modifiers and tandem mass 

spectrometry. In one study, the initial four Cd(II) were found to preferentially bind in the 

α-domain.175 Another study found that the partially metallated Zn(II) and Cd(II) bound MT 

structures were different from each other. Cd4MT had Cd(II) localized primarily in the α-

domain, while Zn(II) was found in both domains of Zn4MT.176 

1.4.4 Non-traditional metallothionein structures 

It is generally agreed upon that Zn(II) is the most biologically relevant metal that MT binds 

in mammals. Due to Zn(II) being generally spectroscopically silent, Cd(II) is often used in 

place of Zn(II) for structural studies as it binds in a very similar manner. Based on the 

available X-ray crystallography data, it can also be inferred that mixed Cd(II) and Zn(II) 

bound MTs retain the two-domain structure. Therefore, the majority of MT metallation 

studies focus on Zn(II) and Cd(II). However, MT also binds a variety of metals including 

the group 11 and 12 elements and various transition metals with unique stoichiometries. 

Table 1-2 summarizes the currently known key stoichiometries and coordination 

geometries of metals binding to apo-MT along with the major technique(s) that contributed 

to the knowledge. For simplicity, only the maximum stoichiometry or well-defined key 

structures are included. The binding affinities for various metals have been reported as 

being in the order (Hg > Cu > Ag > Cd > Pb > Zn > Co > Ni > Fe) at physiological pH.110 

The metals can bind through many different pathways, some which differ depending on 

pH conditions. These pathways can be entirely non-cooperative where no specific species 

are favoured, or no cluster structure is observed. This is the case with As(III) and Bi(III), 

which bind to apo-MT with a maximum stoichiometry of As6MT or Bi6MT, respectively 

177-178 under low pH conditions. 

Some metals display cooperative and domain specific cluster formation regardless of pH 

environment. An example is Cu(I) which has recently been extensively studied using ESI-

MS techniques. Studies using the full βαMT and the fragment β-domain and α-domain 

reveal that Cu4MT and Cu6MT clusters form initially in the β-domain, followed by a 

Cu4MT cluster in the α-domain (Cu10βαMT). Additional Cu(I) can bind to the α-domain to 



18 

 

form a Cu7MT cluster in the α-domain and Cu13MT in the full protein.179 This is followed 

by non-cooperative addition of Cu(I) up to Cu20MT.179-180 

Ag(I) also binds through a cooperative pathway that differs from that of Cu(I). Studies 

using CD spectroscopy have shown that cluster formation occurs at stoichiometries of 

Ag6MT with three Ag(I) in each domain, then Ag12MT, and Ag18MT. Studies on the 

individual domains showed that Ag3βMT, Ag3αMT, and Ag6αMT could form.181 More 

recently, Ag4MT and then Ag6MTwere shown by ESI-MS to form cooperatively in the β-

domain. After formation of these species, up to Ag17MT forms non-cooperatively.182 

Metal binding can also vary based on anions present. Hg(II) appears to bind Hg7MT in a 

two-domain cluster similar to Cd7MT or Zn7MT based on sulfur L-edge XANES.183-184 

However, Hg18MT has also been reported, a structure which produces a distinct CD 

spectrum and is highly dependent on pH and Cl- availability.185 Hg18MT is quite different 

from Hg7MT in terms of the sulfur coordination.184 XAFS shows that Hg7MT is 

coordinated by four sulfurs with two long and two short bonds. Hg18MT is more disordered 

with each Hg(II) having two bonds to sulfur and occasionally one to a Cl- anion.186 

Metal centers of metallodrugs also bind to MTs, resulting in ligand dissociation. This may 

provide insight into MTs role in drug resistance. When MT interacts with the anticancer 

drug cisplatin, the removal of the Pt(II) takes place in a stepwise manner with the 

dissociation of the ligands being monitored using ESI-MS.187 The Pt(II) in cisplatin can 

also cause Zn(II) displacement from MT in a non-cooperative, biphasic manner.188-189 

Cisplatin has also been shown to prefer reaction with Zn7MT over zinc finger proteins, 

which leads to Zn(II) displacement and thus the potential upregulation of MT by MTF-

1.190 A similar pathway occurs for dirhodium tetraacetate, a potential anticancer agent, 

where the ligands dissociate from the complex after MT binding to the metal center.191-192 

This is also the case with the drug [Ru(η6-p-cymene)Cl2(pta)] (RAPTA-C).193 The 

destructive interactions of MT with metallodrugs highlights the importance of 

understanding the binding of xenobiotic metals to MT. 
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Table 1-2. Various metal binding stoichiometries for mammalian MTs.The 

stoichiometries and coordination geometries of various metals binding to mammalian MTs 

at neutral pH (unless otherwise noted) indicating the instrumental techniques used. 

Adapted from Scheller et al, 2018.194

Metal Stoichiometry  Coordination  Technique 

Zn(II) Zn7βαMT (Zn3βMT + Zn4αMT) Tetrahedral X-ray crystallography142-143 

Cd(II) Cd7βαMT (Cd3βMT + Cd4αMT) Tetrahedral X-ray crystallography142-143 

NMR spectroscopy145-147 

 Cd8βαMT  ESI-MS148 

CD spectroscopy148 

Hg(II) Hg7MT 

Hg18MT (low pH) 

Tetrahedral Absorption spectroscopy195 

XANES184 

CD spectroscopy185, 196 

XAFS186 

Cu(I) Cu10βαMT (Cu6βMT + Cu4αMT) 

Cu13βαMT (Cu6βMT + Cu7αMT) 

 ESI-MS179 

Emission spectroscopy179 

 Cu20βαMT  ESI-MS180 

Ag(I) Ag6βαMT (Ag3βMT + Ag3αMT) 

Ag12βαMT 

Ag18βαMT 

Linear CD spectroscopy181 

EXAFS197-198 

 Ag4βMT 

Ag6βMT 

Ag17βαMT  

 ESI-MS182 

Au(I) Unknown Mixed 

monodentate and 

bidentate 

Absorption spectroscopy199-201 

EXAFS/XANES199 

Emission spectroscopy200 

Bi(III) Bi7βαMT 

Bi3βMT (low pH) 

Bi4αMT (low pH) 

Mixed trigonal 

pyramidal and 

tetrahedral 

ESI-MS178 

NMR/EXAFS202 

As(III) As6βαMT (low pH) 

As3βMT 

As3αMT 

Trigonal pyramidal ESI-MS177 

 

Pt(II) Pt7MT 

Pt17MT (low pH) 

Square planar AAS203 

Absorption spectroscopy203 

Ni(II) Ni7MT Tetrahedral MCD204 

Rh(II) Rh2βMT  ESI-MS191 

 Rh6βαMT  ESI-MS192 

Co(II) Co7MT Tetrahedral MCD204 
1H NMR spectroscopy205 

Pb(II) Pb7MT Tetrahedral Absorption spectroscopy183 

 Pb9MT  ESI-MS206 

Fe(II) Fe7MT Tetrahedral Absorption spectroscopy and 

MCD207 

Tc(V) Tc7MT Square pyramidal Absorption spectroscopy208 

Raman spectroscopy208 

Radiolabeling208 
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1.4.5 The effect of metallothionein structure on oxidation 

Although many MT studies focus on metal binding pathways, studying demetallation is 

equally important to understanding MTs functions. This is because, as discussed 

previously, the Zn(II) displacement from MTs by various agents is a major pathway for the 

upregulation of MTs. Likewise, as MTs act as a “sponge” for a variety of metals, the release 

of xenobiotic metals is also important to study. 

The two domain cluster structures of Zn7MT and Cd7MT have an impact on the pathway 

of metal release. Most notably, each domain has a different reactivity towards agents 

inducing metal displacement. Reaction of Zn7MT and Cd7MT with 5,5′-dithiobis-(2-

nitrobenzoic acid) (DTNB), which forms an intermolecular disulfide bond with individual 

cysteines, revealed biphasic kinetics.209 The same reaction using only the α-domain showed 

that Cd4αMT was displaced according to monophasic kinetics.210 This difference was 

evidence that the biphasic kinetics were caused by different reactivity of the clusters. 

Reaction of Cd7MT with the cysteine modifier NEM monitored by ESI-MS also shows the 

metals from the Cd3βMT are displaced first.175 This also is the case when using other metals 

to displace Zn(II) or Cd(II), such as Bi(III).202 

The interactions of reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

with MTs are also important to study due to their biological roles and participation in the 

state of oxidative stress. Exposure of MTs to oxidative stress has been shown to both cause 

disulfide bond formation211-214  and metal displacement.116-117, 128, 136, 211, 215-224 

The reactivity of the two domains have been studied using oxidizing agents. 113Cd NMR 

spectroscopy confirmed that, upon oxidation by nitric oxide (NO), the three metals from 

the β-domain are more labile and thus released first.224 On the contrary, a tandem MS study 

showed disulfide formation on both the β-domain and α-domain in mouse heart MT upon 

exposure to ROS in vivo.225  It should be noted however, that no investigations of the 

metallated structures were conducted. It is possible that the formation of disulfide bonds 

does not necessarily result in immediate metal release due to the stable network of metal-

thiolate clusters, particularly in the α-domain. 
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Matrix-assisted laser desorption/ionization (MALDI) MS-MS has been used to investigate 

the disulfide bond structures formed in the γ-domain of the wheat Ec-1 MT upon oxidation 

with H2O2.223  This protein domain is unlike mammalian MTs in that it only binds two 

Zn(II). Nevertheless, it can serve as a model for MTs in general. This study found that the 

disulfides formed were specific and were the same regardless of whether the protein was 

in the apo or fully metallated form, suggesting that a similar overall backbone fold of the 

MT in both states played a role. 

The effect of whether a metal-bound thiolate was bridging or terminal on MT’s resistance 

to oxidation was also studied using computational methods.226 When simulating the release 

of Zn(II) from the β-domain of MT, it was found that the terminally bound cysteines were 

more susceptible to oxidation than bridging cysteines within the cluster.226 This suggests 

that there may be a difference in susceptibility to oxidation between the fully metallated 

two-domain structure and a partially metallated structure that has not yet formed the 

complete network of bridging cysteines. 

1.5 Scope of the Thesis 

MTs can adopt many different structures that depend on factors such as pH conditions, 

metal-loading status, and redox conditions. These structures formed can involve free 

reduced or oxidized cysteines and mixed metal species. The more fluxional and 

heterogenous, the more difficult the structures are to analyze using traditional methods. 

In this thesis, research using ESI-MS in combination with MD simulations, stopped-flow, 

CD spectroscopy, and absorption spectroscopy to characterize various dynamic MT 

structures is described. In Chapter 2, an overview of these techniques and their applications 

to MTs is provided.  

The structural characterization of the apo-MT using MD simulations, ESI-MS, and CD 

spectroscopy is described in Chapter 3. The response of apo-MT to various denaturing 

conditions was studied which was found to be different than expected for a random coil. 

Rather, apo-MT adopts a bundled conformation under physiological conditions which can 

be cooperatively denatured. 
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In Chapter 4, the study of the partially metallated Zn(II) and Cd(II) species is described. 

Using stopped flow methods, CD spectroscopy, and ESI-MS, the dependence of the Zn(II) 

and Cd(II) metallation pathways on the pH and the apo-MT structure was investigated. 

Cysteine modification monitored by ESI-MS under native and denaturing conditions 

revealed the individual MxSy species formed in the early steps of the reaction, revealing 

that these early metal-thiolate species depend on the apo-MT structure. 

The focus of Chapter 5 is on the stepwise binding of Bi(III) to apo-βαMT, apo-βMT, apo-

αMT, and Zn7βαMT to study the formation of non-traditional structures in MTs. The results 

were found to differ depending on pH or Bi(III) salt used. Using EDTA as a competitor, 

the relative stepwise binding constants of Bi(III) binding to apo-βαMT, apo-βMT, and apo-

αMT at pH 7.4 were determined. The stoichiometries and domain specificities were studied 

using cysteine modifier and trypsin digestion experiments. A difference in species was 

observed whether the Bi(III) was titrated into apo-βαMT or Zn7βαMT, suggesting that the 

initial metal-loading status of the MT impacts the metal binding pathways. 

The ROS-induced disulfide bond formation and metal displacement has not yet been 

studied in mammalian MTs using ESI-MS techniques. The impact of metal-loading status 

and metal-thiolate structures as a mechanism for protection have also not been considered. 

Chapter 6 details the oxidation of fully and partially metallated Cd(II) and Zn(II) bound 

MTs with H2O2. Kinetic studies monitored by ESI-MS revealed each of the Mx(SH)yMT 

species formed during the reaction and allowed for determination of the individual rate 

constants. The partially oxidized structures were characterized using CD spectroscopy. The 

partially metallated Cd(II) MTs were found to be more resilient against ROS than the 

partially metallated Zn(II) MTs. 

Together, these studies show the different fluxional MT structures that can be observed 

using ESI-MS in combination with solution techniques. The results provide a more detailed 

picture of the dynamic structures of MT with some insight into the possible structure-

function relationships for MTs. 
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Chapter 2 

2 Materials and Methods 

This section describes the instrumental theory and methods used in the work presented 

throughout thesis in greater detail than what a typical journal article would contain. 

Absorption spectroscopy, circular dichroism spectroscopy, electrospray ionization mass 

spectrometry, stopped flow, and molecular modelling techniques were employed to 

characterize MT and are described in this Chapter. Combined, these techniques provide 

information on the dynamic folding, metallation, and redox state of this protein. 

2.1 Instrumental Methods: Theory and Applications 

This section outlines the theory behind the instrumental methods used and describes their 

applications to the research presented in this thesis. Some general procedures, example 

spectra, and instrument parameters are provided in this section. More specific procedures 

are described in the relevant chapters. All of the instruments and laboratory equipment used 

are listed in Table 2-1. 

2.1.1 UV-visible absorption spectroscopy 

Absorption spectroscopy relies on the phenomenon of electron excitation upon the 

absorption of light. An electron in a compound is promoted to the excited state when it 

absorbs light at a particular wavelength, which can be measured using absorption 

spectroscopy. During an absorption experiment, the spectrometer shines light on the 

sample at the desired wavelength(s) and measures the difference in the incident radiation 

(I0) and the transmitted radiation (I). From this, Transmittance (T) and Absorbance (A) can 

be calculated using Equations 2-1 and 2-2, respectively. 

𝑻 =
𝑰

𝑰𝟎
                                                                   (2-1) 

𝑨 = −𝒍𝒐𝒈𝑻                                                             (2-2) 



24 

 

Table 2-1. Instruments and laboratory equipment used in this thesis. The supplier, 

country of origin if not Canada, model name, and the type of instrument are shown. 

Supplier Name and Instrument/Equipment Type 

Agilent Cary 60 UV-visible absorption spectrometer 

Beckman-Coulter (USA) Avanti J-26 XPI fixed rotor Centrifuge 

Rotors: 

JLA 8.1000 

JA 25.50 

Beckman-Coulter (USA) Allegra X-30R Centrifuge 

BioLogic (France) MOS-250 UV-visible absorption spectrometer 

BioLogic (France) SFM 400 Stopped Flow 

Blue M (USA) Dry Type Bacteriological Incubator, Gravity 

Convection 

Bruker MicroTOF II Mass spectrometer (ESI Source and 

TOF Analyser) 

Büchi (Switzerland) F-105 Recirculating Chiller 

Constant Systems (UK) E1061 Cell disruptor 

Eppendorf (Germany) Centrifuge 5418 Microcentrifuge 

Rotor: 

FA-45-18-11 

GE Healthcare (USA) HiTrap SPHP Cation exchange column 

GE Healthcare (USA) HiTrap QHP Anion exchange column 

Hach (USA) H160 Portable pH Meter 

Jasco (USA) J-810 Spectropolarimeter 

Millipore-Sigma (USA) Amicon® Ultra 4 mL Centrifugal Filter (3 kDa)  

Millipore-Sigma (USA) Stirred ultrafiltration cell with a 5 kDa cellulose 

membrane 

New Brunswick Scientific Excella E24 Incubator Shaker 

Sigma (USA) Thrombin CleanCleaveTM Kit 

Thermo Fisher Scientific (USA) Dionex™ UltiMate 3000 HPLC Pump 

Thermo Fisher Scientific (USA) Fisherbrand™ accumet™ AB15 Basic pH Meter 

Thermo Fisher Scientific (USA) Fisherbrand™ accumet™ Gel-Filled Pencil-Thin 

pH Combination Electrode - Mercury-Free 

Thermo Fisher Scientific (USA) Orion™ 9863BN Micro pH Electrode 

Thermo Fisher Scientific (USA) Sterilemax Table Top Steam Sterilizer (Autoclave) 

Thermo Fisher Scientific (USA) Thermix® Stirring Hot Plate Model 210T  

Varian (USA) Cary 50 UV-visible absorption spectrometer 

Varian (USA) DMS 80 UV-visible absorption spectrometer 
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The absorbance is directly proportional to the concentration of the sample. The Beer-

Lambert Law (Equation 2-3) can be used to calculate the absorbance expected if the 

concentration of the sample (C) in M, the path length (l) in cm, and the molar extinction 

coefficient (ε) in M-1cm-1 are known. 

𝑨 = 𝜺𝒍𝑪                                                                 (2-3) 

Typical proteins absorb in the UV region of the electromagnetic spectrum. The amide of 

the peptide backbone absorbs at 190 nm due to a π→π* transition and at 220 nm due to an 

n→π* transition. The aromatic amino acids tryptophan, tyrosine, and phenylalanine absorb 

at 280 nm, 275 nm, and 257 nm, respectively. Cystine, a disulfide bond originating from 

the oxidized form of the amino acid cysteine, also absorbs at 280 nm. These signals are 

due to π→π* transitions.227 

The focus of this thesis is on metallothioneins (MTs), which lack aromatic amino acids. 

However, MTs produce a ligand to metal charge transfer (LMCT) band upon formation of 

Figure 2-1. UV-visible absorption spectra of MTs. UV-visible absorption spectra of 

25 μM apo-MT, Zn7MT, and Cd7MT measured at pH 7.4 in 5 mM ammonium formate. 
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metal-thiolate bonds. This transition is caused by the transfer of the highest occupied p 

orbital π electron to the empty ns orbital of the metal (π→σ* transition), where n = 4 for 

Zn(II) and n = 5 for Cd(II).141 Fig. 2-1 shows the absorption spectra of apo-MT, Cd7MT, 

and Zn7MT measured using a Cary 60 UV-visible absorption spectrometer. The S→Zn and 

S→Cd LMCT bands are seen at 230 nm and 250 nm, respectively. Due to the lack of 

characteristic signals in the apo-MT, UV-visible absorption spectroscopy is most useful for 

monitoring metal binding reactions. For the research described in this thesis, it was used in 

combination with stopped-flow, which will be discussed in a later section. 

2.1.2 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy measures the difference in the absorption of left and 

right circularly polarized light (Equation 2-4). This difference occurs when there is chirality 

in a molecule. 

𝜟𝜺 = 𝜺𝑳 − 𝜺𝑹                                                                                        (2-4) 

Figure 2-2. CD spectra of MTs. CD spectra of 25 μM apo-MT, Zn7MT, and Cd7MT 

measured at pH 7.4 in 5 mM ammonium formate. 
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Proteins display unique CD signals when an α-helix or β-sheet is present, which makes CD 

spectroscopy ideal for studying protein folding. MT does not contain α-helices or β-sheets, 

rather the apo-MT CD spectrum in the near-UV region more so resembles that of a 

disordered protein with a characteristic negative signals in the near-UV region.228-229 

However, the two-domain Zn7MT and Cd7MT cluster structures display derivative signals 

at 230 nm (–) and 245 nm (+) and 240 nm (–) and 260 nm (+), respectively. This biphasic 

signal arises from the excited state splitting of the metal-cluster chromophores, which are 

chiral in nature.141 Fig. 2-2 shows the CD spectra of apo-MT, Cd7MT, and Zn7MT 

measured using a J-810 Spectropolarimeter. These characteristics provide solution 

structural information about the nature of the metal-thiolate clusters. Additionally, the apo-

MT signal at 222 nm can be used to probe the degree of disorder in the structure. An 

ellipticity closer to zero at this wavelength indicates a more disordered structure, more 

similar to a random coil.228, 230 

2.1.3 Electrospray ionization mass spectrometry 

Mass spectrometry measures analytes based on their mass-to-charge ratio (m/z) in the gas 

phase. The main components of a mass spectrometer are the inlet system, ion source, mass 

analyzer, and detector. From the detector, the signal is processed and displayed as a graph 

of intensity vs mass-to-charge ratio (m/z). 

The source generates the ions. There are hard and soft ionization methods. Hard ionization 

methods such as electron ionization (EI) and chemical ionization (CI) are commonly used 

for small molecules as they have predictable fragmentation patterns useful for 

identification. Soft ionization techniques produce minimal to no fragmentation and are 

typically used for large macromolecules such as proteins. The two most common ionization 

methods used for proteins are electrospray ionization (ESI) and matrix-assisted laser 

desorption/ionization (MALDI), both soft techniques. This thesis focuses on ESI-MS, 

which was developed for use on biological macromolecules in the 1980’s.231-233 

Figure 2-3 shows a simple schematic of the Bruker MicroTOF II mass spectrometer, the 

instrument used for the research in this thesis, with a close-up view of the ESI source in 

positive ion mode. This figure was based on the schematic shown in the user manual. For 
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simplicity, the mechanism will be described for positive ion mode. First, the solution 

containing the analyte is introduced via the inlet system to a stainless-steel capillary under 

atmospheric pressure (Fig. 2-3A). The ESI source showing the formation of charged 

droplets is depicted in Fig. 2-3B. A voltage (~3000-5000 V) is applied to the capillary. The 

mass spectrometer acts as an electrochemical cell with the capillary as the anode and the 

spray shield as the cathode. At the anode, an oxidation reactions occurs, typically the 

oxidation of water in the solution (Equation 2-5).234 

𝟐𝑯𝟐𝑶 → 𝟒𝑯+ + 𝑶𝟐 + 𝟒𝒆−                                            (2-5) 

Figure 2-3. A schematic of the Bruker MicroTOF II mass spectrometer. Shown are (A) 

the inlet system, (B) the ESI source showing the mechanism of droplet formation, (C) the 

glass capillary, (D) the transfer optics, (E) the TOF analyser, and (F) the MCP detector. 

The dotted arrows show the pathway of ions through the instrument. 
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This oxidation generates the protons in solution responsible for creating the charge found 

in the solution and later the droplets. The electrons are removed via a wire and create the 

negative charge at the cathode.234 Due to the potential difference between the capillary and 

the spray shield, the positive charges become localized on the tip of the capillary. They 

become distorted and form a Taylor Cone until they break off and form charged droplets.235 

A nebulizer gas (usually nitrogen) assists in the formation of droplets. 

As the solvent evaporates, the droplets become smaller. Eventually, the Rayleigh limit will 

be reached, and the droplets will undergo fission, releasing charge. Equation 2-6 describes 

the number of charges that are allowed at the Rayleigh limit, where zR is the number of 

charges, e is the charge of an electron in C, ε0 is the vacuum permittivity, γ is the surface 

tension, and r is the droplet radius.236 

𝒛𝑹 =
𝟖𝝅

𝒆
√𝜺𝟎𝜸𝒓𝟑                                                             (2-6) 

This process repeats in a cascade. There are two different models to describe the release of 

the ions final nanodroplets to the gas phase. These are the ion evaporation model (IEM) 

and the charged residue model (CRM). The IEM, which is likely for small molecules, 

describes the emission of single charges from the droplet. The CRM, which is more likely 

for macromolecules, involves a single analyte in the final nanodroplet, which evaporates.237 

A chain ejection model (CEM) has also been proposed for unfolded peptides where the 

peptide is ejected from the droplet due to the exposed hydrophobic interior of the protein 

having unfavourable interactions with the droplet interior.237-238 Throughout these 

processes, which occur on the millisecond timescale, the positive droplets are pulled 

towards the negative spray shield. 

In the next stage, the ions are pulled through a glass capillary (Fig. 2-3C) which focuses 

the ions into a straight pathway and brings them through a series of vacuum drops and 

voltage drops (Fig. 2-3D). The skimmers keep the ions on the correct pathway. 

A mass analyzer is used to separate the generated ions based on their mass to charge ratio. 

In this thesis, a time-of-flight (TOF) mass analyzer is used (Fig. 2-3E). This is a pulsed 

method that measures the m/z of the ions based on the time they take to reach the detector. 
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A voltage pulse provides potential energy to ions. These ions undergo orthogonal 

acceleration and end up with different velocities as the potential energy is transformed into 

kinetic energy.239 Equation 2-7 shows how the different masses result in different times (t) 

to reach the detector, where l = length of the TOF analyzer, z = charge, ΔU = potential 

energy, m = mass, and t0 = the time of the delay.237 

𝒕 =
𝒍

√
𝟐𝒛𝒆𝜟𝑼

𝒎

+ 𝒕𝟎                                                               (2-7) 

A reflectron can be used to improve the resolution, as is the case with the Bruker MicroTOF 

II instrument. Instead of a linear TOF analyzer, the reflectron reverses the flight direction 

partway through to correct for slight differences in applied potential energy. The more 

reflectrons used will further increase the resolution but will also decrease the sensitivity.239  

The ions arrive at the detector (Fig. 2-3F). Microchannel plates (MCPs) are used as the 

detector for TOF analyzers. MCPs contain multiple channel electron multipliers (CEMs) 

and are ideal for TOF analyzers as they can handle multiple pulses close in time. They 

consist of a dynode, which causes emission of electrons when struck by an incoming ion.240 

In mass spectrometry, ions are always measured by their mass-to-charge ratio (m/z). Since 

ESI produces multiply charged ions, the resulting protein ESI spectrum will have multiple 

peaks corresponding to one species, which complicates the analysis. Deconvolution 

converts the x-axis of the spectrum from m/z to mass (Da) using Equation 2-8, where M = 

mass in Da, Rz = observed mass to charge ratio, m = mass of adduct ion (typically H+) in 

Da, and z = charge.241 A typical mass spectrum of recombinant human apo-MT1a is shown 

in Fig. 2-4. This apo-MT displays charge states from 3+ to 8+ in positive ion mode (Fig. 

2-4A). The deconvoluted spectrum displays a single peak corresponding to the mass of the 

apo-MT (Fig. 2-4B). 

𝑴 = (𝑹𝒛 − 𝒎)𝒛                                                           (2-8) 
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Figure 2-4. ESI mass spectrum of recombinant human apo-MT1a. A typical ESI mass 

spectrum of apo-MT at pH 7.4 obtained using the Bruker MicroTOF II instrument in 

positive ion mode. The spectrum in (A) shows the charge states and the spectrum in (B) 

has been deconvoluted. Both spectra’s intensities have been normalized between 0 and 1. 
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The typical settings used for ESI-MS experiments, optimized to study MT are shown in 

Table 2-2. The mass spectrometer was calibrated externally using ESI low concentration 

tuning mix. The theoretical average masses expected in the deconvoluted ESI mass spectra 

for each experiment described in this thesis are shown in Tables A-1 through A-4 

(Appendix A). 

Mass spectrometry can be used to identify species in solution based on the exact mass but 

is only a semi-quantitative technique with respect to the concentration of these species. It 

does not measure the actual concentration of the sample, but it can measure the relative 

abundance of a species compared to others using peak intensity, provided they have the 

same ionization efficiency.  

Table 2-2 The ESI-MS parameters used during experimental analysis of MT on the 

Bruker MicroTOF II instrument. 

Parameter Value 

Ion mode Positive 

Capillary 3500–4500 V 

End plate offset 500 V 

Nebulizer 1.0–2.0 bar (0.2 bar for calibration) 

Dry gas 4.0 Lmin-1 

Dry temperature 100 °C 

Capillary exit 180.0–220.0 V 

Skimmer 1 22.0 V 

Hexapole 1 22.5 V 

Hexapole RF 600.0 V 

Skimmer 2 22.0 V 

Lens 1 transfer 88.0 μs 

Lens 1 pre-pulse storage 28.0 μs 

Mass range 500–3000 m/z 
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ESI-MS is a powerful technique for studying MTs due to the ability to resolve individual 

species. In the titration of a metal binding to MT, relative binding constants can be 

calculated from the ESI mass spectra for each individual metallation step. For example, 

each step of a Zn(II) titration into MT can be described by Equation 2-9, where Kn describes 

the binding constant for the nth Zn(II) binding to MT. 

𝑲𝒏 =
[𝒁𝒏𝒏𝑴𝑻]

[𝒁𝒏𝒏−𝟏𝑴𝑻][𝒁𝒏(𝑰𝑰)]
                                                    (2-9) 

Binding constants are often expressed in the form logK. The cumulative addition of each 

individual logKn is expressed as logβn. To obtain binding constants from ESI mass spectral 

data, the metal must be titrated in against a competitor with a known binding constant to 

the metal. Experimental speciation curves can then be plotted and fit using the Hyperquad 

Simulation and Speciation (HySS) program which generates simulated speciation curves 

based on user-input logβ values.242 

Calculated binding constants as well as characteristic speciation patterns can be analyzed 

to determine whether the sequential metal-binding is non-cooperative (all binding 

constants are the same), negatively cooperative (binding constants sequentially decrease), 

or cooperative (binding constants sequentially increase). Examples of these binding 

pathways for the binding of seven metals to MT are shown in Fig. 2-5, modelled using 

HySS. Simulated speciation curves (Fig. 2-5i) can be converted to simulated mass spectra 

at any point in the titration (Fig. 2-5ii). Taking “slices” of the 3D spectra, a simulation of 

the corresponding mass spectra can be generated (Fig. 2-5iii-v). In a titration experiment, 

multiple points are measured using ESI-MS and their relative intensities are used to 

generate a speciation graph. This graph is then fitted using HySS and the relative binding 

constants are determined. It should be noted that for a real non-cooperative condition (Fig. 

2-5A) the sequential binding constants will not be the same but will decrease as binding 

sites become occupied and less are available for binding. The extreme condition shown in 

Fig. 2-5A is to provide a baseline in which to compare the strength of negative 

cooperativity between different conditions and to show how a more non-cooperative 

pathway would broaden the distribution seen in the mass spectra. 
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Figure 2-5. Speciation simulations showing different binding pathways. A simulation 

of MT with seven binding sites showing (A) a non-cooperative, (B) negatively cooperative, 

and (C) cooperative to M4MT and M7MT binding pathways. The speciation is shown as (i) 

a speciation vs metal added graph, (ii) a 3D graph of speciation, species identity, and metal 

added, and simulations of mass spectra at (iii) 2, (iv) 3.5, and (v) 5 mol. eq. metal added. 
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2.1.4 Stopped flow kinetic methods 

Stopped flow is a method used to study kinetics on millisecond timescales. A schematic of 

the SFM-400, the instrument used for the research in this thesis, is shown in Fig 2-6, based 

on information in the user manual.  

Syringes are used to deliver the samples in the desired ratios. These flow to the mixer, 

where they are rapidly mixed for a defined amount of time and then transferred to a cuvette. 

After the specified volume has been delivered, the hard stop closes, and the solution is 

trapped in the cuvette and allowed to age. A spectrometer (usually UV-visible or CD) 

collects a kinetic trace at a single specified wavelength. For the research in this thesis, a 

MOS-250 UV-visible absorption spectrometer was used in stopped-flow studies. 

Stopped flow in combination with absorption spectroscopy can be used to study MT 

metallation reactions by monitoring formation of the LMCT band. From this technique, 

rate constants can be determined by fitting the kinetic traces. 

The metallation of MTs can be described as a series of sequential bimolecular second order 

reactions. For example, for the formation of Zn7MT from apo-MT, there would be a series 

of seven reactions. Equation 2-10 describes the binding of the nth Zn(II) to MT. Equation 

2-11 describes the dependence of the rate of ZnnMT formation on the rate constant and the 

concentration of reactants. 

𝒁𝒏𝒏−𝟏𝑴𝑻 + 𝒁𝒏(𝑰𝑰) → 𝒁𝒏𝒏𝑴𝑻                                              (2-10) 

𝒅[𝒁𝒏𝒏𝑴𝑻] = 𝒌𝒏[𝒁𝒏𝒏−𝟏𝑴𝑻][𝒁𝒏(𝑰𝑰)]                                          (2-11) 

However, in an experiment where the LMCT band is monitored over time, only an average 

of all species in solution is observed. In reality, the the observed kinetic trace will consist 

of multiple overlapping bimolecular reactions, making the individual k1-7 impossible to 

resolve. The solution is to approximate by fitting the kinetic trace as a single bimolecular 

reaction to obtain a single rate constant describing the overall binding. 
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Figure 2-6. Stopped flow schematic. A schematic of the stopped flow apparatus showing 

the flow of the reagents from the syringes (S) to the mixers (M) and to the cuvette. The hard 

stop controls the flow of the sample out of the cuvette. The spectrometer monitors the 

reaction in the cuvette. Optional delay lines can be installed in between each mixer. 
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2.2 Computational Methods 

Molecular mechanics (MM) can be used to calculate the lowest energy conformation of a 

molecule. This technique is computationally inexpensive and is typically used in systems 

with a large number of atoms, making it ideal for proteins. MM treats atoms and bonds as 

hard spheres with defined van der Waals radii and springs which follow Newtonian 

physics. Force field parameters are input, which define the equilibrium energies. The 

deviation from these equilibrium energies is calculated as a sum of independent energy 

terms for bond stretching, bond bending, torsional strain, van der Waals interactions, 

stretch-bend interactions, dipole-dipole, and hydrogen bonding (Equation 2-12).243 The 

molecule arranges itself to minimize these energy terms during an MM calculation. The 

work presented in this thesis uses Allinger’s MM3 force fields.244-246 

𝑬𝑻𝒐𝒕𝒂𝒍 = 𝑬𝑺𝒕𝒓𝒆𝒕𝒄𝒉 + 𝑬𝑩𝒆𝒏𝒅 + 𝑬𝑺−𝑩 + 𝑬𝑻𝒐𝒓𝒔𝒊𝒐𝒏 + 𝑬𝒗𝒅𝑾 + 𝑬𝑫𝑷−𝑫𝑷 + 𝑬𝑯−𝒃𝒐𝒏𝒅𝒊𝒏𝒈  (2-12) 

For larger molecules, MM may not find the true energy minimum. Molecular dynamics 

(MD) simulations can overcome this by searching for minima at higher temperatures. This 

allows the system to overcome conformational barriers which may have the structure stuck 

in a local minimum. In MD, the motion of the system is calculated over time at a particular 

temperature which directly relates to kinetic energy. At each time point, the total energy is 

calculated as in Equation 2-12.243 

MM/MD calculations are ideal for the study of MTs. MTs are difficult to crystallize, 

particularly apo or partially metallated forms. Computational simulations can provide a 

visualization of the dynamic MT structure and can provide a complement to experimental 

work. All MM/MD simulations described this thesis were performed using the Scigress 

software package, version 6.0 (Fujistu, Poland). 

Density functions theory (DFT) calculations are used to compute the molecular orbitals of 

a system and their respective energies. Basis sets describe the atomic orbitals of the 

individual atoms found in the system. The basis sets used depend on the elements. For the 

research in this thesis, 6-31g(d,p) and lanl2dz were used, with the latter required for the 

heavier elements Zn(II) and Cd(II). The functional is a set of equations which describes the 
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how the atomic orbitals interact to form the MOs.243 For the work in this thesis, the 

functional B3LYP was used, which combines a functional developed by Becke247 with one 

developed by Lee, Yang, and Parr.248 For MTs, DFT calculations are ideal for calculating 

the ground state electronic structure of the metal-thiolate clusters. In this thesis, all DFT 

calculations were performed using Gaussian G09.249 

2.3 Solution Preparation 

Table 2-3 lists all of the reagents used throughout the research described in this thesis with 

their respective supplier. Unless otherwise mentioned below, all solutions were prepared 

by dissolving the reagent in the appropriate volume of Milli-Q water to produce the desired 

concentration. 

Concentrated hydrochloric acid (HCl), formic acid, and ammonium hydroxide were 

individually diluted in water to use for pH adjustment. Solutions of Tris-HCl were adjusted 

to the desired pH using dilute HCl. Solutions of ammonium formate were adjusted to the 

desired pH using dilute formic acid or dilute ammonium hydroxide.  

Solid benzoquinone (Bq) was dissolved first in a small volume of methanol, then diluted 

using water to the final desired concentration. The final solution was 10% methanol and 

90% water. [Bi(cit)]- was prepared by dissolving in the minimal amount of concentrated 

HCl. The solution was made up to the correct volume using ammonium formate at pH 2.6. 

[Bi(EDTA)]- was prepared using the method detailed in Summers et al.250 Briefly, 

H4EDTA was added to boiling water. (BiO)2CO3 was slowly added. After 30 min, the 

mixture was filtered and left to allow the water to evaporate. 10 mM [Bi(EDTA)]- solutions 

were prepared by dissolving the resulting crystals in water.  

8 M GdmCl was prepared by mixing solid GdmCl with Tris-HCl and heating until 

completely dissolved. The solution was cooled to room temperature and the pH was 

adjusted using ammonium hydroxide. Trypsin solutions were prepared immediately before 

use by dissolving solid trypsin in 1 mM HCl. 
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Table 2-3. Reagents and solutions prepared for use in the research described in this 

thesis and their suppliers.  The concentration of solutions and small molecule chemical 

formulae are included. 

Solution  Supplier 

Ammonium formate (NH4HCO2) (20 mM) J.T. Baker 

Ammonium hydroxide (NH₄OH) Honeywell-Fluka 

Benzoquinone (Bq) (10 mM) Alfa Aesar 

Bismuth citrate [Bi(cit)]- (10 mM) Sigma-Aldrich 

Bismuth EDTA [Bi(EDTA)]- (10 mM)  

Bismuth subcarbonate ((BiO)2CO3) Sigma-Aldrich 

Broth (Miller) (25 g/L LB) Bioshop Canada 

Cadmium acetate (CdOAc2) (100 mM and 10 mM) Acros 

Cadmium sulfate (CdSO4) (1 M) Thermo Fisher 

Competent BL21DE3 Cells Thermo Fisher 

ESI Tuning Mix Agilent 

Ethylenediamine tetraacetic acid (H4EDTA) Thermo Fisher 

Formic Acid (CH₂O₂) Caledon 

Glycerol (80 % v/v) Thermo Fisher 

Guanidinium chloride (GdmCl) (8 M) Sigma-Aldrich 

Hydrochloric acid (HCl) Thermo Fisher 

Hydrogen peroxide (H2O2) Sigma-Aldrich  

Isopropyl β-D-1-thiogalactopyranoside (IPTG) (1 M) Bioshop Canada 

Kanamycin sulfate (50 mg/mL) Teknova 

N-ethylmaleimide (NEM) (10 mM) Sigma-Aldrich 

Plasmid GENEWIZ 

Thrombin CleanCleaveTM Kit Sigma-Aldrich 

Tris(2-carboxyethyl)phosphine HCl (TCEP-HCl) (200 mM) Soltec Ventures 

Tris(hydroxymethyl)aminomethane HCl (Tris-HCl) (10 mM) Sigma-Aldrich 

Trypsin (1 mg/mL) Sigma-Aldrich 

Zinc acetate (ZnOAc2) (10 mM) Fisher 
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2.4 Protein Expression and Purification 

2.4.1 Transformation of bacteria with plasmid 

The construct for the sequence MGKAAAAMDP NCSCATGGSC TCTGSCKCKE 

CKCTSCKKSC CSCCPMSCAK CAQGCICKGA SEKCSCCAKK AAAA (βαMT1a) 

with an N-terminal S-tag with the sequence MKETAAAKFE RQHMDSPDLG TLVPRGS 

in a pET29a plasmid was purchased from GENEWIZ. This plasmid codes for kanamycin 

resistance.  

Competent Escherichia coli BL21(DE3) cells were thawed on ice for 30 min. The 2 g of 

DNA plasmid was resuspended in 100 μL of H2O. 2 μL of this DNA was added to the cells 

and left on ice for 30 min. The mixture was heat-shocked at 42 ˚C for 45 s and then 

incubated on ice for 2 min. 250 μL of either SOC media or LB media was added and the 

mixture was shaken at 37 ˚C for 1 h. 80 μL of this mixture was spread on an agar plate 

containing 50 mg/mL kanamycin using a sterile inoculation loop and was allowed to grow 

for 16-18 h at 37 ˚C in an incubator. 

A single colony was added to 10 mL of autoclaved LB Miller broth and shaken at 37 ˚C 

until the absorbance at 600 nm reached 0.6 (about 3 h). Individual glycerol stocks were 

prepared by thoroughly mixing 900 μL of cell culture with 100 μL of 80 % glycerol. The 

glycerol stocks were allowed to sit at room temperature for 30 min to ensure the absorption 

of glycerol into the cell membrane and were then frozen and stored at -80 ˚C. 

Additionally, E. coli BL21(DE3) cells transformed with pET29a plasmids coding for the 

sequences MGKAAAAC SCATGGSCTC TGSCKCKECK CNSCKKAAAA (βMT) and 

MGKAAAACCS CCPMSCAKCA QGCVCKGASE KCSCCKKAAA A (αMT) with an 

N-terminal S-tag were donated by Dr. Peter Kille (Cardiff University, Wales). From this 

point onwards, the same protein expression and purification procedures were applied to 

both these cells and the ones transformed in our lab. 

2.4.2 Cell growth and protein expression 

A starter culture was prepared using 100 mL autoclaved LB Miller broth, 10 μL 1M CdSO4, 

100 μL 50 mg/mL kanamycin. The CdSO4 was added for the purpose of binding any MT 
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and protecting it from oxidation or degradation in the event of leaky expression. The 

purpose of the kanamycin, an antibiotic, was to eliminate any cells without the plasmid or 

any other unwanted bacteria growing in the flasks. An inoculation loop of glycerol stock 

was added to this mixture and allowed to grow overnight, shaking at 37 ˚C (about 16 h). 

The next morning, the starter culture was split into 4 flasks each with 1 L of autoclaved LB 

Miller Broth, each containing 1 mL 50 mg/mL kanamycin and 100 L 1 M CdSO4. The 

flasks were shaken at 37 ˚C until A600 = 0.6. The temperature was reduced to 32 ˚C and 

280 μL of 1 M Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to each flask to 

a final concentration of 0.28 mM to begin expression of the MT. IPTG is a mimic of 

allolactose, a metabolite of lactose. As the gene coding for MT expression is under control 

of the lac operon, when IPTG binds the lac repressor it begins transcribing the MT genes. 

IPTG is not metabolized by the cell, meaning the amount of IPTG remains constant over 

the whole expression period. 

After 30 min, 400 L of 1 M CdSO4 was added to each flask. The purpose of this Cd was 

to bind to and stabilize the newly produced MT. This would prevent oxidation of the thiols 

and degradation in the cell. The cells were shaken for another 3.5 hours and then were 

harvested by centrifugation at 8983 g (6000 rpm) using a JLA 8.1 rotor for 15 min. The 

pellet was collected and resuspended in 35 mL of argon-saturated 10 mM Tris-HCl buffer 

at pH 7.4. The cell mixture was frozen at -80 ˚C until the next purification step. 

2.4.3 Protein purification 

The cell mixture was thawed in a water bath and put on ice immediately after thawing. The 

cells were lysed at 4 ˚C using a Constant Systems Cell Disruptor at pressures ranging from 

18-24 kpsi. The lysate was centrifuged for 1 h at 20,442 g (13 000 rpm), using a JA 25.50 

rotor at 4 ˚C and the supernatant was passed through a filter. The supernatant was loaded 

onto 2 5 mL HiTrap SPHP cation exchange columns connected in sequence at a rate of 2.5 

mL/min. The theoretical pI of MT is around 8, therefore at pH 7.4 the protein will be 

positively charged and will stick to the column. The column was washed with 10 mM Tris-

HCl buffer at pH 7.4 and the flow-through was monitored using UV-visible absorption 

spectroscopy on a Cary-50 spectrometer from 200-300 nm. Once the flow-through was 
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completely clean, an increasing salt gradient was applied to the column to elute the bound 

MT. The MT was monitored for using the characteristic 250 nm shoulder band caused by 

the S to Cd LMCT. The collected MT was concentrated. 

The expressed protein contained an S-tag, which was added in the sequence due to its 

stabilizing effect on the MT during the expression stage. To avoid potential structural 

interference from the additional amino acids, the S-tag was removed in the purification 

process. The S-tag was cleaved using a Thrombin CleanCleaveTM kit following the 

manufacturer’s directions. The reaction was allowed to proceed for either 12–14 h at 4 ˚C 

or 1–2 h at room temperature. Both conditions resulted in complete cleavage of the S-tag 

without any non-specific cleavage. 

The MT was separated from the thrombin beads via centrifugation at 2152 g (2500 rpm) 

and removal of the supernatant containing the MT. The thrombin beads in the pellet were 

cleaned according to the manufacturer’s directions.  

The MT was then desalted using a G25 column. The MT was collected in the flow through, 

monitored by UV-visible absorption spectroscopy. The purpose of this was to remove the 

salt accumulated in the previous ion exchange step and the thrombin reaction step so the 

protein would stick to the cation exchange column. 

The desalted MT was diluted and loaded again onto a HiTrap SPHP cation exchange 

column. As before, the UV spectrum from 200-300 nm was monitored as the column was 

washed with 10 mM Tris-HCl buffer at pH 7.4. The S-tag was eluted at this step, indicated 

by an absorbance at 205 nm from the peptide backbone. Once this absorbance was no 

longer observed, The MT was eluted by applying an increasing salt gradient to the column, 

while monitoring the absorption spectrum for thr characteristic band at 250 nm. 

The collected MT was concentrated to approximately 20 mL and stored at -20 ˚C in 1 mL 

aliquots until needed for experimental analysis. The total protein yield was typically 

between 5 and 10 mg for 4 L of cell culture. 



43 

 

Fig. 2-7 shows the sequences of rhβαMT1a, rhβMT1a, and rhαMT1a with the metal 

connectivity produced through this process. The final sequence of the βαMT after the S-

tag removal is GSMGKAAAAM DPNCSCATGG SCTCTGSCKC KECKCTSCKK 

SCCSCCPMSC AKCAQGCICK GASEKCSCCA KKAAAA. The final sequence of the 

βMT after S-tag removal is GSMGKAAAAC SCATGGSCTC TGSCKCKECK 

CNSCKKAAAA. The final sequence of the αMT after S-tag removal is GSMGKAAAAC 

CSCCPMSCAK CAQGCVCKGA SEKCSCCKKA AAAA.  

Figure 2-7. Sequences of rhβαMT1a, rhβMT1a, and rhαMT1a. Sequences of (A) 

rhβαMT1a, (B) rhβMT1a, and (C) rhαMT1a showing the connectivity of the clusters 

formed in each domain when fully metalated with divalent metals. The cysteine residues 

are highlighted in yellow. (i) indicates nonendogenous amino acids added to the sequence 

for stability during purification, highlighted in purple and (ii) indicates amino acids 

originating from the S-tag left over after cleavage, highlighted in orange. M (green) = 

divalent metal. 
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Throughout the remainder of this thesis, the rhMT1a produced here will be referred to as 

MT, except for when comparisons are made between different isoforms, in which case it 

will be called MT1a. The fragments will be referred to as βMT and αMT. 

2.5 Preparation of Apo-MT for Experimental Analysis 

The process of preparing MT for experimental analysis involved removing the Cd(II) that 

was bound during expression in E. coli, adjusting the protein to the desired pH level, buffer 

exchanging to replace the Tris-HCl with ammonium formate, and removing the high salt 

content caused by the salt gradient applied in the purification step. The latter two processes 

were necessary for electrospray ionization mass spectrometry (ESI-MS) analysis. A 

volatile solution such as ammonium formate is needed for effective ionization and excess 

salt results in observation of multiple adduct peaks on the protein, reducing the intensity of 

the signal and clarity of the data. 

Due to the 20 reduced cysteines, MT is very sensitive to oxygen, particularly in its metal-

free form. When exposed to air or solutions where oxygen is present, the cysteines tend to 

oxidize, forming disulfide bridges. A custom airtight chamber with a valve was built for 

the purpose of creating an oxygen-free environment. One side of the valve was connected 

to a vacuum line and the other side was connected to an argon gas tank. 

A 20 mM ammonium formate solution at pH 2.6 was gently bubbled with argon gas to 

displace dissolved oxygen. Another bottle of 20 mM ammonium formate at pH 7.4 was 

also gently bubbled with argon gas. If another pH was desired for the experiment, then a 

bottle of ammonium format at the desired pH was bubbled with argon instead. 

200 mM Tris(2-carboxyethyl)phosphine HCl (TCEP-HCl) solution at pH 7.4 (or other 

desired pH) was added to the pH 7.4 ammonium formate to a final concentration of 0.5 

mM to prevent or reverse any oxidation of the cysteines that took place. 

One vial of purified MT was placed in the airtight chamber and thawed under vacuum. 

Once fully thawed, the MT was placed in an Amicon® Ultra 4 mL Centrifugal Filter with 

a 3 kDa cut-off along with 20 mM ammonium formate at pH 2.6 and centrifuged for 30 

min at 3901 g (4500 rpm). This process was repeated a total of three times, re-filling the 
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centrifugal filter with pH 2.6 ammonium formate before each spin. This centrifugation 

process was repeated again another three to four times using 20 mM pH 7.4 ammonium 

formate in place of the pH 2.6 ammonium formate. Starting on the second spin, one drop 

of dilute NH4OH was added into the centrifugal filter to help gradually raise the pH. The 

pH of the MT solution was tested after each spin. Once it reached pH 7.4, the MT was 

removed from the centrifugal filter to a glass vial with a septum cap and its final volume 

was measured using a 100 L micropipette. Typical final volumes ranged from 0.5 to 1 

mL. The amount of buffer exchange by centrifugation described here was consistent in 

producing apo-MT with minimal to no salt and metal contamination. 

The concentration of the MT was determined by taking a small aliquot of the prepared apo-

MT (typically 25 L), metallating it using a 100 mM CdOAc2 solution, and measuring the 

absorbance spectrum between 200 and 300 nm using a Cary-60 UV-visible absorption 

spectrometer in a 1 cm path length cuvette. The molar extinction coefficient of the 250 nm 

S→Cd LMCT band for βαMT is known (ε = 89 000 M-1cm-1),251 therefore Beer’s Law can 

be used to determine the concentration of MT in the cuvette. 

The relationship C1V1 = C2V2 can then be used to find the concentration of the initial apo-

MT solution before dilution into the cuvette. The protein was then diluted to the desired 

concentration for the experiment. An ESI mass spectrum of the apo-MT was obtained 

before performing any experiment to ensure no metal or salt contamination or oxidation 

had taken place. A peak maximum that was a multiple of 2 Da below the expected mass in 

the deconvoluted spectrum indicated disulfide bond formation. 
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Chapter 3 

3 Human Apo-Metallothionein 1a is not a Random Coil: 
Evidence from Chemical, Temperature, and pH Unfolding 

The structures of apo-metallothioneins have been relatively elusive due to their fluxional, 

disordered state which is difficult to characterize. However, the structures of intrinsically 

disordered proteins (IDPs) are rather diverse, which raises questions about where the 

structure of apo-MTs fit into the protein structural spectrum. Flexible apo-MTs are able to 

bind to multiple metals, paralleling IDPs that can bind to multiple partners. However, the 

idea that the apo-MT structure could be relevant to its function has not been largely 

explored. In this chapter, the folded status of apo-MT1a is discussed with respect to the 

chemical denaturant GdmCl, temperature conditions, and pH environment. Some of the 

data in this chapter has been previously published (Yuan et al. 2023)252 which is indicated 

in the appropriate figure captions. 

3.1 Introduction 

Within the last few decades, intrinsically disordered proteins (IDPs) and intrinsically 

disordered regions (IDRs) within proteins have been increasingly recognized as an 

important part of the proteome,21 with approximately 60% of human proteins either having 

IDRs or being entirely disordered.23-24 IDPs and IDRs use disorder to their advantage and 

are often hubs in intracellular protein networks.25, 30  

IDPs tend to lack “order-promoting” residues such as Trp, Cys, Phe, Ile, Tyr, Val, Leu, and 

Asn.21, 253 Conversely, the presence of Ala, Arg, Gly, Gln, Ser, Pro, Glu, and Lys is 

common in IDPs.21, 253 

 


A portion of this chapter has been published: 

Yuan, A. T.; Korkola, N. C.; Stillman, M. J., Apo-metallothionein-3 cooperatively forms tightly compact 

structures under physiological conditions. J. Biol. Chem. 2023, 299 (3), 102899. 

Reproduced with permission from: A.T. Yuan, N.C. Korkola, and M.J. Stillman. 
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Uversky et al. have developed a method for predicting intrinsic disorder in proteins based 

on only the amino acid sequence.253 Analysis of natively folded and intrinsically disordered 

proteins revealed a relationship between the mean net charge <R>, mean hydrophobicity 

<H>, and the protein structure. Plotting the mean net charge vs. the mean hydrophobicity 

for different proteins revealed a boundary line described by Equation 3-1, above which a 

protein would be predicted to be intrinsically disordered. 

< 𝑹 > = 𝟐. 𝟕𝟖𝟓 < 𝑯 > −𝟏. 𝟏𝟓𝟏                                            (3-1) 

There is a large diversity of possible protein structures within the category of intrinsically 

disordered proteins. Rather than classifying proteins as natively folded or disordered, a 

“protein quartet” has been proposed that places proteins into categories of natively folded, 

native molten globule, native pre-molten globule, and native random coil.228  

The folding of globular proteins from an unfolded random coil to the functional native state 

is generally a cooperative process which can involve one or more intermediates. Folding 

intermediates have been discovered in proteins such as myoglobin254, carbonic anhydrase 

B255, α-lactalbumin,256 cytochrome C,257 lysozyme,258 and β-lactamase.259 These 

intermediate structures formed the basis of the categories for the protein quartet model. 

The molten globule intermediate has most of the secondary structural elements formed 

along with a loosely compact topology but lacks the close side chain packing found in 

tertiary structure. The folding transitions between the molten globule and either the 

unfolded or native state are characterized as cooperative transitions.260-261 The pre-molten 

globule intermediate has also been described as a state where even less characteristics have 

formed but is still distinct from the unfolded state, being much more compact.228 The 

random coil is based on the idea of a freely jointed chain, where the protein dihedral angles 

are essentially random and the protein adopts an ensemble of loosely compact and extended 

conformations with minimal residual structure.262 Kohn et al. have shown that many real 

denatured proteins follow a type of random coil behavior with the relationship in Equation 

3-2 where Rg is the radius of gyration of the denatured protein, R0 = 1.297 Å, N is the length 

of the polypeptide, and ν = 0.598.263 

𝑹𝒈 = 𝑹𝟎𝑵𝝂                                                                     (3-2) 
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The protein quartet model acknowledges a structural continuum where IDPs may adopt 

native structures that are random coil-like to more ordered molten globular structures, even 

in the absence of their binding partners. Numerous IDPs have displayed this type of 

structural diversity,22 which may be identified based on whether or not the protein has a 

cooperative unfolding transition upon exposure to denaturant.264 

Metallothioneins (MTs) are small, cysteine-rich, metal-binding proteins that are ubiquitous 

in life and are intrinsically disordered in their apo forms.143, 229, 265  Mammalian MTs in 

particular have 20 conserved cysteine residues that are used to bind a variety of metals. 

The sequences of recombinant human MT1a and recombinant human MT3, the isoforms 

which are the focus of this chapter, are shown in Fig. 3-1. The CPCP motive in the MT3 

β-domain (Fig. 3-1Biii) is associated with MT3’s growth inhibitory function, as mutation 

causes loss of activity.266 The two-domain cluster structures of MT1 and MT3 have been 

shown to be nearly identical when fully metallated with 7 Cd(II) metals.147, 267 However, a 

loop with a glutamic acid rich hexapeptide located in the α-domain (residues 52-60) is only 

present in MT3 (Fig. 3-1Biv) and has been shown to be disordered compared to the rest of 

the metallated protein.267 It has been suggested that this motif impacts Cd(II)268 and 

Cu(I)269-270 binding. To date however, no studies have systematically compared the apo 

structures of different isoforms. 

Apo-MTs and partially metallated MTs are rather difficult to characterize. Apo-MTs and 

partially metallated MTs have never been successfully crystallized, likely due to their 

fluxional structure. NMR spectra of apo-MTs indicate a disordered protein with some 

residual structure.157 The CD spectra are also characteristic of an IDP with a negative signal 

in the near-UV region, showing that apo-MTs contain minimal to no traditional secondary 

structural elements such as α-helices or β-pleated sheets.229 Mammalian MT sequences also 

lack aromatic amino acids271 meaning that fluorescence spectroscopy methods are not 

particularly useful for unfolding studies. 
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Figure 3-1. Sequences of apo-rhMT1a and apo-rhMT3. Sequences of (A) rh-apo-

βαMT1a and (B) rhβαMT3 with the cysteine residues highlighted in yellow. (i) indicates 

nonendogenous amino acids added to the sequence for stability during purification, 

highlighted in purple and (ii) indicates amino acids originating from the S-tag left over after 

cleavage, highlighted in orange. The MT3 (iii) CPCP motif and (iv) the loop from Lys52 to 

Glu60 containing the glutamic acid-rich hexapeptide are also indicated. The endogenous 

amino acids are numbered. 
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Despite the difficulties, the interest in studying the structural properties of apo-MTs arose 

when metal-unsaturated MTs were discovered in tissues and thus deemed biologically 

relevant.153-155 To date, methods used for studying apo-MTs have included molecular 

dynamics (MD) simulations,162-164, 272 electrospray ionization mass spectrometry (ESI-

MS),158, 165, 273 ion mobility mass spectrometry (IM-MS),162-163 fluorescence resonance 

energy transfer (FRET),159 and stopped-flow kinetics.160 

Studies have shown that the dimensions of the apo-MT compared to the metallated MT are 

similar. 158-159, 162-163162-163 ESI-MS used in combination with cysteine modification 

revealed that the cysteines were more equally exposure under denaturing conditions 

compared to native conditions, suggesting unfolding of a native structure.165, 272-273 

Additionally, the binding of Cd(II) to the α-domain of apo-MT was slower under 

denaturing conditions compared to native conditions, showing a functional difference 

between the native apo-MT and the denatured apo-MT.160  

These studies indicate that apo-MT may take on a bundled structure with the cysteines 

arranged in such a way to efficiently bind metals, despite the absence of traditional ordered 

secondary or tertiary structure. The observation that apo-MT has altered structural and 

metal binding properties under denaturing conditions suggests that the apo-MT structure 

may not be a random coil. However, no studies to date have attempted to characterize apo-

MTs with consideration to the diversity of IDP structures in the proteome. 

In this chapter, the apo-MT1a structure and unfolding transitions were characterized in 

terms of backbone structure and cysteine exposure. MD simulations were performed under 

native and denaturing conditions to study both the protein dimensions and the cysteine 

accessible surface area (ASA). Under denaturing conditions, the apo-MT1a behaved as a 

random coil with solvent-exposed cysteines, while under native conditions it took on a 

more compact but still fluxional conformation with a mixture of buried and exposed 

cysteines.  

The cysteine exposure was further investigated using cysteine modification in combination 

with ESI-MS methods. Titrations of NEM under different pH conditions into apo-MT1a 

and apo-MT3 revealed that the native structure of apo-MT1a had more exposed cysteines 
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than that of apo-MT3 at pH 7.4. Additionally, at pH 5.0 all of the apo-MT1a cysteines were 

equally exposed due to unfolding, while apo-MT3 at pH 5.0 had two distinct populations 

of folded and unfolded protein, indicating a cooperative transition. 

Partial cysteine modification and trypsin digestion of apo-MT1a showed that while some 

segments of the protein were more solvent-exposed than others, a clear distinction was not 

made, suggesting a collapsed but not rigid structure. The experimentally determined 

exposed cysteines generally agreed with those determined in the simulations. 

The seemingly cooperative unfolding transition seen for apo-MT3 prompted studies into 

the unfolding transition of apo-MT1a. The unfolding of apo-MT1a was monitored in terms 

of cysteine exposure using cysteine modification and ESI-MS using pH, temperature, and 

GdmCl as denaturants. In all cases, the unfolding transitions were found to be cooperative 

and could be fit to a sigmoidal two-state protein folding model. The inflection points in the 

unfolding curves which indicate the switch to fully exposed cysteines occurred at 

approximately pH 5.8, 96 ˚C (369 K), and 1.7 M GdmCl. 

The unfolding transition of apo-MT1a using GdmCl was also characterized using CD 

spectroscopy, a more traditional method, and found to be cooperative. From these data, the 

m value and protein stability for GdmCl ΔG0 were calculated and found to be low but in a 

similar range to typical proteins. The inflection point of unfolding occurred at 2.3 M 

GdmCl, which is a higher concentration than for the cysteine exposure measured using 

ESI-MS. This may indicate that apo-MT1a undergoes a multistep unfolding process where 

cysteine exposure occurs early on. The conclusion from these data is that apo-MT1a is best 

described as a molten globule type IDP rather than a random coil and that there is likely a 

difference in apo-MT structure for different isoforms which may indicate that the apo-MT 

structure plays a biological role. 

3.2 Materials and Methods 

3.2.1 Determination of mean hydrophobicity 

The intrinsic disorder of apo-MTla and apo-MT3 were predicted based on the protein mean 

net charge and mean hydrophobicity.253 The mean hydrophobicity and mean net charge 
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were determined using the Swiss Institute of Bioinformatics (SIB) server ExPASy274 using 

the method detailed in Uversky et al.253 Briefly, the mean net charge was calculated by 

dividing the net charge at pH 7.0 by the total number of amino acid residues. The 

hydrophobicity for each residue in apo-MT1a was calculated using the Kyte and Doolittle 

approximation with the hydrophobicity of each residue normalized between 0 and 1.275 The 

mean hydrophobicity was calculated using the sum of all amino acid hydrophobicities and 

dividing by the total number of residues. The boundary line for intrinsic disorder was 

calculated using Equation 3-1 and compared to the calculated mean hydrophobicity. 

3.2.2 Molecular dynamics simulations 

MD simulations were performed using Scigress version 6.0 (Fujitsu, Poland). The 

sequence of rhβαMT1a used in the experimental work was input and the geometry was 

optimized from the linear sequence using the MM3 procedure. This was also carried out 

for an apo-MT1a sequence where all of the cysteine residues were mutated to lysines. 

Additionally, a Cd7rhβαMT1a structure with the connectivity determined by Messerle et 

al.146 was modeled and also optimized using the MM3 procedure. The MD (MM3) 

procedure was then run on the optimized structures using the parameter sets in Table 3-1. 

MD procedures were performed on both structures using parameter set A (Table 3-1).  

Table 3-1. Parameters used for MD simulations. 

Parameter A B C 

Equilibration period 0.005 ps 0.1 ps 0.1 ps 

Temperature 1000 K 1000 K or 300 K 300 K 

Duration 5 ps 5000 ps 250 ps 

time step: 0.002 ps  0.002 ps 0.002 ps 0.002 ps 

Dielectric 78 78 78 

output frequency 100 steps 100 steps 100 steps 

refresh rate 10 steps 10 steps 10 steps 

Van der waals cutoff 

distance 
9 Å 9 Å 9 Å 

Van der waals 

interaction update 

rate 

50 50 50 
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MD simulations on apo-MT1a beginning from the linear sequence were then run using 

parameter set B at either 1000 K to mimic denaturing conditions or 300 K to mimic native 

conditions. An MD simulation on the Cd7MT1a structure was performed using parameter 

set C at 300 K. 

Following this, the one Cd(II) was removed from the structure and the MD simulation was 

run using parameter set C again. This procedure was repeated until apo-MT1a was 

obtained. The resulting structures at each step of the demetallation are shown in Fig. B-1 

(Appendix B). An MD simulation was run on the resulting apo-MT1a using parameter set 

B. The sequence of Cd(II) demetallation was the same as used in Rigby et al.164 and was 

determined based on which Cd(II) removed produced the lowest energy structure at each 

demetallation step. The order of Cd(II) removal was IV, III, II, VI, VII, V, I. The numbering 

used for the Cd(II) was the same as the original numbers assigned using NMR 

spectroscopy.276 

For each MD simulation that had been run for 5000 ps, the resulting structures were saved 

every 250 ps. For each of these saved structures, the accessible surface area (ASA) of all 

atoms was calculated using the Scigress software with a probe radius of 1.4 Å. The ASA 

over time for each cysteinyl sulfur is shown in Fig. B-2 (Appendix B). PDB files of each 

structure were exported, and the radius of gyration was calculated using PyMOL. 

Additionally, the structure of ubiquitin was obtained from the protein data bank277 and its 

radius of gyration was also measured using PyMOL. 

3.2.3 MT1a and MT3 expression and purification 

Recombinant human MT1a (rhMT1a) was expressed and purified as described in Chapter 

2. The rhMT3 with the sequence MGKAAAAMDP ETCPCPSGGS CTCADSCKCE 

GCKCTSCKKS CCSCCPAECE KCAKDCVCKG GEAAEAEAEK CSCCQKKAAA A 

with an N-terminal S-tag was expressed in the same manner as the rhMT1a. 

The cells containing expressed MT3 were lysed in the same manner as for MT1a and 

passed through a filter. Concentrated HCl was used to lower the supernatant to pH 2. This 

caused precipitation of larger Escherichia coli proteins. This mixture was centrifuged for 
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15 min at 13,000 rpm and the supernatant was filtered and adjusted to pH 7.4 using 

ammonium hydroxide. The supernatant was passed through a DEAE anion exchange 

column at a flow rate of 2.5 mL/min. The flow through, which contained the MT3 was 

collected. The MT3 was concentrated to 20 mL and the S-tag was then cleaved in the same 

manner as for MT1a. The separation of the S-tag from MT3 was performed by raising the 

pH of the protein to 8.6 and loading it onto a HiTrap QHP anion exchange column. As the 

theoretical pI of MT3 is approximately 6.4, the protein will be negatively charged at this 

pH and will stick to the column. A salt gradient was used to elute the protein from the 

column, and it was concentrated and stored at -20 ˚C until ready for experimental analysis. 

3.2.4 Apo-MT1a and apo-MT3 preparation 

The apo-MT1a (at pH 7.4 and 5.0) and apo-MT3 (at pH 7.4, 5.0, and 2.9) were prepared 

and the concentrations were measured as described in Chapter 2. For the experiments 

involving denaturation with GdmCl, a 20 mM Tris-HCl buffer at pH 7.4 was used instead 

of the 20 mM ammonium formate at pH 7.4. 

3.2.5 Proteolysis experiments 

NEM was added in 6 molar equivalences to apo-MT1a in 20 mM ammonium formate at 

pH 7.4. This sample was measured using ESI-MS. Trypsin was added to the sample in a 

1:50 w/w ratio. This sample was incubated in a 37 ˚C water bath for 30 min, then measured 

using the Bruker MicroTOF II ESI mass spectrometer. The settings used were the same as 

those described in Chapter 2, with the exception of the hexapole, which was set to 200 V, 

and the range, which was set between 50 and 3000 m/z. The sample was measured for 2 

min and averaged. The resulting spectrum was not deconvoluted. 

3.2.6 Titration of cysteine modifier at various pHs 

Samples of apo-MT1a (pH 7.4 and 5.0) and apo-MT3 (pH 7.4, 5.0, and 2.9) were diluted 

to a concentration of 50 μM using 20 mM ammonium formate at the appropriate pH. N-

ethylmaleimide (NEM) was titrated from a 10 mM solution into each sample in a stepwise 

manner. The samples were measured using ESI-MS after each addition using the settings 
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described in Chapter 2. The samples were each measured for 1 to 2 min, averaged, and 

deconvoluted between 7000 and 11 000 Da. 

3.2.7 pH denaturation experiments 

Samples of apo-MT1a in 20 mM ammonium formate at pH 7.4 were diluted into 20 mM 

ammonium formate at varying pH levels to a final concentration of 50 μM. The pH was 

measured and adjusted to the desired level using dilute ammonium hydroxide and formic 

acid if necessary. NEM was added to 8 molar equivalences to each sample, which was then 

measured using the Bruker MicroTOF II ESI mass spectrometer using the settings 

described in Chapter 2. The samples were each measured for 1 to 2 min and averaged. All 

data were deconvoluted between 7000 and 11 000 Da. 

3.2.8 Temperature denaturation experiments 

Apo-MT1a in 20 mM ammonium formate at pH 8.3 was diluted to a concentration of 50 

μM using 20 mM ammonium formate at pH 8.3 and split into different samples. These 

samples were incubated in a water bath under varying temperature conditions for 10 min. 

Samples over 80 ̊ C were incubated in a custom high temperature bath with the temperature 

verified by an external thermometer for 2 min. While submerged in the water, 10 molar 

equivalents of NEM were added to a sample. The sample was incubated for a further minute 

and then measured using the Bruker MicroTOF II ESI mass spectrometer using the settings 

described in Chapter 2. The samples were each measured for 1 to 2 min and averaged. All 

data were deconvoluted between 7000 and 11 000 Da. 

The pH of a solution varies with temperature which can interfere with the experiment as 

the NEM modification profile is pH dependent. Therefore, all temperature experiments 

were conducted at pH 8.3 to ensure the changes in the modification profile were in fact due 

to temperature. The modification profile at pH 8.3 and pH 7.4 were verified to be very 

similar. It was also verified that the pH was no lower than 7.4 at 99 ˚C, the highest 

temperature used in the experiment, when the solution at 22 ˚C was pH 8.3. 
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3.2.9 GdmCl denaturation experiments 

Samples of apo-MT1a in Tris-HCl at pH 7.4 were mixed in varying ratios of Tris-HCl at 

pH 7.4 (20 mM Tris-HCl for ESI-MS experiments and 5 mM Tris-HCl for CD 

experiments) and 8 M GdmCl at pH 7.4 to result in solutions with GdmCl concentrations 

ranging from 0-7 M. The final concentration of the MT ranged from 40-70 μM for ESI-MS 

experiments and was 15 μM for CD experiments. The samples were thoroughly mixed and 

equilibrated at room temperature for 20 min. 

For ESI-MS experiments, NEM was added to each sample to equal 7 molar equivalences. 

The samples were mixed thoroughly and again equilibrated at room temperature for 20 

min. The samples were then buffer exchanged with 20 mM ammonium formate at pH 7.4 

using an Amicon centrifugal filter tube with a 3 kDa cut-off five times at 4000 rpm for 30 

min each. The purpose of this step was to remove the GdmCl and Tris-HCl prior to ESI-

MS analysis, as these compounds are incompatible with the ESI technique. The samples 

were then measured using the Bruker MicroTOF II ESI mass spectrometer using the 

settings described in Chapter 2. The samples were each measured for 1 to 2 min and 

averaged. All data were deconvoluted between 7000 and 11 000 Da. 

For CD experiments, each sample of apo-MT1a with no addition of cysteine modifier was 

measured using a Jasco J-810 spectropolarimeter in a 0.2 cm cuvette. The samples were 

run between 200 and 310 nm with a data pitch of 1 nm, a response of 2 s, and a band width 

of 2 nm. Between 1 and 2 accumulations were made. A water baseline was collected and 

subtracted automatically from each sample by the instrument. A separate sample of only 5 

mM Tris-HCl buffer at pH 7.4 was run and was manually subtracted from the samples 

during data workup. The ellipticity (θ) was measured by the spectropolarimeter in units of 

mdeg. The relationship θ = 32.98(ΔA) was used to convert the units to absorbance. 

An additional experiment was conducted to test whether observed changes in signal 

between samples were due to structural differences in the protein or a signal arising from 

the absorbance of the added GdmCl alone. 15 μMT apo-MT in 5 mM Tris-HCl was 

measured in a 0.2 cm cuvette with a separate 1 cm cuvette behind it. The 1 cm cuvette was 
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filled with either 5 mM Tris-HCl or 1.4 M GdmCl. 1.4 M GdmCl in a 1 cm cuvette would 

result in the same absorbance of light as 7 M GdmCl in a 0.2 cm cuvette. 

The CD spectra are shown in Fig. C-1 (Appendix C). No change in the apo-MT signal was 

observed between these two samples, which shows that any change in signal due to mixing 

apo-MT with GdmCl results from an interaction between the apo-MT and the GdmCl. 

3.2.10 Fitting of the unfolding curves 

For each denaturation experiment, structural changes in the apo-MT were observed by 

monitoring changes in ESI mass spectra or CD spectra. These spectral changes were used 

to quantify the degree of apo-MT unfolding and produce unfolding curves as a function of 

denaturant. 

For the ESI-MS data, the folded status of the MT was determined by taking the peak 

intensity for each NEM-bound species, finding the fraction of the total for each, and 

determining the weighted average NEM bound. The deviation from the weighted average 

for each NEM species was found and this number was multiplied by the fractional 

contribution of the peak intensity. These numbers were added to find the average deviation 

from the weighted average NEM bound. For Equations 3-3, 3-4, and 3-5, n is the number 

of bound NEM, I is the peak intensity extracted from the deconvoluted mass spectrum, and 

WA is the calculated weighted average NEM bound. 

𝑰𝒕 = ∑ 𝑰𝒏

𝟐𝟎

𝒏=𝟎

                                                                  (3-3) 

𝑾𝑨 = 𝒏 × ∑
𝑰𝒏

𝑰𝒕

𝟐𝟎

𝒏=𝟎

                                                                  (3-4) 

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑫𝒆𝒗𝒊𝒂𝒕𝒊𝒐𝒏 𝒇𝒓𝒐𝒎 𝑾𝑨 = ∑
𝑰𝒏

𝑰𝒕

|𝑾𝑨 − 𝒏|                                       (

𝟐𝟎

𝒏=𝟎

3-5) 

A high deviation indicated a more cooperative modification pattern, and thus a more folded 

MT. All of these data were converted to a fraction unfolded curve using Equation 3-6 where 
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fu is the fraction of the protein that is unfolded and where x represents the observed signal, 

in this case the average deviation from the weighted average. In cases where there was a 

high deviation between baseline points, the average minimum and maximum values were 

used. 

𝒇𝒖 =
(𝒙 − 𝒙𝒎𝒂𝒙)

(𝒙𝒎𝒊𝒏 − 𝒙𝒎𝒂𝒙)
                                                         (3-6) 

For the CD experiment, the ΔA values at 222 nm were extracted from the spectrum at each 

point in the titration as this wavelength has been previously used to measure structural 

changes in intrinsically disordered proteins.230 Equation 3-6 was used to convert the signal 

at 222 nm into a fraction unfolded curve. 

The calculated fraction unfolded curves were fit using Origin Pro 8.5 to a two-state 

sigmoidal curve. The data from the pH experiments were fit using Equation 3-7, a 

Boltzmann fitting equation where A1 is the maximum signal, A2 is the minimum signal, x0 

is the point where y = 0.5, and dx is xmax–xmin. 

𝒚 =
(𝑨𝟏 − 𝑨𝟐)

(𝟏 + 𝒆
(𝒙−𝒙𝟎)

𝒅𝒙 )

+ 𝑨𝟐                                                  (3-7) 

For the GdmCl denaturation experiments, Equations 3-8 through 3-11 were used in the 

fitting parameters to find the protein stability, ΔG0, and the m-value for GdmCl using the 

linear extrapolation method.278-279 The errors were the standard errors on the fit and, for the 

CD experiment, were used to find the boundary lines ΔG = ΔG0max – mmin[GdmCl] and ΔG 

= ΔG0min – mmax[GdmCl]. 

𝑲 =
[𝑼]

[𝑵]
                                                                  (3-8) 

𝑲 =
𝒆(

−𝜟𝑮
𝑹𝑻 )

𝟏 + 𝒆(
−𝜟𝑮
𝑹𝑻 )

                                                            (3-9) 

𝜟𝑮 = −𝑹𝑻𝒍𝒏𝑲                                                            (3-10) 
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𝜟𝑮 = 𝜟𝑮𝟎 − 𝒎[𝑮𝒅𝒎𝑪𝒍]                                                   (3-11) 

For the temperature denaturation experiments, the thermodynamic parameters enthalpy 

(ΔH) and entropy (ΔS) can be found experimentally from the unfolding curve.280 However, 

these parameters are dependent on the heat capacity of the protein. As the heat capacity of 

apo-MT has not been measured only Equations 3-8 and 3-9 were used for the fitting, and 

ΔH and ΔS were not calculated. Additionally for these experiments, as the protein 

unfolding took place near 99 ˚C, no post-transition baseline was observed. To aid in 

visualization of the unfolding curve, theoretical points at 102 ˚C (375 K), 117 ˚C (390 K), 

and 127 ˚C (400 K) showing the maximum degree of unfolding were added to obtain a fit 

in addition to that obtained using only experimental points. 

3.3 Results and Discussion 

3.3.1 Apo-MT1a and apo-MT3 sequences predict ordered structures 

Using Equation 3-1, MT’s mean hydrophobicity relative to its mean net charge can be 

evaluated and compared to other IDPs.253 MT1a’s calculated mean hydrophobicity based 

on the sequence is 0.50. Based on MT1a’s mean net charge of +0.11, a mean 

hydrophobicity lower than 0.45 would indicate likely disorder. As MT1a has a mean 

hydrophobicity above this value, it is less likely to be a highly disordered protein. 

Likewise, MT3 has a mean hydrophobicity of 0.47 and a mean net charge of +0.01, the 

latter of which is much lower than for MT1a. For this net charge, MT3 would require a 

mean hydrophobicity of lower than 0.42 to be considered likely disordered using this 

method. Based on these results, MT3 is predicted to be more ordered than MT1. 

Mammalian MTs are rich in both cysteine and lysine. Cysteine is considered an order-

promoting residue, while lysine is considered a disorder-promoting residue.21 Mutation of 

all of the cysteine residues in apo-MT1a to lysine residues result in a raised mean net charge 

of +0.37 and a lowered mean hydrophobicity of 0.30. This mean hydrophobicity is below 

the boundary line of 0.55 and thus predicts a random coil structure for this sequence.253 
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This mutated sequence provides an example of such a protein equal in size to MT which 

would theoretically adopt a random coil structure. 

3.3.2 MD simulations of apo-MT1a reveal a compact structure 

MD simulations were performed on apo-MT1a to probe the compactness of the structure 

and the cysteine exposure under native and denaturing conditions. Apo-MT1a adopts an 

ensemble of compact conformations with both buried and exposed cysteines at 300 K (Fig. 

3-2 A-B). This compact but fluxional structure is seen whether the calculation was run 

beginning from a sequentially demetallated Cd7MT structure as in Rigby et al.164 (Fig. 3-

2A) or by beginning with a linear sequence (Fig. 3-2B).  

Figure 3-2. MD simulations of apo-MT.MD simulations of apo-MT represented by 

space-filling models at (A) 300 K after sequential demetallation, (B) 300 K beginning from 

a linear sequence, (C) 1000 K beginning from a linear sequence, and (D) 300 K where all 

cysteine residues in the sequence were replaced by lysine residues shown at time points of 

(i) 1000 ps (ii) 2000 ps, (iii) 3000 ps, (iv) 4000 ps, and (v) 5000 ps. The radius of gyration 

is shown under its respective structure. 
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This contrasts the previous results which found apo-MT1a displayed random coil 

behaviour when beginning form a linear sequence.164 Under denaturing conditions, 

modelled by using a temperature of 1000 K, apo-MT1a takes on a structure similar to that 

of a random coil, with a variety of loosely compact and extended structures seen throughout 

the duration of the simulation. The sequence where all cysteines have been mutated to 

lysines run at 300 K produces very similar structures than those seen for the non-mutated 

sequence at 1000 K. The higher mean net charge and lower abundance of hydrophobic 

residues appears to prevent the collapse into a compact conformation even at non-

denaturing temperatures. This suggests that the native apo-MT1a sequence promotes the 

collapse into a bundled structure, more so than the mutated sequence with a high net charge 

as predicted by Equation 3-1. 

The radius of gyration (Rg) over time, calculated from the simulated structures is plotted in 

Fig. 3-3 for each condition. The average Rg for apo-MT1a at 300 K is 14 Å and the average 

Rg for apo-MT1a at 1000 K is 26 Å. The average Rg for apo-MT1a with the cysteines 

replaced by lysines is 30 Å. The Rg for the latter two conditions are much more variable 

than the others due to the greater heterogeneity of structures. 

Figure 3-3. Radius of gyration for apo-MT MD simulations over time. The calculated 

radius of gyration over time for apo-MT at (A) 300 K after sequential demetallation, (B) 

300 K beginning from a linear sequence, (C) 1000 K beginning from a linear sequence, 

and (D) 300 K where all cysteine residues in the sequence were replaced by lysine residues 

The average Rg values are (A) 14.0 ± 0.8 Å, (B) 14 ± 1 Å, (C) 26 ± 6 Å, and (D) 30 ± 9 Å. 
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Analysis of the Rg further suggests that the denatured apo-MT1a is a random coil, while 

the native apo-MT1a is not. Using the linear relationship determined by Kohn et al. 

(Equation 3-2)263 the predicted Rg for a random coil of length 76 amino acids (the length 

of rhMT1a) would be 26.55 Å. This is near the average value obtained from the MD 

simulations for the denatured apo-MT1a at 1000 K.  

Ubiquitin is a protein with a traditional ordered native structure that has the same number 

of amino acids as rhMT1a and a denatured Rg of 25.2 Å, similar to the simulated value 

obtained from MT.263 Additionally, the Rg of the native ubiquitin structure277 measured 

using PyMOL is 12.15 Å which is near the value obtained from apo-MT1a at 300 K. This 

suggests that the dimensions of apo-MT1a determined through MD simulations are only 

slightly larger than those expected of a natively folded protein rather than a random coil 

IDP. Additionally, the apo-MT1a with cysteines mutated to lysine formed structures 

similar to those of a random coil even at 300 K, further suggesting that the sequence of 

MT1a influences the formation of compact structures. 

3.3.3 MD simulations indicate both buried and exposed cysteines in 
the apo-MT1a native structure 

The cysteine exposure of the MT under different conditions was also analyzed (Fig. 3-4). 

Even in the apo-MT1a structures simulated at 300 K, the exposure of each cysteine residue 

was rather fluxional despite the compact structure, with many having a range from 0 to 

approximately 80 Å2 (Fig. 3-4A). This was likely due to the overall fluxionality of the 

protein. Even while maintaining the compact structure, small expansions and contractions 

took place over the simulation, leading to changes in amino acid exposure. To avoid 

outliers due to occasional expansions of the protein, the median cysteinyl sulfur ASA was 

reported rather than the mean to investigate whether certain cysteines preferred the interior 

or exterior of the protein (Fig. 3-4A). The overall median cysteinyl sulfur exposure for the 

apo-MT1a structures at 300 K was between 20 and 30 Å2, while this number was near 50 

Å2 for the 1000 K structures. This is consistent with the overall structure of the protein, 

with a more open and fluxional structure producing more exposed cysteines. 
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Figure 3-4. The median cysteine ASA based on MD simulations. (A) The median ASA 

for individual cysteinyl sulfurs calculated from MD simulations of apo-MT1a at (i) 300 K 

after sequential demetallation, (ii) 300 K beginning from a linear sequence, and (iii) 1000 

K beginning from a linear sequence. The dotted lines indicate the median exposure of all 

cysteinyl sulfurs in the protein which are (i) 22.2Å2, (ii) 26.3 Å2, and (iii) 52.0 Å2. The 

error bars extend from the lowest observed ASA to the highest observed ASA for each 

cysteinyl sulfur. (B) The sequence of apo-MT1a showing the divalent metal connectivity 

and highlighting more exposed vs more buried cysteines for (i) 300 K after sequential 

demetallation and (ii) 300 K beginning from a linear sequence. Orange cysteines labeled 

with (*) indicate a median ASA of greater than 30 Å2. Purple cysteines labeled with (**) 

indicate a median ASA of less than 15 Å2.  
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Fig 3-4B summarizes the cysteinyl sulfur exposure of the “native” apo-MT1a structures at 

300 K, showing the most exposed and the least exposed cysteines. The connectivity of the 

metals is also shown. In the apo-MT1a structure, which was demetallated from Cd7MT 

(Fig. 3-4Bi), the most exposed cysteines are Cys 15, 29, 34, 48, 59, and 60. The most buried 

cysteines are Cys 5, 7, 33, 41, 44, and 50. Based off of the energy minimized structures 

from Rigby et al., Cd(II) I in the α-domain may be the first metal to bind. Two of the 

cysteines that bind this metal, Cys 59 and Cys 60 are exposed. In this model, Cd(II) VI, 

which is the last metal in the α-domain to bind, is connected to two cysteines, Cys 41 and 

Cys 44, which are buried in the apo-MT. Similarly in the β-domain, Cd(II) II is bound to 

the more exposed Cys 15 and Cys 29 and Cd(II) IV is bound to the more buried Cys 5 and 

Cys 7. This supports the idea that the apo-MT structure may be optimized to bind metals, 

with the metals binding initially to more exposed cysteines. 

Analysis of the apo-MT1a beginning from a linear sequence at 300 K, without the bias of 

the fully metallate structure, reveals more exposed cysteines than buried cysteines (Fig. 3-

4Bii). Cys 7, 13, 21, 24, 29, 36, 59, and 60 are more exposed. Cys 5, 33, and 34 are more 

buried. The exposure of Cys 59 and Cys 60 are consistent with the demetallated apo-MT1a. 

However, Cd(II) IV in the β-domain now binds to 1 buried cysteine and 3 exposed 

cysteines. 

3.3.4 Cysteine modification and trypsin digestion experimentally 
monitor cysteine exposure in apo-MT1a 

The MD simulations show that the cysteine residues in apo-MTs under native conditions 

are unequally exposed due to the collapsed structure of the protein. An experimental 

method for monitoring cysteine exposure is cysteine modification in combination with ESI-

MS. In theory, an unfolded protein will have more equally exposed cysteines, which will 

be equally likely to be modified, and thus will exhibit a modification profile shaped like a 

Binomial distribution. Conversely, a protein with entirely buried cysteines will exhibit a 

cooperative modification profile as each bound NEM opens up the protein and triggers the 

binding of the subsequent NEM. 
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Figure 3-5. Apo-MT1a partially modified with NEM at pH 7.4 and digested by trypsin. 

(Ai) Charge state and (Aii) deconvoluted ESI mass spectra of MT1a with 6 mol. eq. NEM 

added. Note these spectra are the same as those from Fig. 3-2A and are shown here again 

for clarity. (Aiii) A mass spectrum of MT1a with 6 mol. eq. NEM added and then digested 

with trypsin (1:50 w/w) for 30 min. at 37 ˚C. (B) The sequence of apo-MT1a showing the 

trypsin cut sites (black arrows). (C) Bar graph representations of the data from (Aiii) 

showing the distribution of NEM modification within fragment (i) 2, (ii) 3, (iii) 4, (iv) 5, (v) 

7, (vi) 8, and (vii) 10 of the MT1a. Next to each graph are the results from the MD 

simulations (demetallated/linear) showing the exposure of the cysteinyl sulfurs where B = 

buried, I = intermediate, and E = exposed. 
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The modification profile of apo-MT1a after the addition of 6 mol. eq. NEM results in a 

distribution from approximately apo-MT1a(NEM)0-6 as well as cooperative formation of 

apo-MT1a(NEM)20 (Fig. 3-5Ai-ii). It is hypothesized that the observed 0-6 modifications 

took place on exposed cysteines as the overall structure was not disturbed. After digestion 

of the apo-MT1a using trypsin (Fig. 3-5Aiii), the relative intensities of the modifications 

were normalized within each fragment and plotted in bar graphs for clarity (Fig. 3-5B). It 

is important to note that the peak intensities can only be meaningfully compared within the 

same fragment, as the large differences in peptide lengths lead to different ionization 

efficiencies in the ESI source. 

Fig. 3-5C shows the representation of the modification distributions found within each 

fragment. It is important to note that due to the semi-cooperative nature of the modification 

profile, each fragment will have a portion where all of the available cysteines are modified 

regardless of the exposure of these cysteines. Additionally, it is important to note that due 

to the fluxional nature of the protein, a description of a cysteine or fragment to be more 

“exposed” or “buried” describes the behaviour on average compared to other cysteines or 

fragments. A proportionally higher number of cysteines modified indicates a generally 

more exposed fragment, while less modifications suggest a more buried fragment. 

Fragment F2 contains 5 cysteines (Cys 5, 7, 13, 15, and 19). According to the MD 

simulations this fragment should contain a mixture of buried and exposed cysteines. The 

experimental data suggests that only one cysteine is easily modified in this fragment. 

Additionally, this fragment never displays four modifications at one time, potentially 

indicating two highly buried cysteines that only become modified once all 20 cysteines 

have bound NEM. 

Fragment F3, which only contains Cys 21, appears to be quite buried with a very low 

abundance of modifications observed. However, this was not seen in the MD simulations, 

which predict either an intermediately exposed cysteine from the demetallated protein, or 

an exposed cysteine when beginning with the linear protein. For fragment F4 (Cys 21), 

MD simulations predict an intermediate (from the demetallated apo-MT1a) or exposed 

(from the linear apo-MT1a) Cys 24, while the experimental results predict an exposed 
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cysteine. Experimentally, the fragment F5 (Cys 26 and 29) modification profile indicates 

that both of these cysteines are exposed. MD simulations predict one intermediate and one 

exposed cysteine.  

Fragment F7, like fragment F2, appears to contain a mixture of buried and exposed 

cysteines. The MD simulations also show that these cysteines (Cys 33, 34, 36, 37, and 41) 

are a mixture of two buried, one exposed, and two intermediate. Fragment F8 also 

experimentally shows more buried cysteines. The MD simulations for the demetallated 

protein agree with these results showing two buried and one exposed cysteine for those in 

this fragment (Cys 44, 48, and 50). The MD simulations beginning from the linear protein, 

however, suggests that these cysteines are intermediately exposed. 

Finally, fragment F10 appears to be a more exposed fragment, with a similar modification 

abundance for each cysteine. The MD simulations agree with this, where Cys 57 is 

intermediately exposed and Cys 59 and 60 are exposed. 

These results show that overall, the experimentally determined cysteine exposure is 

generally in agreement with the simulated data, with few results that deviate strongly 

between the two experiments. Future tandem MS studies will be required to see if 

individual cysteines agree with the simulated data. 

3.3.5 Apo-MT1a and apo-MT3 exhibit different pH-dependent 
structures 

The native structure of apo-MT1a involves more exposed cysteines than the native 

structure of apo-MT3. The titration of NEM in to apo-MT1a at pH 7.4 (Fig. 3-6) shows 

two distinct patterns. A Binomial-type distribution is seen ranging from 0-6 modifications 

(Fig. 3-6B-D). A cooperative modification pattern where apo-MT1a binds all 20 NEM with 

minimal intermediate species also occurs as more NEM is added (Fig. 3-6B-D). 

Regardless of the mol. eq. NEM added, the distribution of lower modified species always 

remains centered around approximately 4 modifications. At 10 mol. eq. added, a higher 

proportion of intermediate species is seen, however the intensity remains low compared to 

the distribution and the cooperative formation of 20 (Fig. 3-6D). 



68 

 

  

Figure 3-6. NEM titration into apo-MT1a at pH 7.4 monitored by ESI-MS.(i) Charge 

state and (ii) deconvoluted ESI mass spectra showing a titration of NEM into apo-MT1a at 

pH 7.4 at (A) 0, (B) 5, (C) 8, (D) 10, and (E) 18 mol. eq. NEM added. Figure adapted from 

Yuan et al., 2023 with permission. 
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Figure 3-7. NEM titration into apo-MT1a at pH 5.0 monitored by ESI-MS.(i) Charge 

state and (ii) deconvoluted ESI mass spectra showing a titration of NEM into apo-MT1a at 

pH 5.0 at (A) 2, (B) 10, (C) 14, and (D) 19 mol. eq. NEM added. Figure adapted from Yuan 

et al., 2023 with permission. 



70 

 

The consistency in the shape of the modification pattern implies that there is consistency 

in the apo-MT1a structure. It is likely that at any time, approximately 6 of the cysteines are 

equally solvent exposed on the surface of the protein, allowing the distribution from 0-6 

modifications to form. Binding more than this amount appears to trigger the apo-MT1a to 

open up and cooperatively bind all 20 cysteines. 

Conversely, it is seen at pH 5.0 that the NEM binds entirely in a Binomial-type distribution 

(Fig. 3-7). The NEM binds in a distribution centered around the mol. eq. added, unlike at 

pH 7.4 where the distribution only occurred up to 6 modifications. This binding pathway 

implies that all cysteines are equally solvent exposed. 

A titration of NEM into apo-MT3 at pH 7.4 shows that there are little to no exposed 

cysteines on the surface of the protein (Fig. 3-8). At any point in the titration, only apo-

MT3 and apo-MT3(NEM)20 species exist, with minimal abundance in the apo-

MT3(NEM)1-4 species seen in Fig. 3-8B-C. The implication is that after 1 NEM binds, this 

triggers the opening of the protein, exposing more cysteines to bind leading to a cooperative 

modification pathway. This shows that the native structure of apo-MT3 is very different 

from that of apo-MT1a. Apo-MT1a has approximately 6 cysteines exposed on the surface 

at one time, while apo-MT3 has no exposed cysteines on the surface.  

In addition, the cysteines of apo-MT3 are only partially exposed at pH 5.0 (Fig. 3-9). A 

mixture of cooperative and non-cooperative modification pathways is seen in the mass 

spectra. The non-cooperative distribution shifts to the right as more species are added, 

suggesting that there is a population of apo-MT3 that is completely unfolded allowing this 

pathway and another folded population allowing the 20 to form. This is contrasted with the 

apo-MT1a at pH 7.4 where the non-cooperative distribution stays centered around 4 

modifications, indicating it is all part of one structure. Apo-MT3 only exhibits the fully 

non-cooperative pathway at pH 2.9 (Fig. 3-10).  
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Figure 3-8. NEM titration into apo-MT3 at pH 7.4 monitored by ESI-MS.(i) Charge 

state and (ii) deconvoluted ESI mass spectra showing a titration of NEM into apo-MT3 at 

pH 7.4 at (A) 0, (B) 1.9, (C) 10.3, and (D) 20 mol. eq. NEM added. Figure adapted from 

Yuan et al., 2023 with permission. 
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Figure 3-9. NEM titration into apo-MT3 at pH 5.0 monitored by ESI-MS.(i) Charge state 

and (ii) deconvoluted ESI mass spectra showing a titration of NEM into apo-MT3 at pH 5.0 

at (A) 7.8, (B) 14, (C) 18, and (D) 32 mol. eq. NEM added. Figure adapted from Yuan et al., 

2023 with permission. 
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Figure 3-10. NEM titration into apo-MT3 at pH 2.9 monitored by ESI-MS.(i) Charge 

state and (ii) deconvoluted ESI mass spectra showing a titration of NEM into apo-MT3 at 

pH 2.9 at (A) 3.6, (B) 9, (C) 24, and (D) 91 mol. eq. NEM added. Figure adapted from 

Yuan et al., 2023 with permission. 
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3.3.6 The cooperative pH-dependent unfolding transition of apo-MT1a 
monitored using ESI-MS 

The observation of a cooperative unfolding transition in apo-MT3 prompted study into the 

unfolding transitions of apo-MT1a. The pH-induced unfolding of apo-MT1a monitored 

using cysteine modification and ESI-MS is shown in Fig. 3-11. Apo-MT1a at pH 7.4 has 

the typical modification pattern of the native structure (Fig. 3-11A). Lowering the pH to 

6.49, a change in the modification pattern can be seen (Fig. 3-11B). The semi-cooperative 

modification pattern to 20 still occurs, however the earlier distribution shifts from centering 

around 3 modifications to 8 modifications. 

This is similar to apo-MT3 at pH 5.0, where two populations are observed. Since 8 mol. 

eq. NEM were added, this suggests that a population of the apo-MT1a has all of its 

cysteines equally available for binding and another population does not, leading to 20 

modifications. At pH 6.09 the distribution is still centered around 8 modifications but also 

has a lower abundance of apo-MT1a(NEM)20 (Fig. 3-11C). Below pH 5.84, the cysteines 

of apo-MT1a are fully exposed (Fig. 3-11D-E). 

An unfolding curve, which was generated using Equations 3-3 through 3-6 based on the 

ESI-MS data and fit using Equation 3-7 is shown in Fig. 3-12 and shows a cooperative 

structural transition involving altered cysteine exposure. The curve fit indicates that the 

midpoint of this transition occurs at pH 5.8. This means that apo-MT1a is slightly less pH-

stable in terms of structure compared to a protein like myoglobin, in which unfolding 

intermediates are observed near pH 4.281 

Apo-MT1a undergoing structural changes at different pH levels could indicate some sort 

of biological role. Lysosomes for example can have pH levels in the 4.5-5.0 region.282 This 

means that lysosomal apo-MT1a may adopt different structures and thus potentially 

different functions than cytosolic apo-MT1a, which would be under more neutral pH 

conditions. 
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Figure 3-11. Effect of pH on apo-MT1a cysteine modification pattern monitored by 

ESI-MS. (i) Charge state and (ii) deconvoluted ESI mass spectra of apo-MT1a with 8 mol. 

eq. NEM added at pH (A) 8.2, (B) 6.49, (C) 6.09, (D) 5.84, and (E) 4.07. 
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As well, diseases can change the pH environment, such as cancer cells which can have pHs 

of 6.0 to 6.8.283 MTs are thought to be involved in tumor progression and drug resistance,284 

which means that they may play altered roles compared to MTs in healthy cells due to a 

structural difference. Apo-MT1a also binds metals in a highly pH-dependent manner,171-

172 which also potentially has implications on this function. 

Additionally, these results have also shown that the apo-MT3 structures are more stable to 

harsh pH conditions than apo-MT1a. Unlike MT1 and MT2, MT3 is not induced by metals 

and its activity may be more due to its sequence differences rather than the metal-binding 

properties.266 It has been proposed MT3’s growth inhibitory activity involves multiple 

protein-protein interactions.285-286 It is possible that the different structures of apo-MT1a 

and apo-MT3 play roles in their unique biological processes. 

Figure 3-12. Fraction unfolded apo-MT1a vs pH monitored by ESI-MS. The fraction 

of unfolded apo-MT1a as a function of pH monitored by the NEM distribution in the ESI 

mass spectra (points) with a sigmoidal fit (line). The pH at the point of 50 % denaturation 

is 5.8. 
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3.3.7 The cooperative temperature-dependent unfolding transition of 
apo-MT1a monitored using ESI-MS 

MT is highly thermally stable, and the complete exposure of cysteine residues only occurs 

by 99 ˚C. ESI-MS data showing partial cysteine modification with NEM are shown in Fig. 

3-13. The expected semi-cooperative distribution is seen in Fig. 3-13A at 22 ˚C. It is 

interesting to note that at 45 ̊ C, there is a higher proportion of 18 and 19 modified cysteines 

compared to at 22 ˚C where modification to that extent always reaches 20 (Fig. 3-13B). 

This effect is gradually exacerbated as the temperature is raised. The apo-MT1a with 17-

20 modified cysteines change from greatly favouring 20 modifications to forming their 

own small distribution separate from the lower modified species with 0-6 modified 

cysteines (Fig. 3-13C-E). This effect appears to be unique to temperature denaturation.  

At 97 ˚C, there are no longer any apo-MT1a molecules with 0 or 1 modifications which is 

also not typical of the native modification pattern (Fig. 3-13E). At 99 ˚C the Binomial-type 

distribution formed, indicating complete cysteine exposure (Fig. 3-13F.)  

Fig. 3-14 shows the unfolding curve for the ESI-MS data in Fig. 3-13. A sharp unfolding 

curve is seen with an inflection point at 369 K or 96 ˚C, indicating the majority of the 

structure transition is cooperative. An experimental post-transition baseline is not seen as 

data above 99 ˚C was not possible to obtain. A gradual sloping pre-transition baseline is 

seen which likely corresponds to the change in distribution at the higher modified species 

seen in the ESI mass spectra.  

3.3.8 The cooperative GdmCl-dependent unfolding transition of apo-
MT1a monitored using ESI-MS 

Partial cysteine modification of apo-MT1a under varying levels of the denaturant GdmCl 

shows that the cysteines are exposed at 2 M GdmCl (Fig. 3-15). Between 0 and 1.75 M 

denaturant the modification pattern is semi-cooperative, which indicates the native 

conformation of the apo-MT1a (Fig. 3-15A-D). 
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Figure 3-13. Effect of Temperature on apo-MT1a cysteine modification pattern 

monitored by ESI-MS. (i) Charge state and (ii) deconvoluted ESI mass spectra of apo-

MT1a with 10 mol. eq. NEM added at (A) 22 ˚C, (B) 45 ˚C, (C) 80 ˚C, (D) 95 ˚C, (E) 97 

˚C, and (F) 99 ˚C at pH 8.3. 
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After the addition of NEM modifier in the presence of 2 M GdmCl, the cysteine 

modification pattern is completely non-cooperative, resembling a Binomial distribution. 

(Fig. 3-15E). Even in the presence of very high concentrations of GdmCl (7 M), the 

modification pathway remains non-cooperative (Fig. 3-15F). This Binomial-like 

distribution suggests that the cysteines are equally exposed and thus are modified in a 

random pattern distributed around the molar equivalence added. 

A fraction unfolded vs. GdmCl concentration plot based on the ESI-MS data in Fig. 3-15 

is shown in Fig. 3-16. From this data, the calculated ΔG0 value is 15 ± 12 kJmol-1 and the 

calculated m-value is 9 ± 7 kJmol-1M-1. It should be noted that the errors are quite high, 

therefore caution must be taken when interpreting these results as quantitative 

thermodynamic values. Rather, the fitting of the data points is better used to show a general 

trend. 

Figure 3-14. Fraction unfolded apo-MT1a vs Temperature monitored by ESI-MS.  The 

fraction of unfolded apo-MT1a as a function of temperature monitored by the NEM 

distribution in the ESI mass spectra. The data points (circles) and fit (line) in black are 

experimental. The data points (square) and fit (line) in red are simulated to extrapolate 

beyond 373 K (100 ˚C). The temperature at the point of 50 % denaturation is 369 K (96 ˚C). 
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Figure 3-15. Effect of GdmCl on apo-MT1a cysteine modification pattern monitored 

by ESI-MS.(i) Charge state and (ii) deconvoluted ESI mass spectra of apo-MT1a with 6 

mol. eq. NEM added in the presence of (A) 0 M, (B) 0.75 M, (C) 1.5 M, (D) 1.75 M, (E) 2 

M, and (F) 7 M GdmCl at pH 7.4. The GdmCl was removed via buffer exchange prior to 

ESI-MS analysis. 
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It can be seen how the structure transition from folded to unfolded is very abrupt, with the 

inflection point occurring at 1.7 M GdmCl. Even small amounts of denaturant (0.75 M) 

appear to alter the structure compared to no denaturant. Looking at the ESI-MS spectra in 

Fig. 3-15B, the distribution of non-cooperative NEM is much broader than in Fig. 3-15A. 

Also, in Fig. 3-15C and 3-15D, the proportion of 20 modifications is suppressed. 

The mass spectral results obtained here agree with those obtained for the isolated domains 

of apo-MT1a. In those studies, the β-domain fragment had fully exposed cysteines when 

modified in the presence of 1 M GdmCl, while the α-domain required 2 M to obtain the 

entirely non-cooperative modification pattern.273 

The structural change from partially buried to more equally exposed cysteines under 

denaturing conditions (low pH, high temperature, and presence of GdmCl) occurred 

Figure 3-16. Fraction unfolded apo-MT1a vs GdmCl monitored by ESI-MS. The 

fraction of unfolded apo-MT1a as a function of GdmCl concentration monitored by the 

NEM distribution in the ESI mass spectra (points) with a sigmoidal fit (line). The 

parameters determined using the linear extrapolation method are ΔG0 = 15 ± 12 kJmol-1 

and m = 9 ± 7 kJmol-1M-1. The concentration of GdmCl at the point of 50 % denaturation 

is 1.7 M. 
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cooperatively for all conditions studied. This indicates that there is residual structure in 

apo-MT1a that can be unfolded.  

For the temperature and GdmCl conditions, pre-unfolding transition changes in the 

modification distributions were observed. This may indicate that additional unfolding 

intermediates are present that may require other techniques to fully observe. It is also 

important to note that apo-MT1a did not aggregate at low pH conditions or high 

temperatures. This is an unusual property for a globular protein to possess but is rather 

common for IDPs.264 

3.3.9 The cooperative GdmCl-dependent unfolding transition of apo-
MT1a monitored using CD spectroscopy 

The unfolding of apo-MTa using GdmCl was also monitored using CD spectroscopy. This 

is a more traditional technique used to study protein folding, however, the difference 

between apo-MTs under native and denaturing conditions have not yet been studied in this 

manner. 

The CD spectra of apo-MTs are typical for that of IDPs. However, the negative signal at 

222 nm indicates some residual structure. Upon addition of the denaturant GdmCl, the ΔA 

at 222 nm is suppressed compared to the protein under native conditions and the resulting 

spectra is more like that of a random coil (Fig. 3-17A).  

A titration of GdmCl monitored at 222 nm reveals a sigmoidal unfolding curve, with the 

melting point occurring at approximately 2.4 M GdmCl (Fig. 3-17B). The unfolding 

transition was fit to a two-state mechanism using Equations (3-3) to (3-9). A ΔG0 of 10 ± 

2 kJmol-1 and an m-value of 4.3 ± 0.6 kJmol-1M-1 were obtained (Fig. 3-17C). These values 

have much smaller errors than those obtained using ESI-MS, therefore they will be 

discussed in further detail. 

  



83 

 

  

Figure 3-17. GdmCl-induced unfolding of apo-MT monitored by CD spectroscopy. (A) 

CD spectra of apo-MT1a in the presence of 0 M (black solid line) and 6 M (red dashed line) 

GdmCl at pH 7.4. (B) The fraction of unfolded apo-MT1a as a function of GdmCl 

concentration monitored by the molar ellipticity at 222 nm (points) with a sigmoidal fit (line). 

(C) A plot of the free energy of apo-MT1a as a function of GdmCl concentration. The 

parameters determined using the linear extrapolation method are ΔG0 = 10 ± 2 kJmol-1 and 

m = 4.3 ± 0.6 kJmol-1M-1. The concentration of GdmCl at the point of 50 % denaturation is 

2.3 M. 
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These thermodynamic parameters are on the low end compared to ordered globular 

proteins. A typical m-value for a protein of 60-70 residues has been shown to be 

approximately 7000 Jmol-1M-1.287 These data are from proteins with particularly ordered 

structures, as they all had available X-ray crystallography data. Proteins are marginally 

stable, with typical conformational stabilities between 20 000-60 000 Jmol-1.288-289 As apo-

MT1a is fluxional in structure, it is not surprising that low thermodynamic values are 

obtained. 

Comparing the CD data to the ESI-MS data, a structural change may occur by 0.75 M 

GdmCl that is detected in the mass spectra but not the CD spectra. Since the ESI-MS data 

shows full cysteine exposure under conditions of 2 M GdmCl with a much more abrupt 

transition, while the CD spectra shows full unfolding only at 4 M GmCl with the inflection 

point occurring at 2.3 M GdmCl, it is possible that cysteine exposure is involved in an early 

intermediate step in the unfolding. 

3.3.10 Metallothionein as an intrinsically disordered protein 

Apo-MT1 possesses several features of an IDP. It has a high number of charged residues 

and a lack of bulky hydrophobic ones. It has no well-defined secondary structural features 

and has a very fluxional three-dimensional structure with unequal cysteine exposure. Apo-

MTs also possess stability in extreme conditions such as high temperatures and low pH 

environments. Apo-MT1a is also highly sensitive to proteolysis, requiring it to be purified 

from E. coli in the fully metallated Cd7MT form. However, none of these indicators allow 

differentiation between a random coil and a molten-globule type structure. 

Where does apo-MT1a fit in the protein structural continuum? These results give evidence 

that although apo-MT1a is an IDP, it is not a random coil. MD simulations indicate 

dimensions more like a natively folded protein rather than a random coil. Both MD 

simulations and experimental results show an unequal cysteine exposure that potentially 

plays a role in optimal metal binding. 

The cooperative sigmoidal shape seen in the unfolding transition monitored by CD 

spectroscopy and the calculated thermodynamic parameters are more in line with what 
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would be seen for a natively folded protein. Likewise, the abrupt exposure of the cysteines 

seen in response to GdmCl, heat, and reduced pH indicates an all-or-nothing structural 

change. These phenomena imply that in order for apo-MT1a to undergo a cooperative 

unfolding transition, it must have had a structure to be denatured in the first place. 

Additionally, differences are seen between apo-MT1 and apo-MT3, isoforms which play 

different biological functions. This suggests that apo-MTs have a structure-function 

relationship beyond flexible disorder. 

Many IDPs lack cooperative structural transitions in response to denaturants. An example 

is prothymosin α, a random coil IDP which has a similar Stokes radius under native and 

denatured conditions.290-291 Other IDP structures can be expanded upon addition of 

denaturant such as the unstructured cytoplasmic domain of the human neuronal adhesion 

protein neuroligin 3,292 the N region of the yeast prion protein Sup35,293 and the ribosomal 

acidic protein YP2β.294 In these examples, the expansion is non-cooperative. 

However, some IDPs have similar structural transitions to apo-MT1a. Examples include 

small heat shock protein Hsp22,295 BpUreG,296 Genome-linked protein VPg of Potato virus 

A,297 osteopontin (OPN),298 and the nuclear coactivator binding domain (NCB) of CREB 

binding protein.299  

OPN is comparable to apo-MT1a in the sense that it is fluxional while still able to be 

cooperatively unfolded, showing that this feature is not exclusive to well-defined 

structures. The structure ensemble of OPN involves both cooperatively folded and 

extended conformations.  

NCB in the absence of a binding partner has also been shown to undergo cooperative 

unfolding modeled to a two-state process due to its collapsed core.299 This collapsed 

structure resembles a precursor to the complex of NCB with its binding partner ACTR, to 

which it undergoes coupled binding and folding.300 Interestingly, it resembles the complex 

with ACTR rather than that of its complex with IRF-3, another binding partner.299 Apo-

MT1a could also have a collapsed structure that is optimal for binding certain metallated 

structures but is still fluxional enough to bind in the many diverse stoichiometries it is 

known to form. 
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3.4 Conclusions 

The early structure-function paradigm put forth the thought that the rigid tertiary packing 

was the precursor for protein function. As more information about proteins that did not fit 

this model (IDPs) was reported, this paradigm was challenged. However, it is clear from 

numerous examples that IDPs still have a structure-function relationship, often using 

flexibility to bind multiple partners.  

Apo-MTs are also flexible proteins which bind multiple partners in the form of metals. 

These results have demonstrated that apo-MT1a is not a random coil but is better described 

as a molten globule IDP. Through MD simulations, ESI-MS, and CD spectroscopy, it was 

found that apo-MT1a has a bundled structure more compact than a typical random coil 

which can be cooperatively unfolded. The native structure has a mixture of buried and 

exposed cysteine residues which can be equally exposed in the presence of a denaturant. 

Apo-MT3 has a different native structure than apo-MT1a with minimal cysteines exposed 

to the solvent, which may play impact its biological role. Conversely, the more exposed 

cysteines of apo-MT1a may play a role in optimally binding biologically relevant and toxic 

metals in a variety of tissues. The unique structures of apo-MTs further solidify the 

remarkable diversity in disordered protein structures that exist in nature. 
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Chapter 4 

4 Structural Motifs in the Early Metallation Steps of Zn(II) and 
Cd(II) binding to Apo-Metallothionein 1a 

In the previous chapter, the unique apo-MT1a structure was investigated and found to have 

a bundled “molten globule” structure which could be cooperatively unfolded. The structure 

was fluxional but distinct from a “random coil.” Apo-MTs have been previously described 

to undergo metal-induced folding from a disordered to ordered structure. However, few 

studies have considered the effect the apo-MT native structure has on the early metal-

thiolate structures formed. In this chapter, the effect of the apo-MT1a structure on binding 

of Zn(II) and Cd(II) is described using stopped-flow kinetic methods and cysteine 

modification combined with ESI-MS. 

4.1 Introduction 

Metals are involved in many physiological processes, with many proteins requiring a metal 

cofactor to perform their functions.6, 9, 12-13, 161 The formation of a metal binding site is a 

result of the overall three-dimensional structure of the protein arranging in such a way to 

bring the required amino acids to the correct spatial orientation.1 The metal cofactor can 

assist in the protein folding process 301-303 or can be required for formation of the tertiary 

structure.304-305 Metallothioneins (MTs) are specialist proteins that bind multiple metal ions 

in binding sites that only form upon the metallation. 

MTs were initially discovered as an equine Cd(II)-binding protein63 and isolated in humans 

as a Zn(II), Cd(II), and Cu(I) protein.65 Since then, MTs have been isolated from numerous 

organisms and are now considered ubiquitous in life. MTs are cysteine-rich proteins 

thought to be involved in metal homeostasis and heavy metal detoxification113, 124, with 

upregulation occurring via the MTF-1 pathway in some vertebrate isoforms.109  

MTs are intrinsically disordered in the absence of metals (apo-MTs) but will form more 

ordered structures in the presence of metals. Thus, the binding of metals is sometimes 
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referred to metal-induced folding.306 These structures formed depend on factors such as the 

species of MT, the metal identity, and the metal stoichiometry.  

The most well-known structure comes from the single available mammalian MT crystal 

structure of Cd5Zn2MT, which exhibited a two-domain structure.140, 142-143 Mammalian 

MTs contain 20 conserved cysteine residues.67 The N-terminal β-domain binds three 

divalent metals with an M3S9 stoichiometry and the C-terminal α-domain binds four 

divalent metals with an M4S11 stoichiometry. These cluster structures involve a network of 

both bridging (one cysteine bound to two metals) and terminal (one cysteine bound to only 

one metal) cysteines.145-147 

Although mammalian MTs fully metallated with Zn(II) and Cd(II) have been studied 

extensively, very much less is known about the relevant apo-MT and partially metallated 

species that likely form in vivo. 153-155 However, due to their fluxional nature, these 

structures are more difficult to characterize than those of fully metallated MTs. ESI-MS is 

a powerful technique to study partially metallated states of MT due to the ability to observe 

individual species and their relative abundances rather than an average in solution. 

Through electrospray ionization mass spectrometry (ESI-MS) and circular dichroism (CD) 

spectroscopy methods, it has been shown that mammalian MTs can bind Zn(II) or Cd(II) 

in one of two different pathways.166-169, 171 The “cluster” pathway describes a cooperative 

formation of M4S11 in the α-domain, followed by M3S9 in the β-domain without the 

formation of any stable intermediates.169, 171 The non-cooperative pathway involves the 

sequential binding of each metal initially to terminal cysteines, where all intermediates are 

observed.166-168, 171 It has been proposed that up to five metals each coordinate to four 

separate terminally bound cysteines, forming Zn5S20 or Cd5S20 structures, followed by 

rearrangement into bridging metal-thiolate clusters upon further binding.168, 171  

These two pathways are highly pH dependent.171 Cd(II) binds in the cooperative pathway 

below pH 6, and in the non-cooperative pathway above pH 8. Between these pHs, a 

sigmoidal transition between these pathways is observed. A mixed pathway is observed in 

this range. Zn(II) binds in the cooperative pathway below pH 4, and in the non-cooperative 

pathway above pH 6. Again, a mixed pathway is observed between these pHs. At 
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physiological pH (7.4), Cd(II) binds in a mixed cooperative and non-cooperative pathway, 

while Zn(II) binds entirely non-cooperatively. 

Tandem MS studies have been performed in an attempt to elucidate the partially metallated 

binding sites of Zn(II) and Cd(II).170, 176, 307 These studies suggest that Zn(II) and Cd(II) 

have different binding pathways, with Cd4MT localized in the α-domain and Zn4MT 

spanning both domains.170, 176, 307 Conversely, similar studies on Zn4MT and Cd4MT 

structures suggest higher affinities of these metals to the middle of the protein, between 

Asn18 to Cys38 in MT2.308 

The change in metallation kinetics under various conditions can also provide insight into 

the binding reactions. The pH-dependent binding kinetics of both Zn(II) and Cd(II) to apo-

MT, which occur on the millisecond timescale, have been observed previously using 

stopped flow methods at 25 °C.306 That study was concerned with describing the folding 

of MT in terms of the metal binding pathway, contrasting the formation of secondary 

structural elements and a hydrophobic core in typical proteins. At neutral pH, much of the 

binding reaction was completed within the dead time of the instrument used and thus no 

kinetic data at physiological pH (7.4) for apo-βαMT were obtained.306  

The knowledge of pH-dependent binding pathways as well as pH-dependent binding 

kinetics prompted our group to study the kinetics of non-cooperative binding at pH 8 and 

cooperative cluster formation at pH 5. Stopped-flow methods at low temperatures 

overcame the previous limitation preventing kinetic observation at high pHs.161 These 

results showed the non-cooperative Cd(II) binding at pH 8 was faster than the cooperative 

Cd4MT cluster formation at pH 5. It was proposed that this difference in rate was due to 

the concerted cluster formation involving 4 Cd(II) requiring more time than the binding of 

individual Cd(II) non-cooperatively. However, the likely role of thiol protonation and 

solution H+ concentration driving this process was not thoroughly considered. 

As well, Cd(II) metallation in the presence of a denaturant was shown slowed the binding, 

implying that the structure of the initial apo-MT is optimal for its metal-binding 

function.160-161 This is significant, because apo-MT appears to take on a compact structure 

which can be unfolded by a denaturant.158-159, 164-165, 252, 272-273 The mammalian MT isoforms 
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MT1a and MT3 have recently been shown to have differences in their apo structures, with 

the cysteines of MT3 existing in a more collapsed conformation with the cysteines buried 

in the center of the protein.252 Stopped-flow kinetic studies have shown that apo-MT3 binds 

Cd(II) with a rate constant approximately 1.7 times larger than apo-MT1a.252 This also 

gives an indication that the apo-MT structure impacts the rate of metal binding. 

Although changes in kinetics can indicate both structural changes in the protein and 

changes in the pathway of metal binding, the information gained using stopped-flow 

kinetics monitored by absorption spectroscopy alone is limited. This is because only a 

single kinetic trace is obtained, which corresponds to seven overlapping bimolecular 

reactions. Only an average of M1-7MT species is observed and only a single rate constant 

can be reported. For this reason, ESI-MS is an excellent technique to pair with stopped-

flow methods. Stopped-flow provides quantitative data measured in the solution phase 

which can be combined with the level of detail seen using ESI-MS. 

In this chapter, stopped-flow kinetics and ESI-MS are combined to probe the pH and 

structural dependence of apo-MT on the rates of Zn(II) and Cd(II) binding to apo-MT. The 

effect of different pH conditions from pH 5 to pH 7.4 and implications for the rate of 

different binding pathways are reported and discussed. The rates of Zn(II) and Cd(II) 

metallation as a function of GdmCl concentration are reported. The different structures 

formed during a titration of Zn(II) and Cd(II) into native and denatured apo-MT are 

monitored using CD spectroscopy. ESI-MS studies reveal the metal-thiolate 

stoichiometries in the first few metallation steps of Zn(II) and Cd(II) to native and 

denatured apo-MT. 

To date, the dependence of Zn(II) and Cd(II) metallation properties on the initial apo-MT 

structure has not been studied using both stopped-flow kinetics to analyze the difference in 

rate constants and ESI-MS to visualize the individual MxSy formed. Additionally, the pH-

dependence of both Zn(II) and Cd(II) binding to apo-MT has not been fully described. 
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4.2 Materials and Methods 

Recombinant human metallothionein 1a (rhMT1a) was expressed and purified as described 

in Chapter 2. For the remainder of this chapter, rhMT1a will be referred to as MT. Apo-

MT was prepared in Tris-HCl at pH 7.4 and its concentration was measured as described 

in Chapter 2. 

4.2.1 Stopped flow methods 

All stopped flow experiments were carried out at 7 ˚C. All reagents were prepared, and 

their pHs were measured and adjusted, at 7 ˚C. 

For chemical denaturation experiments, the prepared apo-MT at pH 7.4 was diluted into 

solutions of 20 mM Tris-HCl and 8 M GdmCl in specific ratios to obtain a final 

concentration of 10 μM apo-MT and 2 M, 3 M, 3.5 M, 4 M, 4.5 M, 5 M, 5.5 M, 6 M, 7 M 

GdmCl. Separate solutions of Zn(OAc)2 and Cd(OAc)2 were prepared to equal 70 μM from 

10 mM stock solutions, again in varying ratios of 20 mM Tris-HCl and 8 M GdmCl at pH 

7.4 to match those of the MT samples. Solutions of 20 mM Tris-HCl at pH 7.4 were mixed 

in varying ratios with 8 M GdmCl at pH 7.4 to equal the concentrations of the apo-MT and 

metal solutions. 

For pH dependence experiments, solutions of 20 mM Tris-HCl at varying pHs were 

prepared. The prepared apo-MT at pH 7.4 was diluted into these solutions of 20 mM Tris-

HCl at varying pHs. Separate solutions of Zn(OAc)2 and Cd(OAc)2 were prepared to equal 

70 μM from 10 mM stock solutions by diluting into the 20 mM Tris-HCl at varying pHs 

matching those of the apo-MT solutions. The pHs were measured using a micro pH 

electrode and adjusted using dilute ammonium hydroxide and formic acid if necessary, 

using extremely small volumes to avoid further dilution of the sample. 

The four syringes of the SFM-400 instrument were loaded with Tris-HCl (S1), apo-MT 

(S2), water (S3), and Zn(OAc)2 or Cd(OAc)2 (S4) with matching GdmCl concentrations or 

matching pH. The syringes were initially programmed to deliver 150 μL each of Tris-HCl 

and apo-MT at a flow rate of 3.75 mLs-1 (total flow rate of 7.5 mLs-1) per shot to establish 

a baseline. Three shots were obtained per experiment. Then the program was altered to 
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deliver 150 μL each of apo-MT and either Zn(OAc)2 or Cd(OAc)2 at a flow rate of 3.75 

mLs-1 (total flow rate of 7.5 mLs-1). Five to ten shots were obtained per experiment. For 

Zn(II) experiments, the reaction was monitored at 230 nm. For Cd(II) experiments, the 

reaction was monitored at 250 nm. The kinetic traces were collected for either every 100 

μs for 0.6 s for all GdmCl denaturation experiments, or 200 μs for 1.2 s, 500 μs for 3 s, or 

1 ms for 6 s for the pH dependence experiments depending on the time required for the 

reaction to reach completion.  

4.2.2 Analysis of kinetic Data 

The kinetic traces for each experiment were averaged and the baselines were subtracted. 

The kinetic traces were converted from absorbance vs time to concentration vs time using 

Equation 4-1, where Ct is the concentration of M7MT forming at a particular time t, At is 

the absorbance observed at time t, C0 is the initial concentration of apo-MT (5 μM after a 

50:50 dilution with the metal solution), and A∞ is the maximum observed absorbance. 

𝑪𝒕 =
𝑨𝒕𝑪𝟎

𝑨∞
                                                                    (4-1) 

The kinetic traces were fit using Complex Pathway Simulator (COPASI) version 4.27 to a 

single bimolecular second order reaction. As discussed in Chapter 2, the actual kinetics are 

much more complicated, consisting of seven consecutive metal binding reactions that 

overlap in the observed kinetic traces. Therefore, during the fitting process, the reactions 

were each simplified to a single bimolecular reaction, approximating one step of the 

metallation as follows in Equation 4-2 for Zn(II) and Equation 4-3 for Cd(II). 

𝑴𝑻 + 𝒁𝒏(𝑰𝑰) → 𝒁𝒏𝑴𝑻                                                       (4-2) 

𝑴𝑻 + 𝑪𝒅(𝑰𝑰) → 𝑪𝒅𝑴𝑻                                                       (4-3) 

The metal stoichiometry is not specified as it cannot be determined by absorbance alone 

the identity of the species observed at a given time point. In reality, a mixture of species 

would be present at any time throughout the reaction. During the fitting process, the 

concentration of metal was varied within reason to produce the fit with the lowest root 
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mean square error. The fitting requirements are further discussed in the Results and 

Discussion section. 

The rate constants obtained from the GdmCl denaturation experiments were taken as a 

measure of the apo-MT folded status and converted to a fraction unfolded curve using 

Equation 4-4, where fu is the fraction of the protein that is unfolded and where k represents 

the observed rate constant. In cases where there was a high deviation between baseline 

points, the average minimum and maximum rate constants were used. 

𝒇𝒖 =
(𝒌 − 𝒌𝒎𝒂𝒙)

(𝒌𝒎𝒊𝒏 − 𝒌𝒎𝒂𝒙)
                                                               (4-4) 

The calculated fraction unfolded curves were fit using Origin Pro 8.5 to a two-state 

sigmoidal curve. Equations 4-5 through 4-8 were used to find the protein stability, ΔG0, 

and the m-value for GdmCl using the linear extrapolation method.278-279 The reported errors 

were the standard errors on the fit. 

𝑲 =
[𝑼]

[𝑵]
                                                                (4-5) 

𝑲 =
𝒆(

−𝜟𝑮
𝑹𝑻 )

𝟏 + 𝒆(
−𝜟𝑮
𝑹𝑻 )

                                                       (4-6) 

𝜟𝑮 = −𝑹𝑻𝒍𝒏𝑲                                                        (4-7) 

𝜟𝑮 = 𝜟𝑮𝟎 − 𝒎[𝑮𝒅𝒎𝑪𝒍]                                              (4-8) 

4.2.3 Circular dichroism methods 

The prepared apo-MT at pH 7.4 was diluted to a concentration of 25 μM in either only 5 

mM Tris-HCl at pH 7.4 or a mixture of 5 mM Tris-HCl at pH 7.4 and 8 M GdmCl at pH 

7.4 to equal a final concentration of 7 M GdmCl. 

Either Zn(OAc)2 or Cd(OAc)2 was titrated stepwise into the apo-MT without denaturant 

and the apo-MT in the presence of 7 M GdmCl. The samples were measured using a Jasco 

J-810 spectropolarimeter after each addition of Zn(II) or Cd(II). A water baseline was 
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collected and subtracted automatically from each sample by the instrument. The samples 

were run between 200 and 310 nm in a 0.2 cm cuvette with a data pitch of 1 nm, a response 

of 2 s, and a band width of 2 nm. Two accumulations were made. The ellipticity (θ) was 

measured by the spectropolarimeter in units of mdeg. The relationship θ = 32.98(ΔA) was 

used to convert the units to absorbance. 

4.2.4 ESI-MS methods 

The prepared apo-MT at pH 7.4 was diluted to a concentration of 70 μM in either only 20 

mM Tris-HCl at pH 7.4 or a mixture of 20 mM Tris-HCl at pH 7.4 and 8 M GdmCl at pH 

7.4 to equal a final concentration of 7 M GdmCl. Either 3 mol. eq. Zn(OAc)2 or 3 mol. eq. 

Cd(OAc)2 was added to apo-MT without denaturant and the apo-MT in the presence of 7 

M GdmCl. These samples were allowed to equilibrate for 10 min after which 16.5 mol. eq. 

NEM modifier was added to bind free cysteines. The samples were once again allowed to 

equilibrate for 10 min and then buffer exchanged with 20 mM ammonium formate at pH 

7.4 using an Amicon centrifugal filter tube with a 3 kDa cut-off 5 times at 4000 rpm for 30 

min each to prepare for ESI-MS analysis. 

The samples were measured using the Bruker MicroTOF II ESI mass spectrometer using 

the parameters described in Chapter 2 and the spectra were deconvoluted between 7000 

and 11000 Da. Species were identified that corresponded to various CdxNEMyMT and 

ZnxNEMyMT stoichiometries. It is important to note that Zn(II) is nearly half the mass of 

NEM, which made analysis of the Zn(II) spectra more complicated. However, in cases 

where the identity of the observed species was unclear by mass alone, a decision was made 

based on both patterns observed in the CdxNEMyMT (i.e. decreasing NEM as metal content 

increased) and logic about the realistic combinations that Zn(II) and NEM can form in the 

20-cysteine MT. Once the number of bound metal and NEM molecules were determined, 

the number of NEM was subtracted from 20 to obtain the number of cysteines involved in 

the metal binding. 



95 

 

4.3 Results and Discussion 

4.3.1 The nature of the observed kinetic traces  

The data presented in this section were obtained using stopped-flow kinetic methods, CD 

spectroscopy, and ESI-MS. It is important to comment on the nature of the resulting kinetic 

data, as MT presents a unique case in regard to kinetic analysis. 

The binding of seven metals to apo-MT is described by seven consecutive bimolecular 

reactions. However, it is not possible to resolve all seven individual reactions using stopped 

flow methods as each step of the reaction contributes to the observed LMCT band 

absorbance. This results in a single kinetic trace which, in this study, was fit to a singular 

bimolecular reaction. The slowest step, or the rate determining step (RDS) will influence 

the observed kinetic trace in terms of both the observed rate constants and the parameters 

required to fit the trace. It is expected that the seventh metal to bind will be the rate 

determining step due to the limited binding sites available.  

Additionally, as 4 ms of the reaction is lost in the dead time, the observable trace is likely 

more characteristic of later steps. Any initial rapid steps which may reveal a biphasic 

reaction are lost in this time. Reaction conditions which change the rate of the final step 

will also impact earlier steps. Therefore, although the other steps are not directly 

observable, the RDS will be influenced by the first and subsequent reaction steps, thus 

providing information about the beginning of the reaction.  

4.3.2 The effect of multistep reactions on the kinetic fitting parameters 

It is important to comment on the molar ratio of Zn(II) or Cd(II) required to fit the data 

because, in each experiment, 7 mol. eq. of Zn(II) or Cd(II) were used to fully metallated 

the protein. In other words, the concentration of metal in the reaction cuvette was seven 

times that of the MT.  

Under neutral pH or low denaturant conditions, a metal molar equivalence near equal to 

the MT concentration resulted in the best fit. However, under lower pH or high denaturant 

concentrations, a larger concentration of metal was required to be used in the fitting 
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parameters, despite the same concentration being used experimentally.  If the slower steps 

are at the end, then the observed kinetic traces will be more characteristic of the end steps. 

By the end of the reaction, when only one metal is left to bind, there is no more excess in 

solution. There will be one mole of metal per mole of protein. Thus, a one-to-one fitting 

makes sense. However, when the slower steps are at the beginning, possibly due to needing 

to overcome thiol protonation or an unfolded protein structure, more of the initial steps will 

be observed. At the beginning, when the first metal binds, there will be seven times excess 

of metals in solution. This is the reason for requiring a higher concentration of metal in the 

fit. 

4.3.3 The rate of Zn(II) and Cd(II) metallation is pH-dependent 

The rate of Zn(II) binding to apo-MT is highly pH dependent. The kinetic traces resulting 

from reactions of apo-MT with Zn(II) at various pHs are shown in Fig. 4-1. A clear 

difference in the rate of reaction can be seen from the kinetic traces. At pH 7.4, the trace 

plateaus by 0.05 s (Fig. 4-1A). When the pH is lowered to a range between 7.26-6.38, the 

plateau does not occur until approximately 0.5 s (Fig. 4-1B-E). At pH values below 6, the 

reaction takes over 1 s to complete (Fig. 4-1F-H).  

The rate of Cd(II) metallation of apo-MT is also pH dependent, although less so than Zn(II) 

metallation. The kinetic traces of these pH-dependent reactions are shown in Fig. 4-2. 

Although there is very little visual difference between the kinetic traces from pH 7.85 to 

pH 6.38, which appear to plateau between 0.05 and 0.1 s (Fig. 4-2A-E), all analyses show 

a significant decrease in the rate below pH 7.40 (Table 4-1). Below pH 6, the reaction takes 

closer to 0.15 s to reach completion (Fig. 4-2F-H), signaling the reduced rate. 

The rate constants resulting from the fit of the kinetic traces are shown in Table 4-1 and 

plotted in Fig. 4-3. At physiological pH, Zn(II) and Cd(II) metallate apo-MT at a very 

similar rate, with Cd(II) being slightly faster. The rate of Zn(II) metallation slows 

dramatically from pH 7.4 to pH 7.26, with the rate constant decreasing by a factor of 

approximately five. From this point the rate constant is lowered much more gradually, 

approximately halving in value upon each next pH measured until pH 5.51. 
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Figure 4-1. pH-dependent kinetic traces of Zn(II) binding to apo-MT. Kinetic traces 

resulting from a reaction of 5 μM apo-MT and 35 μM Zn(II) at various pHs monitored at 

230 nm. Kinetic traces are shown for pH (A) 7.40, (B) 7.26, (C) 7.03, (D) 6.73, (E) 6.38, 

(F) 5.87, (G) 5.51, (H) 5.12. Reactions were performed at 7 ˚C. The line with (*) is placed 

at 0.2 s into the reaction.  
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Between the fastest and slowest reaction, the rate constant is decreased by a factor of 

approximately 100. The rate of Cd(II) metallation also follows the trend of slowing down 

under more acidic conditions. However, unlike Zn(II) where the rate dropped dramatically 

between pH 7.4 and pH 7.26, the change is much more gradual over all pHs measured.  

The observed Cd(II) rate constants can be sorted into three groups similar in magnitude 

over pH 7.85 to pH 7.4, pH 7.26 to pH 6.38, and pH 5.87 to pH 5.12. The rate constants in 

the highest pH group are approximately one and a half to two times higher than those in 

the middle group. The rate constants in the middle group are approximately two times 

higher than those in the lowest pH group. Overall, the rate constant is decreased by a factor 

of approximately five from the fastest to slowest condition. 

4.3.4 The difference in metallation rates of Zn(II) and Cd(II) to apo-
MT is amplified under acidic conditions. 

These results reveal a difference in the metallation rate of Zn(II) or Cd(II) binding to apo-

MT as a function of pH. The Zn(II) metallation rate undergoes a sharp decrease below 

physiological pH, a phenomenon that was not observed for Cd(II), where the rate decreases 

gradually and stays generally constant within pH ranges above 7.4, between 6.3 and 7.3, 

and below 6. Under physiological pH conditions, Cd(II) metallation is approximately 1.5 

faster than Zn(II) metallation. Under the lowest pH conditions, Cd(II) metallation is 

approximately 10 times faster than Zn(II) metallation. The faster reaction between Cd(II) 

and MT than Zn(II) and MT is unsurprising. As Cd(II) is a softer metal than Zn(II), the 

change in affinity from M–O to M–S increases more for Cd(II) than for Zn(II). A larger 

affinity constant results in a larger rate constant and thus a faster reaction. 

The pH-dependence of these reactions is also expected due to increased thiol protonation 

at lower pH levels. Deprotonation of the thiol is required for metal binding. If this is a rate 

determining step, then the thiol protonation status will impact the rate of metal binding. 

The pKa of a cysteine thiol is 8.3, implying that at pH 7.4, approximately 2 of the 20 

cysteines in apo-MT remain deprotonated. However, the pKa can be lowered if the 

negatively charged thiolate is stabilized by a nearby positive charge such as on a lysine 

side chain, which are abundant in the MT sequence.  
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Figure 4-2. pH-dependent kinetic traces of Cd(II) binding to apo-MT.Kinetic traces 

resulting from a reaction of 5 μM apo-MT and 35 μM Cd(II) at various pHs monitored at 

250 nm. Kinetic traces are shown for pH (A) 7.85, (B) 7.40, (C) 7.03, (D) 6.73, (E) 6.38, 

(F) 5.87, (G) 5.51, and (H) 5.12. Reactions were performed at 7 ˚C. 
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It is currently unknown whether this phenomenon occurs in MTs. Nevertheless, a pH-

dependence in the thiol protonation status near physiological pH cannot be discounted for 

apo-MTs. This would provide an explanation for the lower reaction rates at lower pHs. 

This protonation is also likely responsible for the two different pH-dependent metal 

binding pathways observed for Zn(II) and Cd(II), as the non-cooperative formation of 

intermediates may be unfavourable when thiols are protonated. Due to its softer character, 

Cd(II) forms cooperative clusters more readily than Zn(II), which is known to have 

intermediate properties. For Cd(II), the non-cooperative pathway dominates above pH 7.4 

and the cooperative pathway dominates below pH 6.171  

Table 4-1. Table of pH-dependent rate constants of Zn(II) and Cd(II) binding to apo-

MT. The rate constants resulting from the reaction between 5 μM apo-MT and 35 μM 

Zn(II) or Cd(II) at various pHs. The concentrations of the apo-MT and Zn(II) or Cd(II) 

required to fit the kinetic traces are shown. The errors are a result of the standard deviation 

between 3 replicates at pH 7.4 for each metal. The percent standard deviation was applied 

to other samples.

pH Zn(II) k 

/μM-1s-1 

[MT]Fit 

/μM 

[Zn]Fit 

/μM 

Cd(II) k 

/μM-1s-1 

[MT]Fit 

/μM 

[Cd]Fit 

/μM 

7.85 - - - 55 ± 7 5 5 

7.40 44* ± 10   64* ± 8   

 51 ± 11 5 6 57 ± 7 5 5.1 

 38 ± 8 5 6 62 ± 8 5 5.15 

 - - - 72 ± 9 5 5.05 

7.26 9 ± 2 5 5.4 - - - 

7.03 5 ± 1 5 5.7 34 ± 4 5 5.1 

6.73 4.1 ± 0.9 5 5.5 34 ± 4 5 5 

6.38 2.2 ± 0.5 5 6.7 32 ± 4 5 5.05 

5.87 1.0 ± 0.2 5 6.8 17 ± 2 5 5.6 

5.51 0.4 ± 0.1 5 6.2 15 ± 2 5 5.7 

5.12 1.2 ± 0.3 5 6.5 12 ± 1 5 5.5 

*Obtained by averaging all rate constants obtained at the specified pH 
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The change in rate constants of Cd(II) binding at varying pH levels generally correspond 

to the pH ranges where pathway changes are observed, with fast binding seen for the non-

cooperative pathway, slow binding for the cooperative pathway, and an intermediate rate 

for the mixed pathway. This agrees with the previous study suggesting that the formation 

of the non-cooperative intermediates is fast, while formation of the cluster is slow.161 

This however, is not the case for Zn(II). Zn(II) follows an entirely non-cooperative binding 

pathway above pH 6.0 and a mixed pathway between pH 4.0 and pH 6.0.171 The Zn(II) 

binding rate is dramatically reduced from pH 7.4 to pH 7.26, well within the non-

cooperative binding range, suggesting that the binding pathway alone is not influencing the 

rate. Rather, the significant drop in the rate of Zn(II) binding below pH 7.4 may be the 

result of thiol protonation. 

Nevertheless, the binding pathway may be influencing the extent of the pH-dependent rate 

reduction. The reduction of the Cd(II) binding constant is not as drastic as for Zn(II) below 

Figure 4-3. Plot of pH-dependent rate constants of Zn(II) and Cd(II) binding to apo-

MT. A plot of rate constants resulting from a reaction of 5 μM apo-MT and either 35 μM 

Zn(II) (black circles) or 35 μM Cd(II) (red squares) versus pH. 
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pH 7.4. This may be due to the protonated thiols more greatly preventing non-cooperative 

intermediates from forming with Zn(II) than the cooperative cluster with Cd(II). 

Previous studies have reported that there are differences in apo-MT structure,165, 252 Zn(II) 

and Cd(II) binding pathways,171 and Zn(II) and Cd(II) binding rates at different pHs.306 

This highly pH-dependent behaviour may have biological implications. Apo-MT1a has 

been shown to bind Cd(II) in the proximal tubular lysosomes309 and mobilize Zn(II) in 

various organelles including lysosomes, mitochondria, nucleus, endoplasmic reticulum, 

cytosol, and the Golgi apparatus.310 The pH environment of different organelles can vary. 

For example, the proximal tubules can have environments from pH 6.7–6.8311 and the 

lysosomes pH 4.5–5.0.282 

Based on Hard Soft Acid Base Theory,7 Cd(II) will preferentially bind sulfur ligands over 

Zn(II). Cd(II) has no known biological role and is toxic, often by route of displacing Zn(II) 

from enzymes, which leads to disfunction of the affected protein.60 However, in the case 

of MT, the displacement of Zn(II) by Cd(II) results in both sequestration of the toxic metal 

and upregulation of MT via the MTF-1 pathway.108-109, 113 Lower pH conditions may 

enhance the MT’s preference for Cd(II) binding over Zn(II) binding, such as in the 

sequestration to the kidneys where the Cd(II) is stored in the cluster.113 

4.3.5 The rates of Zn(II) and Cd(II) metallation slow under denaturing 
conditions. 

Metallation of apo-MT with both Zn(II) and Cd(II) is slower when carried out in the 

presence of GdmCl. The kinetic traces resulting from the metallation of apo-MT with 

Zn(II) in the presence of increasing concentrations of GdmCl are shown in Fig. 4-4. 

Between 0 and 3.5 M GdmCl, approximately 40% of the reaction is complete within the 

dead time of the instrument (Fig.4A-C). Under conditions of 4 M GdmCl, this number 

decreases to around 20%, indicating a slower reaction (Fig. 4-4D).  

An interesting observation is that some of the kinetic traces plateau rather suddenly rather 

than gradually despite the earlier part of the reaction slowing, which is normally consistent 

with a first order or pseudo first order reaction rather than the second order reaction that is 
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taking place (Fig.4D-G). At 6 M and 7 M GdmCl, the kinetic traces look visibly slower 

than the preceding ones (Fig. 4-4H-I). 

The kinetics of Cd(II) binding to apo-MT under denaturing conditions show similar trends 

to that of Zn(II) (Fig. 4-5). From 0 M to 3.5 M, approximately 60% of the reaction is 

completed in the dead time (Fig. 4-5A-D). From 4 M to 7 M, approximately 40% of the 

reaction occurs in the dead time (Fig. 4-5E-I).  In contrast to the Zn(II) reactions, the visual 

difference in the kinetic traces is not as clear due to more of the reaction occurring within 

the dead time. It does appear however, like with Zn(II), that the largest change in the kinetic 

trace occurs in the early part of the reaction, as the reactions appear to plateau at 

approximately the same time independent of denaturant concentration. 

Figure 4-4. GdmCl-dependent kinetic traces of Zn(II) binding to apo-MT.Kinetic 

traces resulting from a reaction of 5 μM apo-MT and 35 μM Zn(II) at various GdmCl 

concentrations monitored at 230 nm. Kinetic traces are shown for GdmCl concentrations 

of (A) 0, (B) 2, (C) 3.5, (D) 4, (E) 4.5, (F) 5, (G) 5.5, (H) 6, and (I) 7 M. Reactions were 

performed at 7 ˚C. 
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The rate constants obtained from the fitting of the kinetic traces are summarized in Table 

4-2 and Fig. 4-6. Fig. 4-6A shows the plotted rate constants for Zn(II) (Fig. 4-6Ai) and 

Cd(II) (Fig. 4-6Aii) as a function of GdmCl concentration.  

For both Zn(II) and Cd(II), the rate constants between 0 M and 3.5 M GdmCl remain 

relatively unchanged. At 4 M GdmCl, the Zn(II) rate constant has reduced by 

approximately half. It then gently decreases until reaching a value at 6 M about 8 times 

smaller than its original value at 0 M. 

For Cd(II), the rate constant is also halved by 4 M GdmCl. Beyond 4 M GdmCl, the Cd(II) 

rate constant does not appear to decrease anymore. Fig. 4-6B clearly shows that the 

inflection point for Zn(II) is at 4.3 M GdmCl while the inflection point for Cd(II) is at 3.7 

M. Interestingly, higher concentrations of GdmCl are required to fully slow the Zn(II) 

Figure 4-5. GdmCl-dependent kinetic traces of Cd(II) binding to apo-MT.Kinetic 

traces resulting from a reaction of 5 μM apo-MT and 35 μM Cd(II) at various GdmCl 

concentrations monitored at 250 nm. Kinetic traces are shown for GdmCl concentrations 

of (A) 0, (B) 2, (C) 3, (D) 3.5, (E) 4, (F) 4.5, (G) 5.5, (H) 6, and (I) 7 M. Reactions were 

performed at 7 ˚C. 
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binding compared to the Cd(II) binding, but the actual rate of Zn(II) binding is still much 

slower compared to the rate for Cd(II). The change in the metallation rate constants 

between native and denaturing conditions provides insight into how the compact apo-MT 

structure, which can be disrupted using GdmCl,161 impacts some of the metal binding steps. 

If we take this change in metal binding rate as a measure for protein unfolding, the 

thermodynamic parameters can be calculated using Equations 4-4 through 4-8. The protein 

stability ΔG0 is 13 ± 6 kJmol-1 for Zn(II) and 15 ± 13 kJmol-1 for Cd(II). 

Table 4-2. Table of GdmCl-dependent rate constants of Zn(II) and Cd(II) binding to 

apo-MT. The rate constants resulting from the reaction between 5 μM apo-MT and 35 μM 

Zn(II) or Cd(II) at various GdmCl concentrations. The concentrations of the apo-MT and 

Zn(II) or Cd(II) required to fit the kinetic traces are shown. The errors are a result of the 

standard deviation between 3 replicates at pH 7.4 for each metal. The percent standard 

deviation was applied to other samples. 

[GdmCl] 

/M 

Zn(II) k 

/μM-1s-1 

[MT]Fit 

/μM 

[Zn]Fit 

/μM 

Cd(II) k 

/μM-1s-1 

[MT]Fit 

/μM 

[Cd]Fit 

/μM 

0 44* ± 10   64* ± 8   

 51 ± 11 5 6 57 ± 7 5 5.1 

 38 ± 8 5 6 62 ± 8 5 5.15 

    72 ± 9 5 5.05 

2 33 ± 7 5 8 61 ± 7 5 5.3 

3 - - - 77 ±  9 5 5.1 

3.5 40 ± 9 5 7.7 63 ± 8 5 5.5 

4 21 ± 5 5 8 40 ± 5 5 5.5 

4.5 15 ± 3 5 8.8 33 ± 4 5 5.4 

5 22 ± 5 5 7.6 - - - 

5.5 14 ± 3 5 11 42 ± 5 5 5.7 

6 5 ± 1 5 13 36 ± 4 5 5.8 

    42 ± 5 5 5.6 

7 5 ± 1 5 16 27 ± 3 5 5.9 

*Obtained by averaging all rate constants obtained at the specified GdmCl concentration 
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4.3.6 Denaturation of the apo-MT structure reduces the rate of the 
early Zn(II) and Cd(II) metallation steps 

The report that apo-MT adopts a compact structure under native conditions prompted 

investigation into whether this structure is optimal for metal binding. Based on these 

results, both Zn(II) and Cd(II) binding are affected by the apo-MT structure.  

The profile of the kinetic traces obtained as well as the required fitting parameters implies 

that, in the case of Zn(II), it is the first few steps of metallation that are most affected by 

the structure of the apo-MT. This potentially means that once enough metals bind to 

Figure 4-6. Plots of GdmCl-dependent rate constants of Zn(II) and Cd(II) binding to 

apo-MT with fraction unfolded curves. The rate constants and unfolding curves resulting 

from a reaction of 5 μM apo-MT and either 35 μM Zn(II) or 35 μM Cd(II) under various 

GdmCl concentrations. (A) The rate constants versus GdmCl concentration for (i) Zn(II) 

and (ii) Cd(II). (B) The fraction unfolded curves derived from the rate constants with the 

fit for (i) Zn(II) and (ii) Cd(II). The parameters determined using the linear extrapolation 

method are (A) ΔG0 = 13 ± 6 kJmol-1 and m = 3 ± 1 kJmol-1M-1 and (B) ΔG0 = 15 ± 13 

kJmol-1 and m = 4 ± 3 kJmol-1M-1  The concentration of GdmCl at the point of 50 % 

denaturation is (A) 4.3 M and (B) 3.7 M. 
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overcome the denatured state and form a backbone structure close to the fully metallated 

protein, the remaining metals can bind more quickly. 

The protein folding based on the reduction of the rate constant was fit to a two-state folding 

model as a function of GdmCl concentration, as was possible with the α-domain of MT.160 

The inflection point seen here is consistent with the reduction in rate constants seen in the 

α-domain of apo-MT when metallated with Cd(II), which occurs at approximately 4 M 

GdmCl.160 This, as well as the thermodynamic parameters obtained, are also consistent 

with those obtained for the GdmCl denaturation of apo-MT monitored using CD 

spectroscopy. This suggests that the backbone unfolding of apo-MT as observed using CD 

spectroscopy is indeed the reason for the reduced metal binding rate. 

At the greatest extent of denaturation, the rate constant for the Zn(II) binding is reduced by 

a factor of approximately 8, while the rate constant for the Cd(II) binding is only 

approximately half of the one measured under native conditions. The proposal that the first 

few metallation steps are most affected by GdmCl-induced denaturation may also explain 

this. As much of the Cd(II) metallation reaction is complete within the dead time of the 

instrument, the earlier steps which are slowed by the denaturant may not contribute to the 

observed kinetic trace as much as the less affected later steps. The rate of Cd(II) metallation 

of the isolated α-domain of apo-MT slows approximately ten-fold under denaturing 

conditions.160 This is further evidence that the later metallation steps are obscuring the 

observed kinetic trace. Based on this analysis, it is possible that the Zn(II) binding is 

impacted by the denaturation of apo-MT for more of the later metallation steps than for the 

Cd(II) binding. This would explain the greater effect on the rate constants. 

4.3.7 Stepwise Zn(II) and Cd(II) titrations monitored using CD 
spectroscopy suggest different pathways under native and 
denaturing conditions 

A stepwise titration of Zn(II) and Cd(II) into apo-MT in the absence and presence of 7 M 

GdmCl was monitored by CD spectroscopy to investigate the structural changes in the 

protein during different metallation steps (Fig. 4-7). Apo-MT has a CD spectrum 

characteristic of an intrinsically disordered protein lacking formal secondary structure, 
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shown by a negative signal in the near-UV region. However, in the presence of a chemical 

denaturant, the CD spectrum resembles a protein that is more unfolded and disordered, 

with a suppression of the strong negative signal at 222 nm (Fig. 4-7A,F).  

The titration of Zn(II) into apo-MT under native and denaturing conditions shows that the 

denatured MT backbone fold and metallated structures do not resemble those of the native 

MT until full metallation. After additions of 2.5, 4, and 6.5 mol. eq. Zn(II), the spectra of 

the MT in the presence of GdmCl produces different signals than those in the absence of 

GdmCl (Fig. 4-7B-D). The native MT spectra are characteristic of non-cooperative Zn(II) 

binding after 2.5 and 4 mol. eq. added, with a slightly less negative signal near 230 nm 

(Fig.7B-C). After 6.5 mol. eq. Zn(II) has been added, the characteristic derivative-shaped 

signal with maxima at 230 nm (–) and 245 nm (+) indicating a cluster structure is observed 

(Fig. 4-7D).  

During the titration of the denatured apo-MT, a positive signal at 225 nm is observed upon 

addition of 2.5 and 4 mol. eq. (Fig.7B-C).  A weak derivative-shaped signal is seen after 

6.5 mol. eq. of Zn(II) has been added, however it is distorted compared to the one seen for 

the native MT with the negative maximum around 235 nm rather than 230 nm and still 

with a raised 225 nm peak not seen in the native protein (Fig. 4-7D). Only after 7.5 mol. 

eq. Zn(II) added do the two spectra overlap, indicating formation of the final Zn7MT two-

domain structure (Fig. 4-7E) and identical backbone folds. 

The results of the Cd(II) titration into native and denatured apo-MT show that the 

metallated structures of the denatured MT resemble those formed in the native MT at an 

earlier stage in the titration compared to Zn(II). At 2.5 mol. eq. Cd(II) added, the typical 

non-cooperative spectrum expected for this step in the titration is seen for the native protein 

with a maximum at 245 nm (Fig. 4-7G).  

Likewise, a similar spectrum is seen for the denatured protein with the negative signal at 

225 nm slightly suppressed (Fig. 4-7G). At 4 mol. eq. added a weak derivative-shaped 

signal is observed in both the native and denatured MT, indicating cluster formation in both 

samples (Fig.7H). However, the two spectra do not quite overlap at this point with the 

signal for the denatured MT being less pronounced.  
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Figure 4-7. Titrations of Zn(II) or Cd(II) into apo-MT under native and denaturing 

conditions monitored by CD spectroscopy at pH 7.4. (A-E) A titration of (A) 0, (B) 2.5, 

(C) 4, (D) 6.5, and (E) 7.5 mol. eq. Zn(II) into apo-MT. (F-J) A titration of (F) 0, (G) 2.5, 

(H) 4, (I) 5, and (J) 6.5 mol. eq. Cd(II) into apo-MT. Both titrations were performed in the 

absence of GdmCl and in the presence of 7 M GdmCl. 
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By 5 mol. eq. Cd(II) added the derivative shape in both samples is more pronounced (Fig. 

4-7I). Finally, at 6.5 mol. eq. Cd(II) added, the clear derivative shape with a minimum at 

240 nm (–) and a maximum at 260 nm (+) is observed and the two spectra overlap, showing 

that they have the same structure (Fig. 4-7J).  

Although the starting apo-MT in these titrations displayed different backbone structures 

(Fig. 4-7A,F), they each displayed the same characteristic derivative-shaped signal 

indicating formation of the two-domain cluster structure upon full metallation (Fig. 4-

7E,J). Additionally, these spectra overlap regardless of whether the Zn(II) or Cd(II) is 

titrated into native or denatured apo-MT. This shows that not only are the same metallated 

structures formed upon full metallation, but the overall backbone fold of the Zn7MT or 

Cd7MT is the same. 

In both the Zn(II) and Cd(II) titrations, the observed differences in the CD spectra in the 

first few metallation steps indicate that the structures formed in the native and denatured 

MTs are different despite the same average number of metals being bound. This could 

mean that either the metals are binding using different cysteines between the native and 

denatured MTs, or that the few metals bound are not enough to alter the overall protein 

backbone fold from its apo form.  

The Zn(II)-bound MT under denaturing conditions does not resemble the Zn(II)-bound MT 

under native conditions until full metallation to Zn7MT. This means that even at Zn6MT, 

differences in structure between the two conditions still exist despite the presence of a 

cluster structure in both. Conversely, for Cd(II)-bound MTs, the structure of the native and 

the denatured proteins are nearly identical after addition of 4 mol. eq. Cd(II) and exactly 

overlap after 6.5 mol. eq. Cd(II) is added.  

This suggests differences in how chemical denaturation of apo-MT protein affects Zn(II) 

and Cd(II) binding and is consistent with the results obtained from kinetic studies. In Zn(II) 

binding, nearly all metallation steps are affected, while only the first few metallation steps 

are affected in Cd(II) binding.  
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It is interesting to note that even under denaturing conditions, the same two-domain 

structure is able to form after addition of enough metal. This suggests that it is the primary 

structure of the MT that dictates the fully metallated structures that form, contrasting the 

effect of the compact apo-MT structure on the initial metallation steps. This concept of 

metal-induced folding was previously discussed following computational analysis by 

Rigby et al. in 2006. 312 

4.3.8 Specific bridging thiolate structures form in metal-unsaturated 
Zn(II) and Cd(II) MTs 

To characterize the individual MxSy species formed in native and denatured apo-MTs 

during metallation using Zn(II) or Cd(II), cysteine modification in combination with ESI-

MS methods were performed. 3 mol. eq. Zn(II) or Cd(II) was added to apo-MT in the 

presence of either 0 M or 7 M GdmCl, followed by 16.5 mol. eq. NEM modifier to bind 

the free cysteines. The resulting ESI mass spectral data is shown in Fig. 4-8.  

The possible metal-thiolate structures formed based on the ESI-MS data are shown in Fig. 

4-9. As multiple connectivities for certain bridging metal-thiolate clusters are possible, 

particularly for the higher metallated species, only one possible structure is shown for 

simplicity. However, it is important to note that the exact structures are not known. Rather, 

the structures in Fig. 4-9 are intended as a visual aid. 

As expected at pH 7.4, multiple intermediate species are observed for each condition. 

Specific metal-thiolate stoichiometries form for each metallated species. When either 

Zn(II) or Cd(II) is bound to apo-MT under native conditions, similar stoichiometries are 

observed. These stoichiometries imply a mixture of terminally bound metals as well as 

structures with bridging cysteines previously only associated with the M4S11 and M3S9 

clusters in the fully metallated protein.  

A mixture of Zn2S6 and Zn2S8 are seen in the mass spectra (Fig. 4-8A), while only Cd2S6 

forms (Fig. 4-8C). M2S8 describes a structure with two metals bound to only terminal 

cysteines. Conversely, M2S6 is a structure that can only form if two thiols participate in 

bridging.  
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Figure 4-8. The early metallation steps of Zn(II) and Cd(II) to apo-MT at pH 7.4 under 

native and denaturing conditions monitored using ESI-MS. (i) Charge state and (ii) 

deconvoluted ESI mass spectra of (A-B) Apo-MT with 3 mol. eq. Zn(II) followed by 16.5 

mol. eq. NEM (A) in the absence of GdmCl and (B) in the presence of 7 M GdmCl and (C-

D) Apo-MT with 3 mol. eq. Cd(II) followed by 16.5 mol. eq. NEM (A) in the absence of 

GdmCl and (B) in the presence of 7 M GdmCl. 
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The metal-thiolate stoichiometries observed when three metals are bound are the same for 

both Zn(II) and Cd(II). Zn3S10 and Zn3S9 as well as Cd3S10 and Cd3S9 form. However, the 

ratios of these species formed are different for Zn(II) and Cd(II). The Zn3S10 species is 

favoured (Fig. 4-8A) while the Cd3S9 is favoured (Fig. 4-8C). M3S10 describes a structure 

where a single metal with all terminally bound cysteines exists alongside the M2S6 structure 

seen in the previous metallation step.  

As no structure with only terminal cysteine exists when three metals are bound, the Zn2S8 

structure must rearrange to form a structure with bridging cysteines upon the binding of a 

third metal. M3S9 involves three bridging cysteines. The structure is either an addition to 

M2S6 where the new metal shares one cysteine from the intact M2S6 structure or a 

rearranged structure potentially resembling the M3S9 cluster seen in the β-domain of the 

fully metallated protein. Based on ESI-MS experiments alone, it is not possible to tell 

which of these structures form or if the same structure forms for Zn3MT and Cd3MT. 

After 4 metals have bound, Zn4S13, Cd4S13, and Cd4S12 stoichiometries are observed. It is 

interesting to note that the M4S11 cluster is not seen at this stage, indicating that it forms at 

Figure 4-9. Intermediate ZnxSy and CdxSy structures formed. Models of possible metal-

thiolate structures formed during (A) Zn(II) and (B) Cd(II) metallation of apo-MT under 

(i) only native, (ii) only denaturing, or (iii) both native and denaturing conditions. 
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a later step in the metallation. Following the pattern of M3S10, the structure of M4S13 can 

be described as the addition of one metal with all terminally bound cysteines to the M3S9 

structure. Again, any metals in the M3S10 structure would need to rearrange as the fourth 

metal is added. Cd4S12, which requires four bridging cysteines, likely describes two M2S6 

structures, with the newly added Cd(II) binding to the terminally bound Cd(II) from the 

M3S10 structure. This could also be a Cd(II) with a single bridging cysteine connecting to 

the M3S9 structure and three terminal cysteines. 

Only a Cd5MT species is observed with a stoichiometry of Cd5S15. This could describe the 

Cd4S11 cluster in the α-domain plus a single Cd1S4 in the β-domain. It could also describe 

separate Cd3S9 and Cd2S6 structures. 

The observed results establishes a loosely followed pattern for Zn(II) and Cd(II) binding 

under native conditions. It is commonly observed that for each metallation step, a single 

metal binds using only terminally bound structures for a single one terminally bound 

cysteine adds and is incorporated into a bridging structure upon binding to the next metal. 

This follows for M2S6 → M3S10 → M4S13, all of which are observed for both Zn(II) and 

Cd(II) metallation. In some cases, formation of the bridging structure occurs without the 

additional terminally bound metal, as is the case for M2S6 → M3S9. For this step, Zn(II) 

strongly prefers to form Zn3S10, while Cd(II) prefers to form Cd3S9. Additionally, only 

Zn(II) forms the terminally bound Zn2S8 structure, while only Cd(II) forms the more 

bridging Cd4S12 structure.  

It has previously been suggested that under conditions where non-cooperative metal 

binding takes place, the metals bind using only terminal cysteines in a pathway of M1S4 → 

M2S8 → M3S12 → M4S16 → M5S20 before formation of any bridging thiolate structures.168, 

171 However, it can be seen from these ESI-MS data that specific bridging thiolate 

structures are seen after only two metals have bound. The only terminally bound structure 

observed at this step is Zn2S8. It should be noted that although the structures formed during 

the Zn(II) and Cd(II) binding are very similar, their relative abundances observed in the 

ESI mass spectra show that Zn(II) prefers to form structure with less bridging thiolates, 

while Cd(II) tends to prefer the structures with more bridging thiolates. Cd(II) is known to 
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prefer cooperative binding to M4S11 compared to Zn(II), a structure which involves 

formation of a network of bridging thiolate structures.171 Therefore it makes sense that 

Cd(II) forms bridging thiolate structures more easily than Zn(II). 

4.3.9 Denaturation of apo-MT disrupts formation of bridging metal-
thiolate structures 

Under denaturing conditions, the Zn(II) and Cd(II) species that form generally contain less 

bridging cysteines than those formed under native conditions. When two Zn(II) are bound, 

higher abundances of Zn2S8 are formed as well as a new Zn2S7 species (Fig. 4-8B). Zn3S6 

is no longer observed. Likewise, Cd2S8, which was not observed in the native MT, forms 

in high abundance under denaturing conditions (Fig. 4-8D). Cd2S7 also forms. The newly 

observed M2S7 structure describes 2 metals with only one bridging cysteine between them. 

Both Zn3S10 and Cd3S10 species are still observed under denaturing conditions (Fig. 4-

8B,D). Zn3S9 and Cd3S9 however, do not appear to be able to form as these species are no 

longer observed. Rather, peaks corresponding to new species of Zn3S11, Zn3S12, and Cd3S11 

are seen in the ESI mass spectra. An M3S11 structure is likely a terminally bound metal 

added to the M2S7 structure and M3S12 describes three metals bound to only terminal 

cysteines each with M1S4 stoichiometry. With a mixture of three possible MxSy structures 

for Zn3MT under denaturing conditions, this is the step of the metallation with the most 

diversity in structures seen. 

When four metals are bound, the Zn4S13 and Cd4S13 species observed under native 

conditions still form under denaturing conditions. Additionally, Cd4S12 still forms as well. 

These two Cd(II) bound species have similar relative intensities to each other compared to 

in the native spectra. This implies that the Cd4MT structure is not as affected by denaturant 

compared to previous metallation steps. Conversely, a new Zn4S14 structure is seen, which 

corresponds to a Zn2S6 structure plus two terminally bound metals. Also, Zn4S13 and Cd4S13 

may consist of an M2S6 plus an M2S7 structure. This structure is more likely to form under 

denaturing conditions than under native conditions due to the presence of an M2S7 

precursor. 
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Zn5S15 and Cd5S15 stoichiometries are both seen under denaturing conditions as the only 

species where five metals are bound. The identical stoichiometries suggest that both the 

Zn(II) and Cd(II)-bound MT structures are the same. However, the results from the CD 

spectra imply that Zn(II)-bound MTs still have a different backbone structure at this step. 

Previous research has suggested that Zn5MT consists of three Zn(II) in the α-domain and 

two Zn(II) in the β-domain, while Cd4MT is localized to the α-domain.176 This could imply 

that Zn(II) forms two clusters, possibly consisting of an M3S9 and an M2S6 structure, 

stoichiometries which were both observed in MTs with a lower metal loading status. The 

Cd(II) structure may consist of an M4S11 cluster in the alpha domain and one terminally 

bound M1S4 in the beta domain, corresponding to the first cluster formed in the fully 

metallated, two-domain protein. However, other structures corresponding to an M5S15 

stoichiometry are also possible, such as a single M5S15 cluster not localized to a single 

domain. 

These results have shown that the partially metallated Zn(II) and Cd(II) bound MT species 

formed differ from those formed under native conditions. A trend is seen where the 

structures formed under denaturing conditions generally consist of more terminally bound 

cysteines and less bridging cysteines. As in the native protein, Zn(II) tends to prefer 

terminally bound species compared to Cd(II), forming structures such as Zn3S12 which 

contain no bridging structures. 

Overall, the results combined from stopped-flow kinetics, CD spectroscopy, and ESI-MS 

show that the native structure of apo-MT does indeed impact the Zn(II) and Cd(II) 

metallation. Under native conditions, the binding is fast and specific bridging metal-

thiolate structures are formed which form a scaffold for which more complicated structures 

can form. Under denaturing conditions, the binding is slow, and the bridging metal-thiolate 

structures are not able to form as efficiently, rather forming simpler structures. The initial 

denaturation of the apo-MT appears to impact the Cd(II) binding up to approximately 4 

Cd(II) bound. The binding of additional Cd(II) does not seem to be affected by a high 

denaturant concentration, implying that sufficient metal-induced folding has taken place to 

overcome the unfolded MT backbone. The Zn(II) binding pathway under denaturing 

conditions is different. Evidence of MT backbone denaturation is detected at all Zn(II) 
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binding steps, suggesting that altered structures are forming under denaturing conditions 

compared to under native conditions. This suggests an amplified preference for Cd(II) 

binding over Zn(II) binding under denatured conditions. 

4.4 Conclusions 

MTs are resilient proteins that can bind a wide variety of metals under many different 

conditions. However, these results have shown that the metal binding pathways can be 

altered by changing the conditions under which the metallation takes place. Zn(II) and 

Cd(II) metallation rates responded differently to various pH conditions. The pH sensitivity 

to Zn(II) binding was justified by the inability of Zn(II) to form the Zn4S11 cluster unless 

at very low pH levels. This differential pH sensitivity in Zn(II) and Cd(II) binding may 

have biological implications for the ubiquitously expressed MTs, potentially prioritizing 

Cd(II) cluster formation over Zn(II) homeostasis under lower pH conditions. 

Unfolding the apo-MT impacted the rate of Zn(II) and Cd(II) metallation, the structure of 

the protein backbone during the metallation, and the specific metal-thiolate structures 

formed. The impact was greater on the Zn(II) binding than the Cd(II) binding, which can 

be related to the preference of Zn(II) to form structures with less bridging cysteines than 

Cd(II). This not only implies that the structure of the native apo-MT is important for Zn(II) 

binding, but also potentially gives insights into protein disfunction and misfolding as the 

apo-MT with the unfolded MT binds toxic Cd(II) more readily than essential Zn(II). 
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Chapter 5 

5 The pH and Structure-Dependent Binding of Bismuth to 
Metallothionein 1a 

In the previous chapters, it was established that the compact structure of apo-MT as well 

as pH conditions impact the Zn(II) and Cd(II) metallation. MTs evolved in the presence of 

metals such as Zn(II) and Cu(I) which may have helped shape the binding properties.313 

The fully metallated Zn(II) and Cu(I) bound MT structures involve domain specific cluster 

structures.  

This chapter focuses on bismuth, a xenobiotic metal with pharmaceutical applications.314 

Bismuth has no role in normal physiology and it would not have been present to influence 

the evolution of MTs. The binding of Bi(III) to MTs provides an interesting model to study 

the non-traditional metal-thiolate structures that can form in MTs. 

Portions of this chapter have been previously published (Korkola et al. 2020315 and Korkola 

et al. 2021316). Data from previous publications are indicated in the appropriate figure 

captions. 

5.1 Introduction 

Bismuth is a group 15 metal known for its uses in the pharmaceutical industry. Its most 

well-known use is as an antimicrobial agent against Helicobacter pylori with medications 

such as De-Nol™, Tritec™/Pylorid™, and Pepto-Bismol.314, 317-320 Additionally, bismuth 

has potential for roles in cancer therapy, with recent studies using bismuth nanoparticles to 
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increase the effect of radiation in tumours.321-324 Other potential uses in cancer treatment 

include using bismuth to relieve side effects of cancer drugs such as cisplatin and 

doxorubicin.325 Recently, a study has suggested that ranitidine bismuth citrate may relieve 

symptoms of Sars-Cov-2 in hamsters.326 

In treatments against Heliobacter pylori, bismuth inhibits the growth of the bacteria327 

through a variety  of mechanisms, some which may involve binding to cysteine residues.328-

329 For example, bismuth may bind to the cysteine in the active sites of urease, and displace 

zinc from the cysteine in the binding sites of alcohol dehydrogenase.330-331  

Administered alongside anticancer drugs cisplatin and doxorubicin, bismuth counteracts 

the nephrotoxic and cardiotoxic effects of these drugs, respectively by inducing the 

cysteine-rich metallothionein (MT) in the kidney and heart tissues.187, 325, 332-338 

Considering that the uses of bismuth compounds in medicine often involve cysteine 

residues in proteins, it is important to study the interactions of bismuth with cysteine-rich 

proteins, such as metallothioneins (MTs).  

MTs in vivo maintain homeostasis of essential metals, bind and sequester toxic heavy 

metals, and provide protection against oxidative stress.339-342 Although MTs are most well-

known as Zn(II)-binding proteins, they have also been shown to bind to a variety of “non-

traditional” metals not usually found in biology such as Ag(I) or Pt(II).187, 197 Mammalian 

isoforms MT1 and MT2 are upregulated by a variety of metals including Bi(III).343-346 

Mammalian MTs are most well-known for their two-domain structure formed upon 

metallation with seven Cd(II) or Zn(II).143, 146, 171, 272, 276, 347-351 The apo-MT at physiological 

pH is intrinsically disordered with a bundled structure in which the cysteines are not 

uniformly solvent accessible, unless unfolded using a denaturant.160-161, 252 In Chapter 4, it 

was shown that the structure of apo-MT impacted the partially metallated Zn(II) and Cd(II) 

bound MT structures formed. 

The stepwise metallation pathways followed when Bi(III) binds to MTs have not been 

widely studied, even though the protective effects of MT against nephrotoxicity after 

induction by Bi(III)352-354 suggests the formation of Bi-MT species.187 
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Sun et al.202, using UV-visible absorption, 1H NMR, and extended X-ray absorption fine 

structure (EXAFS) spectroscopic methods determined that Bi(III) bound to rabbit liver 

Zn7βαMT2, displacing the Zn(II), with a 7:1 ratio. The coordination of the Bi(III) was 

found to be Bi(Scys)3 with an occasional fourth bond to oxygen. The clusters were described 

to be “distorted compared to those of Cd7MT and Zn7MT”.202 It was also reported that 

[Bi(cit)]- and [Bi(EDTA)]- displaced Cd(II) from Cd7MT and Zn(II) from Zn7MT.202 

An electrospray ionization (ESI) mass spectral study by Ngu et al.178 of Bi(OAc)3 binding 

to βαMT, βMT, and αMT at pH 2.3–2.7 showed species forming up to Bi7βαMT, Bi3βMT, 

and Bi4αMT upon addition of excess Bi(OAc)3. A unique feature of ESI-MS is that the 

individual species can be observed, and thus information about the binding pathway can 

be obtained. The binding pathways were shown to be non-cooperative, favouring no 

specific species, rather forming a Binomial-type distribution of species before saturation.178 

This non-cooperative binding pathway has also been observed for the trivalent metal 

As(III).  However, As(III) only binds up to As3βMT, As3αMT, and As6βαMT.177, 355 These 

binding pathways contrast the cooperativity seen under certain conditions for metals such 

as Cd(II), Zn(II), Cu(I), and Ag(I) binding to MT.171, 179, 182, 356  

Although it has been established that Bi(III) will bind to MTs, there are still questions about 

the exact pathway and stoichiometry of the binding to MT1a and its fragments. Throughout 

the limited research on Bi(III) binding to MTs, reaction conditions have varied greatly. The 

binding of Bi(III) to Zn7MT, and Zn2Cd5MT have been studied using  [Bi(cit)]- and 

[Bi(EDTA)]- at neutral pH,202 while the binding to apo-MT has been studied using 

Bi(OAc)3 at low pH.178 The possibility of structural differences, pH, or Bi(III) salt affecting 

the binding has been largely neglected. 

In this chapter, a description of Bi(III) binding to MT1a under a variety of conditions using 

ESI-MS methods is provided. First, the dependence of Bi(III) salt and pH on BinMT species 

formation was explored. It was found that up to Bi7MT formed only using [Bi(cit)]- at pH 

2.6 with a weakly bound adduct forming Bi8MT. When using [Bi(EDTA)]-, up to Bi7MT 

was formed at pH 2.6, while only Bi6MT was formed at pH 7.4. Due to competition from 

the EDTA ligand, much larger stoichiometric amounts of Bi(III) were required to saturate 
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the MT, particularly under low pH conditions. The binding constants for these three 

conditions were determined. Cysteine modification experiments were performed to probe 

the proposed Bi1S3 structure. The binding pathway and binding constants were also 

determined for the titration of [Bi(EDTA)]- into the fragments βMT and αMT at pH 7.4, 

which aligned closely with the results observed for the full βαMT protein. 

Using βMT, the effect of protein denaturation on Bi(III) binding was studied. It was found 

that a higher proportion of Bi3MT formed under denaturing conditions. Finally, 

[Bi(EDTA)]- was titrated into Zn7MT. Under this condition, Bi7MT formed after only 

adding 8 molar equivalents of Bi(III). These studies suggest that the structure and the initial 

metal-loading status of MT is important for the binding pathway of Bi(III). 

5.2 Materials and Methods 

5.2.1 Protein expression, purification, and preparation for experiments 

Recombinant human (rh) βαMT, βMT, and αMT were expressed and purified as described 

in Chapter 2. Apo-βαMT, apo-βMT, and apo-αMT at pH 7.4 were prepared as described 

in Chapter 2. Apo-βαMT at pH 2.6 was also prepared as described in Chapter 2, using 

ammonium formate at pH 2.6 in place of the ammonium formate at pH 7.4. Zn7βαMT was 

prepared by adding 7 mol. eq. Zn(OAc)2 to apo-βαMT at pH 7.4. The pH of the Zn7βαMT 

was measured and adjusted back to pH 7.4 using dilute ammonium hydroxide. This step 

was necessary due to a reduction in pH caused by proton displacement upon Zn(II) binding. 

5.2.2 Electrospray ionization mass spectrometry experiments 

All mass spectrometric data was collected on a Bruker MicroTOF II electrospray ionization 

mass spectrometer using the parameters described in Chapter 2. The data were collected 

and averaged over 1-2 min. The data were deconvoluted over the range 7000-10000 Da for 

βαMT, 3500-5000 Da for βMT, and 3800-5800 for αMT.  

5.2.3 Titrations of [Bi(cit)]- into apo-MT at pH 2.6 

[Bi(cit)]- was added to solutions of 50 μM apo-βαMT in varying molar equivalences at pH 

2.6. The samples were allowed to equilibrate for 10 min before measurement on the mass 



122 

 

spectrometer. A sample with 7.5 mol. eq. [Bi(cit)]- was centrifuged for 1 h after the initial 

MS measurement to observe the loss of the Bi8MT species. [Bi(cit)]- titrations were only 

performed at pH 2.6, as [Bi(cit)]- was insoluble at higher pH levels. 

5.2.4 Titrations of [Bi(EDTA)]- into apo-MT at pH 2.6 

[Bi(EDTA)]- is an ideal Bi(III) compound with which to study the interactions of Bi(III) 

and MTs at physiological pH because unlike other Bi(III) compounds, it is soluble at 

neutral pH. It is important to note here that because EDTA has 4 acidic protons, a 

distribution of protonated species will always exist. To calculate that distribution at any 

pH, one needs to use the 4 pKa’s, which is described in more detail when the determination 

of conditional binding constants is discussed later in this section (5.2). Throughout this 

chapter, “EDTA” is used when referring to the ligand alone as an abbreviation for the 

multiple protonated species that exist. For consistency with previous literature,202 the 

formula [Bi(EDTA)]- is used for the coordinated Bi(III) complex. 

[Bi(EDTA)]- was added to solutions of 50 μM apo-βαMT in varying molar equivalences 

at pH 2.6. As the binding of [Bi(EDTA)]- is slow at pH 2.6, The samples were allowed to 

equilibrate for 6 h before measurement on the mass spectrometer. Samples with over 20 

mol. eq. or 100 mol. eq. [Bi(EDTA)]- added were centrifuged for 1 h or 2 h, respectively 

prior to MS measurement. This step was required because the excess [Bi(EDTA)]- 

overwhelmed the spectrum, obscuring the MT peaks. 

5.2.5 Titrations of [Bi(EDTA)]- into apo-MT at pH 7.4 

[Bi(EDTA)]- was added to solutions of either 50 μM apo-βαMT, apo-βMT, or apo-αMT in 

varying molar equivalences at pH 7.4. The samples were allowed to equilibrate for 10 min 

before measurement on the mass spectrometer. [Bi(EDTA)]- was also added to solutions 

of 50 μM Zn7βαMT in varying molar equivalences at pH 7.4. The samples were allowed 

to equilibrate for 16 h before measurement on the mass spectrometer. 

5.2.6 Trypsin digestion experiments 

Samples of apo-βαMT and Bi2βαMT at pH 7.4 were digested with trypsin in a 1:20 w/w 

ratio at 37 ˚C for 30 min. The samples were analysed on the mass spectrometer without 
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quenching the reaction by reducing the pH to avoid rearrangement of the Bi2βαMT 

structure. The fractional contribution of each fragment peak to the total intensity of the 

spectrum was determined. The matching fragment peaks in both spectra were then 

normalized to each other between 0 and 1 to compare the gain or loss in fractional intensity 

in the different conditions. 

5.2.7 Cysteine modification experiments 

βαMT with a mixture of 6 and 7 Bi(III) bound was prepared at pH 2.6 via a titration of 

[Bi(cit)]- into apo-βαMT and measured using ESI-MS. 12 mol. eq. of benzoquinone (Bq) 

was added to this sample and allowed to equilibrate for 10 min before measurement on the 

mass spectrometer. Bi2βαMT formed from a titration of [Bi(EDTA)]- into apo-βαMT at pH 

7.4 was measured using ESI-MS. 14 mol. eq. N-ethylmaleimide (NEM) was added to this 

sample and allowed to equilibrate for 10 min before measurement on the mass 

spectrometer. Apo-βMT was prepared at pH 6.9 in the same manner as for all other 

experiments, with pH 6.9 ammonium formate used instead of pH 7.4. The cysteine modifier 

Bq is ineffective above neutral pH, requiring the pH to be lowered for this experiment. 1.5 

mol. eq. [Bi(EDTA)]- was initially titrated in and measured on the ESI mass spectrometer 

to confirm that the binding pathway was like that at pH 7.4. Another 0.5 mol. eq. of 

[Bi(EDTA)]- was added to bring the total to 2 mol. eq. and this sample was measured on 

the ESI mass spectrometer. Excess 10 mM Bq (40 mol. eq.) was added to this sample and 

allowed to equilibrate for 10 min before obtaining a mass spectrum. 

5.2.8 Metallation of denatured apo-βMT with [Bi(EDTA)]- 

Apo-βMT at pH 7.4 was split into 2 samples. 8 M GdmCl was added to one of the samples 

to make a final concentration of 4 M GdmCl. The solutions were allowed to equilibrate for 

30 min. A 5-mol. eq. aliquot of [Bi(EDTA)]- was added to each sample. Since metallation 

of MT has been shown to be slower in the presence of denaturants, the samples were both 

allowed 1 hour to equilibrate after addition of the [Bi(EDTA)]- to ensure complete 

metallation. The sample containing the GdmCl was passed down a PD-10 column and 

buffer exchanged using the centrifugal filter units at 3901 g (4500 rpm) for 30 min. The 

purpose of this step was to remove the GdmCl, as its presence would overwhelm the mass 
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spectral signal. Following this step, both samples were measured on the ESI mass 

spectrometer. 

5.2.9 pH dependence of Bi2βMT 

A 2-mol. eq. aliquot of [Bi(EDTA)]- was added to apo-βMT at pH 7.4. The sample was 

measured on the ESI mass spectrometer. Dilute formic acid was added to the Bi2βMT 

solution to bring the pH to 5, and then to pH 2. Mass spectra were measured after both pH 

changes. 

5.2.10 Metal exchange between Bi2βMT, Cd3βMT, and Zn3βMT 

2 mol. eq. [Bi(EDTA)]-, 3 mol. eq. Cd(OAc)2, and 3 mol. eq. Zn(OAc)2 were added to 

separate samples of apo-βMT at pH 7.4 to make Bi2βMT, Cd3βMT, and Zn3βMT, 

respectively. An ESI mass spectrum was obtained for each sample to ensure the desired 

product was made. 1:1 mixtures of Bi2βMT and Cd3βMT, Bi2βMT and Zn3βMT, and 

Cd3βMT and Zn3βMT were prepared and allowed to equilibrate for 12 h. Each sample was 

measured on the ESI mass spectrometer to determine the extent of metal exchange. 

5.2.11 Titration simulations and determination of conditional binding 
constants 

The species formed from the experimental titrations of [Bi(cit)]- and [Bi(EDTA)]- into apo-

MTs were plotted as a function of the mol. eq. [Bi(EDTA)]- added. The Hyperquad 

Simulation and Speciation (HySS) program was used to simulate the titrations and to 

determine the relative conditional binding constants of Bi(III) to apo-MTs.357  

The use of conditional binding constants is necessary because the proton competition for 

the EDTA ligand directly modifies the binding constant K[Bi(EDTA)]-. To obtain the correct 

value for the conditional binding constant, we must adjust for the fraction of EDTA4- 

available for binding at pH 7.4. This is achieved using the fractional composition parameter 

α4, described generally in the literature.358 The value of α4 for EDTA at pH 7.4 was 

calculated to be 1.3x10-3
 using the 4 pKa values for protonation of EDTA4-: 1.99, 2.67, 

6.16, 10.26.358-359. The conditional binding constant K’[Bi(EDTA)]- was calculated using α4 
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and the known binding constant logK[Bi(EDTA)]- = 27.8359-360 using Equation 5-1. At pH 7.4, 

α4 = 1.3x10-3 and at pH 2.6, α4 = 2.4x10-12. 

𝑲′(𝒑𝑯𝟕. 𝟒) = 𝜶𝟒 × 𝑲[𝑩𝒊(𝑬𝑫𝑻𝑨)]−                                          (5-1) 

The conditional binding constants K’ were determined using this method for the titration 

of [Bi(EDTA)]- into apo-βαMT, apo-βMT, and apo-αMT at pH 7.4 and apo-βαMT at pH 

2.6. The conditional binding constants for the titration of [Bi(cit)]- into apo-βαMT at pH 

2.6 were estimated by scaling the first binding constant to K1’ of the titration of 

[Bi(EDTA)]- into apo-βαMT at pH 2.6. 

5.2.12 UV-Visible absorption experiments 

Apo-MT samples were diluted to 5 μM. UV-visible absorption spectra were obtained using 

a Cary-60 spectrometer. The spectra were scanned between 200 and 600 nm with a scan 

rate of 600 nm/min. Prior to each experiment, an air baseline, a spectrum of 20 mM 

ammonium formate (pH 7.4 or pH 2.6), and spectrum of the starting MT (apo-βαMT at pH 

2.6, apo-βαMT at pH 7.4, or Zn7βαMT at pH 7.4) prior to addition of Bi(III) were obtained. 

All resulting spectra from these experiments were manually subtracted from the 

ammonium formate spectrum of the appropriate pH. 

Spectra at each step of a titration of [Bi(cit)]- into apo-βαMT at pH 2.6 and [Bi(EDTA)]- 

into apo-βαMT at pH 7.4 were obtained with 10 min between each new addition and 

measurement. The UV-visible absorption spectra over time were measured for a reaction 

of 200 mol. eq. [Bi(EDTA)]- and apo-βαMT at pH 2.6. Spectra were collected every 2 min 

for 20 min, and then every 5 min for 800 min. The UV-visible absorption spectra over time 

were also measured for a reaction of 8 mol. eq. [Bi(EDTA)]- and Zn7βαMT at pH 7.4. 

Spectra were collected every 0.5 min for 20 min, and then every 5 min for 800 min. 
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Figure 5-1. A titration of [Bi(cit)]- into apo-βαMT at pH 2.6 monitored using ESI-

MS. (i) Charge state and (ii) deconvoluted ESI mass spectra show the stepwise reaction 

after (A) 1, (B) 2, (C) 3.5, (D) 5, and (E) 7.5 mol. eq. [Bi(cit)]- added. (F) shows the 

resulting spectra after 1 h centrifugation of the sample shown in (E). Adapted from 

Korkola et al., 2020 with permission from The Royal Society of Chemistry to include 

updated data. 
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Figure 5-2. A titration of [Bi(EDTA)]- into apo-βαMT at pH 2.6 monitored using 

ESI-MS. (i) Charge state and (ii) deconvoluted ESI mass spectra show the stepwise 

reaction after (A) 3, (B) 6, (C) 10, (D) 20, (E) 45, and (F) 100 mol. eq. [Bi(EDTA)]- 

added. Spectra were measured 6 h after addition of [Bi(EDTA)]-. The spectra in (D) 

and (E) were collected after after 1 h centrifugation of the sample. The spectra in (F) 

were collected after 2 h centrifugation of the sample. Adapted from Korkola et al., 2020 

with permission from The Royal Society of Chemistry to include updated data. 
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5.3 Results and Discussion 

5.3.1 The pH and anion dependence of Bi(III) binding to apo-MT 

The binding pathway of Bi(III) to apo-MT was probed through titrations of [Bi(cit)]- into 

apo-MT at pH 2.6 (Fig. 5-1) and [Bi(EDTA)]- into at pH 2.6 (Fig. 5-2) and pH 7.4 (Fig. 5-

3) using ESI-MS. The binding of [Bi(cit)]- to apo-MT at pH 2.6 is entirely non-cooperative 

(Fig. 5-1). The Bi(III) bound in a 1:1 ratio to amount added, meaning the citrate anion 

provided minimal competition. From Fig 5-1E, it appears as if the stoichiometry forms up 

to Bi8MT. However, upon centrifugation of the sample, the Bi8MT species is no longer 

observed (Fig. 5-1F). This suggests that the eighth Bi(III) is an adduct resulting from excess 

amounts of Bi(III) in solution. 

Titrations with [Bi(EDTA)]- at pH 2.6 result in a similar outcome as with citrate (Fig. 5-

2). A non-cooperative pathway was observed. However, much larger stoichiometric 

amounts of [Bi(EDTA)]- were required to saturate the MT compared to when [Bi(cit)]- was 

used. Even after addition of 45 mol. eq., only a small fraction of Bi6MT, and an even 

smaller fraction of Bi7MT forms (Fig. 5-2E). At this point in the titration, species with a 

metal saturation as low as Bi2MT remain. After 100 mol. eq. [Bi(EDTA)]- added, Bi5MT 

is the major species with a lower fraction of the lesser metallated species remaining (Fig. 

5-2F). However, Bi6MT still does not form in a significant fraction. Interestingly, the 

Bi7MT peak is not observed. This is potentially due to the seventh Bi(III) being removed 

during the longer centrifugation process, much like with the Bi8MT species during the 

[Bi(cit)]- titration. 
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Figure 5-3. A titration of [Bi(EDTA)]- into apo-βαMT at pH 7.4 monitored using ESI-

MS.  (i) Charge state and (ii) deconvoluted ESI mass spectra show the stepwise reaction 

after (A) 1, (B) 2, (C) 3, (D) 4, (E) 4.5, and (F) 10 mol. eq. [Bi(EDTA)]- added. Species 

corresponding to Bi6MT-EDTA, Bi7MT-EDTA, and Bi7MT-EDTA2 are denoted (*), (**), 

and (***), respectively. 



130 

 

A different binding pathway is observed during a titration of [Bi(EDTA)]- into apo-MT at 

pH 7.4 (Fig. 5-3). The binding of Bi(III) is cooperative to Bi2MT, as shown by significant 

fractions of apo-MT and Bi2MT existing in the sample after addition of 1 mol. eq. 

[Bi(EDTA)]- (Fig. 5-3A). Comparatively, the Bi1MT species is not favoured. After addition 

of 2 mol. eq. [Bi(EDTA)]-, the Bi2MT species dominates the spectrum, with only small 

fractions of Bi1MT and Bi3MT (Fig. 5-3B). The formation of Bi4MT is semi-cooperative. 

Bi3MT is never the most abundant species but still forms in significant fractions compared 

to Bi1MT (Fig. 5-3C-D). After the addition of 4.5 mol. eq. [Bi(EDTA)]-, only Bi4MT and 

Bi5MT are observed in the spectrum (Fig. 5-3E).  

Bi1-5MT species are formed from stoichiometric additions of [Bi(EDTA)]- at pH 7.4, 

contrasting the titration at pH 2.6. where excess [Bi(EDTA)]- was required to form the 

higher metallated species. However, only after addition of excess [Bi(EDTA)]- (10 mol. 

eq.), does Bi6MT form at pH 7.4 (Fig. 5-3F). In this spectrum, species corresponding to 

Bi6MT-EDTA, Bi7MT-EDTA, and Bi7MT-EDTA2 are observed, labelled as (*), (**), and 

(***), respectively. In the case of Bi6MT-EDTA, this is likely an intermediate species that 

forms before the EDTA ligand dissociates, forming Bi6MT. Conversely, since Bi7MT alone 

is never observed in this titration, the formation of Bi7MT-EDTA, and Bi7MT-EDTA2 may 

be the result of excess [Bi(EDTA)]- in solution forming adducts on the protein. The seventh 

Bi(III) may bind to a sulfur or oxygen ligand on Bi6MT while still remaining bound to the 

EDTA. If not enough sites on MT are available, it may not be able to dissociate from the 

EDTA ligand. 

The experimental and simulated speciation curves allow for the determination of the 

relative binding constants for the titration of Bi(III) into apo-MT using [Bi(cit)]- at pH 2.6 

(Fig. 5-4A), [Bi(EDTA)]- at pH 2.6 (Fig. 5-4B), and [Bi(EDTA)]- at pH 7.4 (Fig. 5-4C). 

Both speciation distributions at pH 2.6 possess the pattern of a typical non-cooperative 

binding pathway, where the formation of no particular species is favoured over another. In 

the speciation distribution for the [Bi(cit)]- addition to apo-MT, for approximately 0-4 mol. 

eq. added the distribution is quite broad, with multiple overlapping species from Bi0-5MT 

observed at a single point. This indicates a pattern of gently, rather than sharply, decreasing 

binding constants (Table 5-1).  
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Figure 5-4. Speciation curves and calculated binding constants for the titration of 

Bi(III) into apo-βαMT. Experimental (points) and simulated (lines) speciation distributions 

showing the titration of (A) [Bi(cit)]- at pH 2.6, (B) [Bi(EDTA)]- at pH 2.6, and (C) 

[Bi(EDTA)]- at pH 7.4 into apo- βαMT. (D) A plot of the binding constant for each titration 

at each step. 
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Towards the end of the titration, between 5 and 8 mol. eq. added, the Bi2-4MT species 

disappear and Bi6-7MT dominate the speciation without the broad overlap from other 

species. This pattern indicates more sharply decreasing binding constants. This suggests 

that beyond Bi5MT, a conformational change may be required in the MT to accommodate 

more Bi(III). This effect is not observed as strongly in the titration of [Bi(EDTA)]- at pH 

2.6, with Bi6MT and Bi7MT appearing while Bi1-3MT are still seen in the speciation curve. 

The cooperative nature of the [Bi(EDTA)]- binding to apo-MT at pH 7.4 is apparent in the 

speciation distribution. Bi2MT at its peak represents approximately 75% of the species 

observed. The semi-cooperative formation of Bi4MT is also seen with it reaching 50% of 

all species at its peak. The formation of Bi1MT and Bi3MT are relatively low, reaching 

10% and 35% of species at their peaks, respectively. Between 5 and 10 mol. eq. 

[Bi(EDTA)]- added, approximately 80-90% of the species in solution are Bi5MT. At first 

glance, this makes the formation of Bi5MT appear strongly cooperative. However, this is 

not the case. The build-up of the Bi5MT species is in fact due to the low binding constant 

of Bi6MT. 

Table 5-1. Relative Bi(III)-MT binding constants. The relative Bi(III)-MT binding 

constants determined from the fit of a titration of [Bi(cit)]- at pH 2.6, [Bi(EDTA)]- at pH 

2.6, and [Bi(EDTA)]- at pH 7.4.

 [Bi(cit)]- pH 2.6 [Bi(EDTA)]- pH 2.6 [Bi(EDTA)]- pH 7.4 

logK1 15.99 15.99 27.92 

logK2 15.74 15.87 28.92 

logK3 15.64 15.67 27.07 

logK4 15.37 15.55 27.17 

logK5 15.21 15.42 26.27 

logK6 14.57 14.97 24.42 

logK7 14.03 14.96 - 
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The binding constants relative to K[Bi(EDTA)]- for each step resulting from the fit of the 

speciation are plotted in Fig. 5-4D and listed in Table 5-1. Immediately apparent is the 

reduction of binding constants at pH 2.6 compared to pH 7.4. The binding constants for the 

titrations at pH 2.6 both follow a gently decreasing pattern, indicating non-cooperativity. 

LogK6 and logK7 decrease more sharply, although this is more apparent for [Bi(cit)]- than 

for [Bi(EDTA)]-. With [Bi(EDTA)]- at pH 7.4 logK2 and logK4 are both elevated, 

indicating cooperativity with the rest of the binding constants following the trend of a 

gentle decrease. LogK6 is nearly two orders of magnitude lower than logK5. 

The UV-visible absorption spectra of Bi(III)-bound MTs are pH-dependent (Fig. 5-5). The 

spectra formed at low pH, shown in Fig. 5-5Ai using [Bi(cit)]- and Fig. 5-5Bi using 

[Bi(EDTA)]- show a S→Bi LMCT band at 368 nm that increases as more Bi(III) bind. The 

absorbances at 368 nm as a function of Bi(III) added (for [Bi(cit)]-) or time (for 

[Bi(EDTA)]- are plotted in Fig. 5-5Aii and Bii, respectively. For [Bi(cit)]-, this absorbance 

increases stoichiometrically and plateaus above additions of 7-8 mol. eq. Bi(III), agreeing 

with the ESI-MS results. The absorbance monitoring the addition of [Bi(EDTA)]- is near 

its maximum by 100 min of reaction. However, despite the similarity of the spectra to the 

one obtained with a titration of [Bi(cit)]-, this absorbance plateaus much lower, 

corresponding to an average only of 4-5 mol. eq. bound despite the addition of 200 mol. 

eq. [Bi(EDTA)]-. 

The UV-visible spectra obtained during a titration of [Bi(EDTA)]- into apo-MT at pH 7.4 

are quite different than those obtained at pH 2.6. (Fig. 5-5Ci). From 1-6 mol. eq. 

[Bi(EDTA)]- added, the spectra have two maxima at 319 nm and 466 nm. The latter 

maximum produces a visible yellow colour in the solution. Beyond the addition of 6 mol. 

eq. [Bi(EDTA)]-, the maxima begin to decrease, forming a flatter looking shoulder band. 

This may be due to the rearrangement of the metal-thiolate structures to accommodate more 

Bi(III). The absorbance at 319 nm, 368 nm, and 466 nm are plotted as a function of mol. 

eq. [Bi(EDTA)]- added in Fig. 5-5Cii. The gentle decrease after 6 mol. eq. is seen for 319 

nm and 466 nm, while the 368 nm plateaus after this point. 
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5.3.2 Determination of free cysteines in Bi(III)-bound βαMT species 

The BixSy stoichiometries were investigated in the Bi2MT species formed from addition of 

[Bi(EDTA)]- at pH 7.4 and the Bi6MT and Bi7MT species formed from addition of [Bi(cit)]- 

at pH 2.6 using cysteine modification methods (Fig. 5-6). When 12 mol. eq. Bq were added 

to a mixture of Bi6MT and Bi7MT at pH 2.6 (Fig. 5-6A), a single Bi6Bq2MT species was 

formed (Fig. 5-6B). Two remaining free cysteines indicates that the Bi6MT structure is 

Figure 5-5. UV-visible absorption spectra of Bi(III)-bound βαMT. (i) UV-visible 

absorption spectra of (A) a stepwise titration of [Bi(cit)]- into 5 μM apo-MT at pH 2.6, (B) a 

time-dependent reaction of 200 mol. eq. [Bi(EDTA)]- with 5 μM apo-MT at pH 2.6, and (C) 

a stepwise titration of [Bi(EDTA)]- into 5 μM apo-MT at pH 7.4. (ii) A plot of (A) the 

absorbance at 368 nm from (Ai) as a function of mol. eq. Bi(cit)- added, (B) the absorbance at 

368 nm from (Bi) as a function of time, and (C) the absorbances at 319 nm, 368 nm, and 466 

nm from (Ci) as a function of mol. eq. [Bi(EDTA)]- added. 
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using 18 cysteines to bind the Bi(III). In other words, each Bi(III) is bound to three 

cysteines each with no cluster formation. The Bi7MT species is not stable towards reaction 

with Bq, and the seventh Bi(III) is displaced before any Bq binds. This indicates that Bi7MT 

uses all 20 cysteines with none remaining to participate in modification. 

If the Bi1S3 stoichiometry is consistent at different pH levels, one would expect for the 

Bi2MT species at pH 7.4 to have 14 free cysteines. However, with the addition of 14 mol. 

eq. NEM to a solution of Bi2MT at pH 7.4 (Fig 5-6C), two clear species are seen 

corresponding to Bi2NEM11MT and NEM20MT (Fig. 5-6D). The formation of NEM20MT 

is due to some of the Bi(III) being displaced by the NEM. 11 free cysteines would mean 

an average of 4.5 cysteine residues per Bi(III), which is not logical based on previous 

results which indicate trigonal binding.202 The more likely explanation is that the Bi2MT 

species is wrapping the protein in such a way where at least three free cysteines are 

inaccessible to the modifier. The lack of a Bi1NEMxMT species also suggests that the 

presence of both Bi(III) in the Bi2MT is integral to the stability of the structure. 

Displacement of one via NEM results in displacement of both. 

Overall, the Bi(III) binding to apo-βαMT displays a strong dependence on Bi(III) salt used 

and pH conditions. The use of [Bi(cit)]- or [Bi(EDTA)]- at low pH produced the same 

binding pathway. However, [Bi(cit)]- provided much less competition for the Bi(III) and 

thus the titration did not require excess Bi(III) to fully metallate the protein. With [Bi(cit)]-

, Bi7MT was formed as the major species upon full metallation with a Bi8MT adduct. 

Conversely, when [Bi(EDTA)]- was used, Bi5MT was the major species formed despite a 

large excess of Bi(III) added, although Bi6MT and Bi7MT were also observed.  

Bi(III) binding to apo-MT under low pH conditions results in an entirely non-cooperative 

distribution with binding constants over ten orders of magnitude lower than those obtained 

at neutral pH. The non-cooperative pathway at low pH is consistent with the report by Ngu 

et al.178 The binding stoichiometry appears to be Bi1S3. 
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Figure 5-6. Cysteine modification of Bi(III)-bound apoβα-MT species monitored using 

ESI-MS. (i) Charge state and (ii) deconvoluted ESI-MS spectra  showing (A) A mixture of 

Bi6MT and Bi7MT formed via addition of 6.5 mol. eq. [Bi(cit)]- at pH 2.6, (B) the sample 

shown in (A) with 12 mol. eq. Bq added, (C) A sample of Bi2MT formed via addition of 2 

mol. eq. [Bi(EDTA)]- at pH 7.4, and (D) the sample shown in (C) with 14 mol. eq. NEM 

added.  
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Under neutral pH conditions, Bi2MT and Bi4MT form semi-cooperatively. Species up to 

Bi6MT are observed, however a low binding constant for the formation of Bi6MT is 

calculated compared to other species, suggesting a structural rearrangement must occur to 

accommodate a sixth Bi(III). The maximum stoichiometry of Bi6MT contrasts the Bi7MT 

species observed by Sun et al. obtained upon titration of Bi(III) into Zn7MT.202 The 

implication is that binding Bi(III) into apo-MT and Zn7MT at neutral pH results in different 

outcomes, a concept which will be explored later in this chapter. Based on cysteine 

modification studies, the Bi2MT species wraps the protein in such a way where at least 

three free cysteines are inaccessible to modifier. This wrapping may impede further binding 

of Bi(III) to the MT. 

5.3.3 Studies of the [Bi(EDTA)]- binding pathways in apo-βMT and 
apo-αMT. 

In the previous section, it was determined that two structures cooperatively form during 

the titration of Bi(III) into apo-MT at pH 7.4: Bi2MT and Bi4MT. This finding prompted 

the study into whether these structures display domain specificity, as has been observed in 

Zn(II), Cd(II), and Cu(I) MTs using ESI-MS.166-168, 179 In this section, the binding pathway 

and binding constants of the titration of [Bi(EDTA)]- into the fragments apo-βMT and apo-

αMT pH 7.4 is described as a method to probe the possible domain specificity of Bi2MT. 

The stepwise titration of [Bi(EDTA)]- into apo-βMT at pH 7.4 monitored using ESI-MS is 

shown in Fig. 5-7. The binding appears to follow the same pathway as the full βαMT. Apo-

βMT (Fig. 5-7A) binds up to two Bi(III) stoichiometrically as a function of the added mol. 

eq. of [Bi(EDTA)]- (Fig. 5-7B-C). In detail, addition of 1 mol. eq. [Bi(EDTA)]- results in 

Bi(III) distributing mostly as Bi2βMT, while much of the MT remains metal free with a 

small fraction of Bi1βMT forming (Fig. 5-7B). Addition of 2 mol. eq. [Bi(EDTA)]- results 

in the single Bi2βMT species forming (Fig. 5-7B). Apo-βMT binds up to three Bi(III) when 

excess [Bi(EDTA)]- is added (Fig. 5-7D). Specifically, addition of 5 mol. eq. [Bi(EDTA)]–  

results in a small fraction of Bi3βMT forming. At this point in the titration, the amount of 

Bi(III) bound to the βMT is significantly less than the amount of Bi(III) added. Upon 

addition of 100 mol. eq. of [Bi(EDTA)]-, a large fraction of Bi3βMT is formed; however, 

a significant amount of Bi2βMT remains (Fig. 5-7E).  
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Figure 5-7. A titration of [Bi(EDTA)]- into apo-βMT at pH 7.4 monitored using ESI-

MS. (i) Charge state and (ii) deconvoluted ESI mass spectra show the stepwise reaction after 

(A) 0, (B) 1, (C) 2, (D) 5,  and (E) 100 mol. eq. [Bi(EDTA)]- added. The spectra in (E) were 

collected after 2 h centrifugation of the sample. Reproduced from Korkola et al., 2021 with 

permission from Oxford University Press. 
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The stepwise titration of [Bi(EDTA)]- into apo-αMT at pH 7.4 monitored using ESI-MS is 

shown in Fig. 5-8. As with apo-βαMT and apo-βMT, the formation of Bi2αMT is semi-

cooperative with only small fractions of Bi1αMT forming (Fig. 5-8A-B). However, like 

with βαMT and unlike βMT, the Bi2αMT species never makes up 100% of the speciation. 

At 1.7 mol. eq. added, small fractions of apo-αMT and Bi1αMT remain and a small fraction 

of Bi3αMT has already formed. The αMT forms a single species of Bi3αMT 

stoichiometrically with no excess [Bi(EDTA)]- required (Fig. 5-8C-D). Upon addition of 

excess [Bi(EDTA)]- (10 mol. eq.), very small fractions of Bi4αMT-EDTA and Bi5αMT-

EDTA2 are observed (Fig.5-8F).  

Based on the determined stoichiometries of Bi6βαMT and Bi1S3, it would be expected for 

apo-βMT and apo-αMT to form Bi3βMT and Bi3αMT, respectively at pH 7.4. βMT has 9 

cysteines, therefore forming Bi3βMT would required use of all cysteines if no clustering 

occurs. αMT has 11 cysteines and would have 2 remaining free cysteines after forming 

Bi3αMT. 

The βMT requiring all 9 cysteines to bind 3 Bi(III) could be a reason why it resists full 

metallation to Bi3βMT. If the first two Bi(III) bind in such a way that makes formation of 

a third Bi1S3 structure unfavourable, such as folding the protein to where available 

cysteines either become buried or unable to form the trigonal pyramidal structures, then a 

third Bi(III) may not bind. As the Bi2βMT structure forms cooperatively, it may be 

particularly stable and thus unfavourable to rearrange until significant amounts of 

[Bi(EDTA)]- are in solution. 

The αMT forms up to Bi3αMT rather easily. In theory this structure would have the same 

number of remaining free cysteines as Bi6βαMT. However, Bi3αMT forms 

stoichiometrically, while Bi6βαMT requires excess [Bi(EDTA)]- to bind the final Bi(III). 

As proposed for the βMT, the difficulty could be a result of the βαMT folding in such a 

way that restricts access for the sixth Bi(III) to bind. It is possible that the first two Bi(III) 

bind to apo-αMT in a way that allows for easy access of the third Bi(III). 
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Figure 5-8. A titration of [Bi(EDTA)]- into apo-αMT at pH 7.4 monitored using ESI-

MS. (i) Charge state and (ii) deconvoluted ESI mass spectra show the stepwise reaction 

after (A) 0.5, (B) 1, (C) 1.7, (D) 2.3,  (E) 3.5, and (F) 10 mol. eq. [Bi(EDTA)]- added. 

Species corresponding to Bi4αMT-EDTA and Bi5αMT-EDTA2 are denoted (*) and (**), 

respectively. 
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The speciation distributions for [Bi(EDTA)]- binding to apo-βαMT, apo-βMT, and apo-

αMT are shown in Fig. 5-9A, Fig. 5-9B, and Fig. 5-9C, respectively. The speciation curves 

for βαMT are the same as those shown in Fig. 5-4C but only showing up to 8 mol. eq. 

added here for easier observation of the early species. Fig. 5-9D shows a plot of each of 

the binding constants calculated relative to K[Bi(EDTA)]-. The binding constants are also 

listed in Table 5-2.  

It is apparent from the speciation curves that the formation of Bi2MT is favoured in all 

three proteins. The first two binding constants compared between each protein are all 

within one order of magnitude of each other. This is also true for the logK3 of βαMT and 

αMT but not βMT, which is over three orders of magnitude smaller. Interestingly, logK3 

for βMT is on a similar scale to logK6 for βαMT. This potentially implies that Bi2βMT and 

Bi5βαMT share similar structural properties that make binding of the final Bi(III) 

unfavourable. The ease of forming Bi3αMT and Bi3βαMT combined with the difficulty in 

forming Bi3βMT and Bi6βαMT may imply the Bi(III) binds in the α-domain first and that 

the Bi2βMT species may correspond to the Bi4βαMT. 

However, this does not explain the strong cooperativity of the Bi2βMT species formation. 

It could be argued that the apparent lowered binding constant for the Bi4βαMT species is 

simply due to a statistical decrease in available binding sites compared to the formation of 

Bi2βαMT. However, the individual fragments already have a lower number of cysteines 

than the full βαMT. Therefore, they should already have lowered binding constants, which 

is not observed in this case. Another possible explanation is, as mentioned previously, that 

the binding of Bi(III) crosslinks the protein in such away that makes subsequent binding 

unfavourable. If the binding to the βαMT was taking place in the individual domains, this 

should not occur, as the remaining free domain should not be involved in binding any 

preceding Bi(III). The possibility that Bi(III) binds across domains to the most readily 

available cysteines rather than into specific domains is explored in the next section. 

  



142 

 

  

Figure 5-9. Speciation curves and calculated binding constants for the titration of 

Bi(III) into apo-βαMT, apo-βMT, and apo-αMT.  Experimental (points) and simulated 

(lines) speciation distributions showing the titration of [Bi(EDTA)]- into (A) apo-βαMT, 

(B) apo-βMT, and (C) apo-αMT at pH 7.4. (D) A plot of the binding constant for each 

titration at each step. Panel B adapted from Korkola et al., 2021 with permission from 

Oxford University Press to include additional data. 
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Table 5-2. Relative Bi(III)-MT binding constants of βαMT and fragments.The relative 

Bi(III)-MT binding constants determined from the fit of a titration of [Bi(EDTA)]- at pH 

7.4 into apo-βαMT, apo-βMT, and apo-αMT.

 βαMT βMT αMT 

logK1 27.92 27.40 28.17 

logK2 28.92 28.40 28.67 

logK3 27.07 23.65 27.22 

logK4 27.17 - - 

logK5 26.27 - - 

logK6 24.42 - - 

5.3.4 Investigating the location of Bi(III) in the Bi2βαMT structure 

The location of the two Bi(III) in Bi2βαMT was studied by digesting a solution of primarily 

Bi2βαMT with trypsin and comparing the resulting fragments to a solution of trypsin-

digested apo-βαMT (Fig. 5-10). The first thing to note is that the ESI-MS digestion profiles 

for apo-βαMT (Fig. 5-10A) and Bi2βαMT (Fig. 5-10B) are different. This implies that some 

trypsin cut sites are more shielded by the presence of the Bi-S structures and thus protected 

from digestion. A single large fragment of MT containing 2 Bi(III) is also seen in the mass 

spectra of the trypsin-digested Bi2βαMT (Fig. 5-10C-D). 

These data are further analyzed in Fig. 5-11. In Fig. 5-11A the intensities of each fragment 

from Fig. 5-10A and Fig. 5-10B relative to the total intensity of all fragments their 

corresponding spectrum are compared between apo-βαMT and Bi2βαMT. It can be seen 

that fragments 4(β), 5(β), 6(β), and 9(α) are much less susceptible to digestion in the 

Bi2βαMT sample based on their lowered relative intensities. Fragments 2(β) and 11/12(α) 

are slightly less susceptible. Conversely, fragments 3(β) and 7(α) appear to have increased 

susceptibility to digestion in Bi2βαMT compared to apo-βαMT, which could be due to a 

structural change causing exposure of different sites. Only fragments 1(β), 8(α), and 10(α) 

have minimal to no change between the two conditions. From this analysis, it appears that 

both domains of the protein are involved in the binding of Bi2βαMT. 

Fig. 5-11B shows the sequence of MT with the trypsin cleavage sites. Green boxes are 

drawn around the ends of the protein not part of the Bi2MT-containing fragment shown in 
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Fig. 5-10C. The middle portion of the protein without green boxes, which spans all 9 

cysteines of the β-domain and the first 5 cysteines of the α-domain, corresponds to the 

intact Bi2MT fragment peak seen in the mass spectrum (Fig. 5-10C).  

The three cysteines highlighted in pink indicate those in fragments 4 and 5, which were the 

cysteine-containing fragments with the most decreased susceptibility to digestion and 

include Cys 24, 26, and 29. These are likely the cysteines that are the most involved in the 

Bi2βαMT structure, either binding the Bi(III) directly or forming an integral part of the 

backbone fold. It should also be reiterated that the cysteine modification of Bi2βαMT 

shown in Fig. 5-6D suggests free but buried cysteines that are not available for binding. 

These cysteines would also likely not be susceptible to trypsin digestion. 

 

Figure 5-10. Trypsin digestion of apo-βαMT and Bi2βαMT monitored by ESI-MS. ESI 

mass spectral data showing a trypsin digestion of (A) apo-βαMT, (B) Bi2βαMT, and (C) 

Bi2βαMT with the ESI-MS parameters tuned for large molecules. (C) shows (i) charge state 

and (ii) deconvoluted mass spectra. 
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Figure 5-11. Analysis of the trypsin digestion of apo-βαMT and Bi2βαMT. (A) The 

relative intensities of each fragment peak relative to the total intensity of all fragment peaks 

within the spectrum. The relative intensities are normalized between 0 and 1 within the same 

fragment. (B) The sequence of MT showing trypsin cleavage sites and numbered fragments. 

Green boxes show the fragments that were successfully cleaved by the trypsin without 

disruption of the Bi2βαMT species. Cysteines in pink are within the fragments most shielded 

from trypsin digestion. 
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From this data, it is not clear if the Bi(III) binding sites are consistent. Given that only one 

Bi(III)-containing fragment was observed in the mass spectra, the Bi(III) binding is likely 

at least localized within this fragment. As the fragments with reduced susceptibility and 

the Bi(III)-containing fragment span both domains, this is further evidence that Bi(III) 

binding to apo-βαMT is not domain specific. 

5.3.5 Bi(III) binding to apo-MT does not display domain specificity 

Based on the ESI-MS titrations and trypsin digestion, it does not appear that Bi(III) has a 

domain preference. This may be considered unsurprising, as the two domains of 

mammalian MTs are mostly associated with the formation of specific metal-thiolate cluster 

structures such as with Zn(II), Cd(II), and Cu(I).147, 179, 361 Zn(II) and Cu(I) are biologically 

important metals and MT is thought to be involved in their homeostasis. Cd(II) is a toxic 

metal found in the environment that can often displace Zn(II) form proteins due to its high 

binding constant to sulfur. The semi-cooperative formation to Cd4MT in the α-domain may 

play a role in protecting the cell against these toxic mechanisms. The coupled binding and 

folding of these biologically and environmentally relevant metals may have been tuned by 

evolutionary sequence changes to perform these functions. 

Bi(III) is not toxic but also has no biological role and is not abundant in the environment. 

Only relatively recently have Bi(III) therapeutic agents been used.314 Therefore, although 

MT can bind Bi(III) with high affinity, it would not have evolved to use the potential two-

domain structure when binding Bi(III), especially since the two domains are only separated 

with a three amino acid linker in the primary structure. Given that Bi(III) forms the same 

Bi2MT structure in both isolated fragments, Bi(III) may only require any sequence of 

cysteine residues to form this structure. 

5.3.6 The structure of apo-βMT inhibits the formation of Bi3βMT  

In previous sections, it was shown that the binding constant for the formation of Bi3βMT 

is approximately four orders of magnitude lower than that for the formation of Bi2βMT. It 

was hypothesized that this was due to the limited available cysteine residues making 

rearrangement of the Bi2βMT structure unfavourable. The sequence of βMT having nine 

cysteines which is just enough to bind three Bi(III) in a Bi1S3 stoichiometry makes this  
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fragment an interesting model for which to study the effect of protein structure on metal-

loading ability. In the previous sections, it has been shown that βMT can in fact bind up to 

3 Bi(III) upon addition of excess [Bi(EDTA)]- at pH 7.4, however, formation of this 

Bi3βMT species is unfavourable compared to the semi-cooperative formation of Bi2βMT. 

Initially, the free cysteines remaining in Bi2βMT were determined using cysteine 

modification. At pH 6.9, apo-βMT binds in the same pathway as at pH 7.4 and forms a 

single species of Bi2βMT (Fig. 5-12A). Bi2βMT binds up to 3 molecules of Bq at pH 6.9 

(Fig. 5-12B). The single peak observed in the ESI-mass spectrum indicates that Bi2Bq3MT 

forms and thus least three cysteines remain free. This result is consistent with the Bi1S3 

stoichiometry seen at pH 2.6 in Bi6βαMT. It does however contrast the Bi2βαMT species 

Figure 5-12. Cysteine modification of Bi2βMT with Bq monitored using ESI-MS. (i) 

Charge state and (ii) deconvoluted ESI mass spectra of (A) Bi2βMT at pH 6.9 and (B) 

Bi2βMT with 40 mol. eq. Bq added at pH 6.9. Reproduced from Korkola et al., 2021 with 

permission from Oxford University Press. 
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only having 11 free cysteines available to bind modifier. This could either be due to use of 

a different modifier or because the Bi2βαMT wraps in such a way that obscures the 

cysteines, while Bi2βMT does not. There may also be free cysteines buried within the 

Bi2βMT structure that are inaccessible to the modifier. 

At neutral pH, the apo-βMT peptide exists in a wrapped conformation in which the some 

of the cysteines are inaccessible to the solvent.161, 362 The first two Bi(III) may bind to the 

protein and wrap in in such a way that the remaining free cysteines are in an unfavourable  

conformation to bind additional Bi(III). The bulky EDTA ligand likely exacerbates this 

effect. The resistance to binding the third Bi(III) may be a result of the “tangling” of the 

Figure 5-13. Bi(III) binding to apo-βMT in the absence and presence of 4 M GdmCl 

monitored using ESI-MS. (i) Charge state and (ii) deconvoluted ESI mass spectra of (A) 

apo-βMT with 5 mol. eq. [Bi(EDTA)]- added at pH 7.4 in the absence of GdmCl and (B) 

apo-βMT with 5 mol. eq. [Bi(EDTA)]- added at pH 7.4 in the presence of 4 M GdmCl. The 

spectra in (A) are also depicted in Fig. 5-7D. Reproduced from Korkola et al., 2021 with 

permission from Oxford University Press. 
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peptide chain due to the crosslinking of the first two Bi(III). This can be probed by making 

all nine cysteines equally accessible at pH 7.4 by using a denaturing agent before binding 

Bi(III). 

Apo-βMT will bind more [Bi(EDTA)]- when the cysteines are more accessible in an 

extended conformation than when the cysteines are less accessible in its native 

conformation (Fig. 5-13). In the absence of a denaturing agent at pH 7.4, only a small 

fraction of Bi3βMT forms in addition to Bi2βMT upon addition of 5 mol. eq. [Bi(EDTA)]- 

to a solution of apo-βMT (Fig. 5-13A). A separate sample of apo-βMT in the presence of 

4 M formed a much greater fraction of Bi3βMT upon addition of 5 mol. eq. [Bi(EDTA)]- 

(Fig. 5-13B). 

The data in Fig. 5-13 clearly show that a greater Bi(III) saturation is achieved when the 

cysteines of apo-βMT are more solvent accessible. This result suggests that the lesser 

degree of cysteine accessibility at pH 7.4 significantly impedes metallation with this 

xenobiotic metal. 

5.3.7 There is a pH dependence in the competition between the EDTA 
and the nine cysteines of βMT for the Bi(III).  

At pH 7.4, when 2 mol. eq. of [Bi(EDTA)]- are added, all the Bi(III) binds, forming a single 

species of Bi2βMT (Fig. 5-14A). When the pH of this solution is lowered to pH 5.0 or pH 

2.3, the speciation becomes a distribution centred around Bi1MT (Fig. 5-14B). The average 

mol. eq. of Bi(III) bound is lower than the amount added, meaning that [Bi(EDTA)]- forms 

in competition with the BinβMT. The data in Fig. 5-14 show that logK ([Bi(EDTA)]-) / 

logK (BinβMT) favours Bi(III) binding to EDTA to a larger extent at lower pH levels in 

comparison with βMT. It is interesting to note that cooperativity for Bi2MT is lost at pH 

5.0 and 2.3. A non-cooperative, sequential demetallation takes place. 
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Figure 5-14. The pH dependence of Bi2βMT cooperativity monitored using ESI-MS. 

(i) Charge state and (ii) deconvoluted ESI mass spectra of apo-βMT with 2 mol. eq. 

[Bi(EDTA)]- added at pH 7.4 then adjusted to pH (A) 7.4, (B) 5.0, and (C), 2.35. The 

spectrum in (A) is also depicted in Fig. 5-7C. Reproduced from Korkola et al., 2021 with 

permission from Oxford University Press. 
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5.3.8 Bi2βMT will not exchange metals with Cd3βMT and Zn3βMT.  

The mobility of Bi(III) in the Bi2βMT species was further tested though competition with 

Cd3βMT and Zn3βMT (Fig. 5-15). The ESI mass spectral data show that Bi2βMT did not 

exchange metals with Cd3βMT (Fig. 5-15A) or Zn3βMT (Fig. 5-15B) at pH 7.4. The mass 

spectra show separate Bi2MT and Cd3MT peaks in Fig. 5-15A and separate Bi2βMT and 

Zn3βMT in Fig. 5-15B. No mixed metals species were present in significant amounts. 

However, when Cd3βMT and Zn3βMT were mixed, there was exchange of metals, forming 

Cd1Zn2βMT and Cd2Zn1βMT (Fig. 5-15C). 

This is surprising, as Bi(III) has a much higher binding affinity to sulfur compared to Cd(II) 

or Zn(II), making an exchange thermodynamically favourable.135, 363 Thus, it is likely a 

high transition state energy kinetically inhibiting exchange between the trigonally 

coordinated Bi(III) in the Bi2βMT and the tetrahedrally coordinated Cd3βMT or Zn3βMT.  

5.3.9 Studies of [Bi(EDTA)]- binding to Zn7βαMT 

This chapter thus far has focused on Bi(III) binding to apo-MTs. However, the lack of 

Bi7MT formation at pH 7.4 in apo-βαMT contrasts previous results,202 which studied 

Bi(III) binding to Zn7MT and Zn2Cd5MT. Therefore, the hypothesis is that apo-MT and 

fully metallated MT produce BinMT species with different stoichiometries. This section 

describes the binding of [Bi(EDTA)]- to Zn7MT at pH 7.4 and the individual ZnxBiyMT 

species formed. 

A stepwise titration of [Bi(EDTA)]- into Zn7MT at pH 7.4 monitored sing ESI-MS is shown 

in Fig. 5-16. It is important to note that Zn(II)-bound MTs and Bi(III)-bound MTs do not 

have the same ionization efficiencies. It is likely that mixed metal species of a similar 

Zn(II)/Bi(III) composition will have comparable ionization efficiencies, and thus species 

at similar points in the titration may be compared. Nevertheless, information gained from 

the relative peak intensities in this ESI-MS experiment should only be taken as an 

approximation. 
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Figure 5-15. Test of metal exchange between Bi2MT, Cd3MT, and Zn3MT monitored 

using ESI-MS. (i) Charge state and (ii) deconvoluted ESI mass spectra of a 1:1 ratio of (A) 

Bi2MT and Cd3MT, (B) Bi2MT and Zn3MT, and (C), Cd3MT and Zn3MT at pH 7.4. 

Reproduced from Korkola et al., 2021 with permission from Oxford University Press. 
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Figure 5-16. A titration of [Bi(EDTA)]- into Zn7βαMT at pH 7.4 monitored using ESI-

MS. (i) Charge state and (ii) deconvoluted ESI mass spectra show the stepwise reaction 

after (A) 0, (B) 2, (C) 3, (D) 4, (E) 5, and (F) 8 mol. eq. [Bi(EDTA)]- added. Spectra were 

measured 16 h after addition of [Bi(EDTA)]-. Species corresponding to Bi6MT-EDTA and 

Bi7MT-EDTA are denoted (*) and (**), respectively. 
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Upon addition of 2 mol. eq. [Bi(EDTA)]- to Zn7MT, one Zn(II) is displaced, and the major 

species formed is Zn6Bi1MT (Fig. 5-16B). Peaks of lower intensity corresponding to 

Zn5Bi2MT and Zn3Bi3MT are also observed at this step. After 3 mol. eq. [Bi(EDTA)]- are 

added, Zn6Bi1MT, Zn5Bi2MT, Zn4Bi3MT, Zn2Bi4MT, Zn3Bi4MT, Zn1Bi5MT, Bi6MT, and 

Bi7MT species are seen (Fig. 5-16C). Zn6Bi1MT and Zn1Bi5MT are the most abundant 

species at this step. This could imply semi-cooperativity, or it could be due to these species 

having a higher ionization efficiency than the others.  

In the next step, after addition of 4 mol. eq. [Bi(EDTA)]-, only the Zn2Bi4MT, Zn3Bi4MT, 

Zn1Bi5MT, Bi6MT, and Bi7MT species remain with a new peak corresponding to Bi6MT-

EDTA (Fig. 5-16D). At this point, the Bi6MT species has a much greater peak intensity. 

At 5 mol. eq. added, Bi6MT is the major species with small amounts of Zn1Bi5MT, Bi7MT, 

and Bi6MT-EDTA (Fig. 5-16E) Finally, after the addition of 8 mol. eq., Bi7MT is the major 

species, with small fractions of Zn1Bi5MT, Bi6MT, and Bi7MT-EDTA (Fig. 5-16F). 

It is interesting to note that in this titration, Bi1MT in the form of Zn6Bi1MT is a major 

species. This is unlike the titration of [Bi(EDTA)]- into apo-MT where the formation of 

Bi1MT was significantly less favoured than the formation of Bi2MT. The Bi2MT species, 

in the form of Zn5Bi2MT is also much less abundant in the titration of [Bi(EDTA)]- into 

Zn7MT. Zn1Bi5MT is another dominant species and stable species that is not normally 

favoured over others for the apo-MT titration.  

The most notable thing observed in this titration, however, is that Bi(III) binds to the MT 

stoichiometrically as it displaces the Zn(II). After only 8 mol. eq. [Bi(EDTA)]- have been 

added, Bi7MT is the major species. In the titration using apo-MT at pH 7.4, Bi6MT resists 

formation until a large excess of [Bi(EDTA)]- is added and Bi7MT does not form at all. 

This finding agrees with the work by Sun et al. and reconciles the differences between 

these works seen thus far, confirming that the differences observed are due to the use of 

either Zn7MT or apo-MT.202 

A speciation plot of the titration is shown in Fig. 5-17. To reiterate, the exact speciation 

should be taken as an approximation due to the different ionization efficiencies of Zn(II)-

MTs and Bi(III)-MTs. All mixed Zn(II)/Bi(III) species are shown in Fig. 5-17A. 
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Figure 5-17. Speciation curves for the titration of [Bi(EDTA)]- into Zn7βαMT. 

Experimental speciation distributions with the points connected showing the titration of 

[Bi(EDTA)]- into Zn7MT showing (A) the mixed metal species, (B) only the Zn(II) content 

in each species, (C) only the Bi(III) content in each species, and (D) the average Zn(II) and 

Bi(III) bound at each step. 
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Zn6Bi1MT, Zn1Bi5MT, Bi6MT, and Bi7MT are apparent as major species with other 

intermediate species remaining low in relative speciation. Fig. 5-17B shows the calculated 

speciation showing only the Zn(II) content of each species. Zn6MT, Zn1MT, and Zn0MT 

are the major species. The calculated speciation showing only the Bi(III) content is shown 

in Fig. 5-17C. Bi1MT, Bi6MT, and Bi7MT are the major species. Fig. 5-17D shows the 

average number of Bi(III) and Zn(II) bound as a function of [Bi(EDTA)]- added. Beyond 

3 mol. eq. the number Bi(III) bound exceeds the number added by approximately 1 mol. 

eq., indicating that the Bi(III)-bound species have a higher ionization efficiency than the 

Zn(II)-bound species, as expected. 

As the structures formed from titrating [Bi(EDTA)]- into Zn7MT are quite different than 

those formed from titrating [Bi(EDTA)]- into apo-MT, UV-visible spectra were measured 

to see if the shape of the S→Bi LMCT bands remain consistent with other conditions 

studied (Fig. 5-18). The UV-visible spectrum monitored over time after addition of 8 mol. 

eq. [Bi(EDTA)]- into Zn7MT shows a steadily rising band. The shape of the band somewhat 

resembles that of the apo-MT at pH 7.4 metallated with excess [Bi(EDTA)]-. The band is 

much flatter without the distinct peaks at 319 nm and 466 nm. It is also flatter than the 

absorption spectra collected at pH 2.6, which have a distinct shoulder at 368 nm. This 

suggests that the coordination of the Bi(III) when titrated into Zn7MT has a structure in 

between those of the higher metallated species of Bi(III)-bound apo-MTs at pH 7.4 and 

those of the species measured at pH 2.6. 

Structural differences between the apo-MT and Zn7MT provides a possible explanation for 

the observed differences. It is possible that because in Zn7MT the cysteines are already 

arranged in such a way to accommodate seven metals, the sequential displacement by 

Bi(III) may yield Bi(III) in binding sites like those of Zn(II). Sun et al. concluded in that 

Bi7MT binds using an occasional fourth bond to an oxygen ligand and is bound in 

“distorted” clusters compared to Zn(II).202 Therefore, it could be possible that the seven 

Bi(III) binding sites are mimicking the Zn(II) it displaced.  
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Figure 5-18. UV-visible absorption spectra of [Bi(EDTA)]- binding to Zn7βαMT. (A) 

UV-visible absorption spectra of a time-dependent reaction of 8 mol. eq. [Bi(EDTA)]- 

with 5 μM Zn7βαMT at pH 7.4. (B) A plot of the absorbance at 368 nm from (A) as a 

function of time. 
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Conversely, when beginning from apo-MT the Bi2MT and Bi4MT structures form most 

readily and metallation beyond Bi5MT is resisted. As seen with the βMT fragment, 

changing the cysteine exposure using denaturant resulted in a greater fraction of Bi(III) 

bound. Therefore, the formation of these structures within the MT is likely impacted by the 

unequal cysteine exposure. 

By examining other literature, the same phenomenon can be observed in other metals 

binding to MTs. For example, Ag(I) forms Ag6MT and Ag12MT cooperatively in apo-MT, 

with up to Ag17-18MT forming non-cooperatively.181-182 When Ag(I) is titrated into Zn7MT, 

Ag18MT is the dominant species formed. The intermediate Ag6MT no longer forms and 

Ag12MT only forms under high temperature conditions.364 When Hg(II) is titrated into apo-

MT, Hg7MT is the major species formed with a distinct CD signal.196 However, titrations 

of Hg(II) into Zn7MT produce an signal corresponding to Hg11MT in addition to the one at 

Hg7MT.196 

Zn7MT sometimes accommodates incoming metals in a domain-specific fashion. When 

Cu(I) binds to apo-MT, Cu4MT and then Cu6MT preferentially form in the β-domain, 

followed by Cu4MT in the α-domain to form a total of Cu10MT. An additional three Cu(I) 

can then bind in the α-domain to form Cu13MT.179 When Cu(I) is added to Zn7MT, 

Zn4Cu6MT (Cu6βMT and Zn4αMT) and Zn2Cu10MT (Cu6βMT + Cu4Zn2αMT).361 

However, the formation of these species is less cooperative. As Zn(II) and Cu(I) are both 

biologically relevant metals, it is possible that MT evolved to bind them both 

simultaneously without losing the domain specificity and ability to form clusters. Overall, 

these results combined with studies of other metals show insight into how MTs deal with 

the many essential and xenobiotic metals it may encounter in physiology. 

5.4 Conclusions 

In this chapter, the binding pathways of Bi(III) to MT1a were characterized. The binding 

was found to be highly dependent on pH, Bi(III) salt used, MT structure, and metal-loading 

status. 
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The binding pathways of Bi(III) to apo-βαMT1a using two different Bi(III) salts ([Bi(cit)]- 

and [Bi(EDTA)]-) and two different pH environments (pH 7.4 and pH 2.6) were 

characterized. The binding constants were determined and compared.  

Under low pH conditions, the binding was entirely non-cooperative, while at neutral pH, 

Bi2MT and Bi4MT formed cooperatively. Apo-MT resisted metallation past Bi5MT at 

neutral pH, only forming Bi6MT upon addition of excess Bi(III). This is hypothesized to 

be due an unfavourable structural rearrangement needing to occur. Additionally, 

metallation past Bi2βMT is unfavourable but can be enhanced by unfolding the protein with 

a chemical denaturant, suggesting that the cysteines are becoming tangled. 

The cooperative formation occurs in both MT fragments but trypsin digestion suggests the 

binding is not domain specific, meaning that the formation of Bi2MT may not be highly 

structure dependent, unlike other metals such as Zn(II), Cd(II), and Cu(I).  

When Zn7MT is used as the starting point, Bi7MT is able to form at neutral pH, which did 

not occur in the apo protein. This may occur because the Bi(III) displaces the Zn(II) in a 

stepwise manner, forming similar binding site locations that would not form in the apo-

MT. 

Bi(III) provides a model for a xenobiotic metal that MT would not have evolved to bind. 

The observed “tangling” effect where metal-saturation is resisted in apo-MT contrasted 

with the readily formed high Bi(III)-loading species in Zn7MT may prompt further research 

into the structural dependence of MT for the binding of other xenobiotic metals. 
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Chapter 6 

The Chapters in this thesis so far have focused on metals binding to MTs and their 

pathways’ dependence on aspects such as apo-MT structure and pH environment. In the 

previous chapter, it was shown that the binding pathway of Bi(III) to MTs was altered 

depending on the initial metallated status of the MT. This finding suggests that the 

functions of MT may be altered depending on the metal loading status. 

In this chapter, MT’s redox abilities are investigated by observing various apo, Cd(II), and 

Zn(II) metallated MTs’ response to oxidative stress. The results show that the metal-

loading status has an impact on the cysteinyl thiols’ susceptibility to reactive oxygen 

species. 

6 The Structural Role of Cadmium And Zinc In 
Metallothionein Oxidation By Hydrogen Peroxide: The 
Resilience of Metal-Thiolate Clusters 

6.1 Introduction 

An overabundance of reactive oxygen species in a cell can lead to oxidative stress, 43-45 

which is a concern because of its link to many diseases.46-51 Healthy cells have many 

defenses against ROS, many of which are proteins.40-43 

Cysteine residues are common targets for both one and two electron ROS, both resulting 

in disulfide bond formation. The thiol group will form a sulfenic acid intermediate with 

two-electron oxidants such as H2O2 before forming a disulfide with another cysteine. 

Disulfide bond formation is a reversible process, thereby providing a controlled pathway 

linking oxidation and reduction without permanent damage to the protein.52-53, 56-57 

 


 A version of this chapter has been published: 
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Hydrogen Peroxide: The Resilience of Metal–Thiolate Clusters. J. Am. Chem. Soc. 2023, 145 (11), 6383-
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Reproduced with permission from: The American Chemical Society 



161 

 

Metallothioneins (MTs) are a family of small proteins (usually 6–7 kDa) with an unusually 

high cysteine content and no traditional secondary structural elements. They are thought to 

be involved in the homeostasis of Zn(II) and Cu(I), the detoxification of heavy metals such 

as Cd(II), and in the protection against oxidative stress.339 MT’s redox role has been 

supported by MT production being upregulated by various sources of oxidative stress,101-

108, 365 the overexpression of MT providing protective effects to cells under oxidative 

stress,118-121, 366-367 and the observation that MTs form both intramolecular and 

intermolecular disulfide bonds upon oxidation.211-214  

Apo-MTs bind a wide range of metals in a variety of different structures. The most widely 

recognized structure of mammalian MTs involves the binding of seven divalent metals 

such as Cd(II) or Zn(II) into two distinct domains using 20 cysteine residues. Nine thiols 

bind three metals in the N-terminal β-domain and eleven thiols bind four metals in the C-

terminal α-domain using a mix of bridging and terminally bound thiolates.110, 143, 146-147, 339  

Metal displacement from MT can result from exposure to ROS as thiols form disulfide 

bonds and become unavailable for binding. Multiple studies have investigated the 

mobilization of Zn(II) and Cd(II) from MT due to reaction with various ROS. This process 

has been monitored via atomic absorption spectrometry117, 211, UV-visible absorption 

spectroscopy116, 136, 211, 215-217, measurement of 65Zn and 109Cd radioactivity128, 218, 

fluorescence spectroscopy219-221, circular dichroism spectroscopy,222-223 and nuclear 

magnetic resonance (NMR) spectroscopy211, 224. Additionally, redox agents such as 

glutathione disulfide facilitate Zn(II) transfer from MT to enzymes with lower Zn(II) 

binding constants,136 suggesting MT’s involvement in Zn(II) distribution was related to the 

redox state of the cell.116, 128, 136 

Kinetic evidence suggests that the two domains of Cd7MT and Zn7MT have different 

reactivity towards ROS, chelators, and cysteine modifiers.175, 209, 224, 368-369 The reaction 

with each of these different agents results in demetallation. The three metals from the more 

labile β-domain cluster are the first to be released, followed by the four metals from the 

more stable α-domain cluster.175, 209, 368-369 This sequence of metal release has been 
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supported by 113Cd NMR spectroscopy, showing selective release of only the three Cd(II) 

from the β-domain upon exposure to nitric oxide.224  

A limitation of many of the previous studies is that they do not consider the intermediate 

Mx(SH)yMT species formed as the metals are displaced from the Cd7MT and Zn7MT 

structures (x = 0-7, y = 0-20). Most spectroscopic methods can only show the average 

number of cysteines oxidized and the average number of metals bound to MT, so 

information about these individual species is lost. 

Additionally, minimal consideration has been given to the effect of ROS on MTs with a 

lower metal-loading status that have not yet formed the two-domain structure. Although 

Cd7MT and Zn7MT are the most well-studied forms of MT, reports of partially metallated 

and oxidized MTs in biological tissue suggest that the most relevant structures of MTs in 

vivo are more complicated.225, 370 These structures are not well-defined and thus are difficult 

to study using typical structural methods like NMR spectroscopy. 

A simulation of the release of Zn(II) from the β-domain of MT found that the terminally 

bound cysteines were more susceptible to oxidation than bridging cysteines within the 

cluster.226 This suggests that there may be a difference in susceptibility to oxidation 

between the fully metallated two-domain structure and a partially metallated structure that 

has not yet formed the complete network of bridging cysteines. 

In order to obtain details of the reaction products following oxidation of these complicated 

systems, identities of all the products of reaction must be determined. As we mentioned 

above, optical spectroscopic methods typically provide only averages of the species present 

rather than the identities of all species in the mixture. Electrospray ionization mass 

spectrometry is an ideal technique to bridge the gap in knowledge as it can distinguish 

between individual species in a solution and it is not limited to studying rigid well-defined 

structures. ESI-MS has been a successful technique for studying MT metallation and 

demetallation kinetics.175, 177 Matrix-assisted laser desorption/ionization MS-MS was used 

to study the disulfide bond structures formed in the γ-domain of the wheat Ec-1 MT upon 

oxidation with H2O2. However, this protein has a dissimilar sequence to mammalian MTs 

and only binds 2 Zn(II).223 Additionally, a study on MT exposed to ROS and extracted 
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from mouse hearts showed by mass spectrometry that disulfide bonds formed in both the 

β and α domains.225 However, the metallated structures were not investigated. Overall, the 

use of MS in studying the simultaneous disulfide bond formation and metal release due to 

oxidation in mammalian MT structures has been limited. 

In this chapter, I characterize the oxidation-induced demetallation pathways of fully and 

partially metallated Cd(II)-bound and Zn(II)-bound recombinant human MT1a. Using 

electrospray ionization mass spectrometry (ESI-MS), we identified many intermediate 

Mx(SH)yMT (x = 0-7, y = 0-20) species formed upon oxidation of apo-MT, CdxMT, and 

ZnxMT, (x = 1-7) by H2O2. The rate constants for each individual metal displacement step 

measured by ESI-MS were calculated to determine the sensitivity of each species to 

oxidation. We also investigated the reversibility of the MT oxidation using ESI-MS 

methods. The reaction rates of apo-MT, Cd7MT, and Zn7MT with H2O2 were also 

measured using UV-visible absorption spectroscopy to further compare the susceptibility 

of the fully metallated and apo-MTs to oxidation by H2O2. Circular dichroism spectroscopy 

was used to determine the presence of the Cd4S11 and Zn4S11 cluster structures in the 

partially oxidized MTs from the characteristic cluster derivative signal. Finally, density 

functional theory calculations were used to show the differences in electron density 

between terminally bound and bridging cysteines in order to identify the more likely 

nucleophilic thiol that attacks the H2O2. Together, these data allow comparison between 

the reactivities of apo-MT, Cd(II)-bound and Zn(II)-bound MTs with different metal-

loading statuses towards H2O2 and reveal that there are many intermediate Mx(SH)yMT 

species formed during oxidation. 

6.2 Materials and Methods 

6.2.1 Expression, purification, and preparation of apo-MT 

The rhMT1a was expressed and purified as described in Chapter 2. The apo-MT was 

prepared and the concentration was determined as described in Chapter 2. 
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6.2.2 Preparation of Cd7MT, Zn7MT, Cd3MT, and Zn3MT 

The apo-MT was metallated to varying degrees using Cd(II) and Zn(II). Solutions of Cd(II) 

and Zn(II) were prepared by dissolving either solid cadmium acetate (Cd(OAc)2) or zinc 

acetate (Zn(OAc)2) (Fisher) in water to a concentration of 10 mM. 

The apo-βαMT was metallated with either 3 molar equivalents or 8 molar equivalents of 

the 10 mM Cd(OAc)2 solution or the 10 mM Zn(OAc)2 solution and then buffer exchanged 

by centrifugation with ammonium formate at pH 7.6 containing 0.5 mM TCEP in the same 

manner that was used to prepare the apo-βαMT. The pH was confirmed to be 7.6 by 

measuring the flow-through of the centrifugal filter unit. 

It is important to note that the resulting metallated MT samples do not consist of a single 

species of one particular metal-loading status. In reality, a distribution of species centered 

around the stoichiometric amount of metal added will be present. However, for simplicity, 

the partially metallated samples prepared here will be referred to using only the identity of 

the major species (Cd3MT and Zn3MT). 

6.2.3 Creation of the oxidizing environment 

The oxidation experiments were designed in a way to provide a controlled oxidation that 

would result in sequential metal release that can be observed on a realistic timescale. Due 

to this, higher concentrations were used than would be expected in vivo. Hydrogen peroxide 

(H2O2) was chosen as an oxidizing agent because it is readily available, stable, and provides 

a steady reliable source of oxidation whose effects can be observed without interference 

on the mass spectrometer. 

All the MT solutions were prepared in ammonium formate containing 0.5 mM of the 

reducing agent TCEP. The purpose of this was to ensure no oxidation took place during 

the preparation of the apo-βαMT, where the cysteines are extremely vulnerable to 

oxidation. This allows equal comparison of more stable fully metallated species with more 

vulnerable partially metallated species. Although GSH would be a more biologically 

relevant reducing agent, even in stoichiometric amounts to MT it overwhelms the ESI-MS 
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signal, making it unsuitable for these studies. Additionally, GSH and GSSG would provide 

significant competition for the Cd(II) and Zn(II). 

The samples were prepared at pH 7.6. Mixing MT solutions of this pH with 150 mol. eq. 

H2O2 resulted in solutions of pH 7.4, which was the desired pH for the experiments. 

6.2.4 Electrospray ionization mass spectral studies 

The ESI-MS parameters used were described in Chapter 2, with a capillary exit voltage of 

220.0 V. 

Samples of 90 μM apo-MT, Cd7MT, Zn7MT, Cd3MT, and Zn3MT at pH 7.6 were measured 

at equilibrium before addition of H2O2. The data were collected for and averaged over 1–

2 min using the Compass DataAnalysis software. These spectra were deconvoluted over 

the range 7000–9000 Da using the MaxEnt software package. 

Mass spectral kinetic experiments were performed at 25 ˚C using a temperature controlled 

syringe pump connected to a water bath. 150 mol. eq. of 0.2 M H2O2 was added to either 

90 μM apo-MT, Cd7MT, Zn7MT, Cd3MT, or Zn3MT at pH 7.6, mixed rapidly and 

thoroughly, quickly transferred to a Hamilton 250 μL syringe, and placed on the 

temperature controlled syringe pump. The pump was set at a flow rate of 10 μL/min. Once 

the signal was stable, the flow rate was lowered to 5 μL/min. Data were collected until the 

oxidation and/or de-metallation had reached equilibrium. Kinetic data were averaged every 

2.0 min over time intervals of 1.0 min and deconvoluted over the range 7000–9000 Da. 

These reactions were performed in triplicate. 

In the case of the apo-MT, Cd7MT, and Zn7MT, the remaining sample was incubated at 25 

˚C until the reaction time had reached 120 min. At this point, ESI mass spectra were 

collected again in the same manner as for the initial equilibrium conditions. 

The masses of the peaks in the deconvoluted ESI-mass spectra from the kinetic reactions 

were obtained and averaged over the whole reaction. These masses were subtracted from 

the theoretical masses of their corresponding CdnMT and ZnnMT species. The number 

obtained was taken as the average number of cysteines oxidized for that particular 
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metallated species. The number of remaining reduced cysteines was calculated by 

subtracting the number of oxidized cysteines from 20. 

Additionally, a series of 30 μM Cd7MT samples were reacted with 0, 2, 4, 6, 8, and 10 mol. 

eq. H2O2 at pH 7.4. The reagents were mixed and the samples were measured on the ESI 

mass spectrometer after 24 h, in the same manner as for the other equilibrium samples. 

6.2.5 Reversibility experiments 

To investigate the reversibility of the oxidation and the ability of MT to regain its metal-

binding function after reversal, the 90 μM apo-MT, Cd7MT, and Zn7MT reactions with 150 

mol. eq. H2O2 were quenched after 120 min using pH 2.6 ammonium formate. The samples 

were buffer exchanged in the same manner as used to prepare the apo-MT. The ammonium 

formate at pH 7.6 containing 0.5 mM TCEP was used to bring the pH back up and to 

reverse the oxidation. The samples were measured on the ESI mass spectrometer to verify 

that full reduction of the MT had been achieved. Cd(OAc)2 and Zn(OAc)2 were titrated 

into the samples that were once Cd7MT and Zn7MT, respectively to evaluate the metal-

binding function of MT whose oxidation had been reversed. 20 mol. eq. of 10 mM N-

ethylmaleimide (NEM) were added to the newly reduced apo-MT to quantify the number 

of reduced cysteines. 

6.2.6 Proteolysis experiments 

Proteolysis experiments were carried out on the apo-MT to investigate the source of 

irreversible oxidation. Trypsin was added to a sample of apo-MT that had never been 

oxidized and to the oxidized and reversed apo-MT sample described above (without 

addition of NEM) in a 1:50 w/w ratio. The mixture was incubated in a water bath for 30 

min and the resulting peptide fragments were measured on the ESI mass spectrometer. 

6.2.7 UV-visible absorption spectroscopy experiments 

Kinetic experiments were carried out and measured using UV-visible absorption 

spectroscopy. 10 μM apo-MT, Cd7MT, and Zn7MT at pH 7.6 were measured on a Cary-60 

UV–visible spectrometer between 200 and 300 nm using a 1 cm cuvette. For each kinetic 

run, 150 mol. eq. H2O2 was added to the sample in the cuvette (10 μM apo-MT, Cd7MT, 



167 

 

or Zn7MT), rapidly mixed, and placed in the cuvette holder. Scans were recorded every 0.2 

min for 10 min, then every 1.0 min for 300 min for the apo-MT samples. Scans were 

recorded every 0.2 min for 10 min, every 1.0 min for 60 min, then every 5.0 min for 600 

min in the case of the Cd7MT and Zn7MT samples.  

To obtain the kinetic trace, absorbance over time at the wavelength of interest over time 

was extracted. The wavelengths used were that of the disulfide bond formation at 280 nm 

band for apo-MT, the S→Cd LMCT band at 250 nm for Cd7MT, and the S→Zn LMCT at 

230 nm for Zn7MT.  

6.2.8 Quantification of Zn(II) release 

To validate the concentration of metal released over time during the ESI-MS kinetic 

experiments, a reaction between 17 μM Zn7MT and 200 mol. eq. H2O2 in the presence of 

1.2 mM zincon (ZI), a Zn(II)-sensor that forms a Zn-ZI complex absorbing at 618 nm with 

a molar extinction coefficient of 24 200 M-1cm-1 was monitored by absorption 

spectroscopy.371 The reaction took place in a 0.2 cm cuvette and was measured between 

500 and 700 nm every 0.2 min for 10 min, then every 1.0 min for 200 min. The total free 

Zn(II) was measured by scanning a sample of 119 μM Zn(OAc)2 and 1.2 mM ZI in the 

absence of MT and the 0 min time point was measured by scanning the 17 μM Zn7MT and 

1.2 mM zincon (ZI) before the addition of H2O2. A parallel reaction was performed using 

the same concentrations but in the absence of ZI and measured on the ESI mass 

spectrometer at various time points (5 min, 15 min, 24 min, 38 min, 67 min, and 117 min) 

to compare the ability of the two methods to measure metals bound to MT. At 24, 38, and 

67 min, a portion of the sample was acidified to demetallate the MT and obtain the average 

number of reduced cysteine residues for the whole protein. 

6.2.9 Determination of the rate constants 

For the kinetic reactions monitored by ESI-MS, the peak integrals over time were extracted 

using the Data Analysis software. All observed m/z peaks were extracted, including any 

adduct formations, and compiled to form a list of metallated species with their intensities 

as a function of time. The baseline was subtracted, and the intensity vs time was converted 

into concentration vs time using the known total concentration of MT (90 μM) and the 
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fractional intensities of each peak. These kinetic traces were modelled as multiple 

bimolecular reactions and fit using COPASI version 4.27.372 An in depth explanation of 

the reactions used to fit the traces is presented in the Results and Discussion section. For 

the case of the kinetic traces obtained through UV-visible absorption experiments, the 

reaction was fit to a single bimolecular reaction. 

6.2.10 Circular dichroism spectroscopy experiments 

Circular dichroism spectroscopy measurements were made on a J-810 spectropolarimeter 

(Jasco, USA). All the samples were measured between 200 and 350 nm using a 0.2 cm 

cuvette with a data pitch of 1 nm and a response of 2 s. Two accumulations were collected. 

The MT samples were prepared as previously described with a few changes. All samples 

were prepared in 5 mM ammonium formate to minimize the absorbance near 200 nm. The 

Cd7MT and Zn7MT samples were prepared without the use of TCEP. Additional Cd3MT 

and Zn3MT samples in pH 5.0 ammonium formate were prepared and measured. The 

concentration of all MT samples was 25 μM. 

The MT samples were incubated with 5 mol. eq. or 10 mol. eq. H2O2 at room temperature 

for either 40 h (for Cd7MT and Zn7MT) or 1 h (for Cd3MT and Zn3MT), respectively. CD 

spectra were measured before and after oxidation. For each CD spectrum obtained, the 

corresponding ESI-MS spectra was also obtained to identify the species in solution. 

A reaction between 25 μM Cd7MT and 150 mol. eq. H2O2 was monitored kinetically using 

CD spectroscopy. The CD spectra were measured before addition of H2O2, and then at 3, 

11, 18, 33, 84, and 145 min after addition of H2O2. The spectra were scanned between 200 

and 350 nm using a 0.2 cm cuvette with a data pitch of 2 nm and a response of 0.5 s. One 

accumulation was collected. 

6.2.11 Theoretical calculations 

Ground state geometries of molecular models of [Cd3(CH3S)9]3- and [Zn3(CH3S)9]3-
 

mimicking the β-domain of fully metallated MT were optimized using the molecular 

mechanics and dynamics application in the Scigress software package (Fujistu, Poland). A 

MeSH model mimicking a free sulfur on the apo-MT was also generated using the same 
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method. Molecular orbitals (MOs) were calculated using density functional theory (DFT) 

from Gaussian G09 with water as a solvent. The basis sets 6-31g(d,p) and lanl2dz and the 

functional B3LYP were used. The frequencies were calculated, and all were positive. 

6.3 Results and Discussion 

The following data describe the effects of oxidation by H2O2 on recombinant human MTs 

with different metal-loading statuses. I start with a description of the reaction products of 

apo-MT to provide a baseline for how the cysteines in MT and the other amino acids that 

are part of the peptide respond to this particular oxidizing environment. Oxidation of the 

fully metallated Cd7MT and Zn7MT provides information about metal displacement from 

the well-known 2-domain cluster structure.  

Cd3MT and Zn3MT model MT’s response to oxidation with the more biologically relevant 

metal-deficient state, where the two-domain cluster structure has not formed. Under 

Figure 6-1. Oxidation of apo-MT monitored using ESI-MS. A reaction of 90 μM apo-

MT with 13.5 mM H2O2 (150 mol. eq.) at pH 7.4 monitored over time using ESI-MS. (i) 

Charge state and (ii) deconvoluted ESI mass spectra show the reaction at (A) 0 min and 

(B) 3 min. The weighted average charge state is 4.7 for the fully reduced apo-MT and 4.6 

for the fully oxidized apo-MT. Reproduced from Korkola and Stillman, 2023 with 

permission from The American Chemical Society. 
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physiological conditions (pH 7.4), Zn(II) will bind to apo-MT in a non-cooperative manner, 

where terminal metal-thiolate bonds form before the Zn4S11 and Zn3S9 bridging cluster 

structures at metal saturation. At physiological pH, Cd(II) will bind to apo-MT in a mixed 

cooperative and non-cooperative pathway, where the majority of Cd(II) binds terminally 

but some will bind cooperatively to form Cd4S11.171  

6.3.1 H2O2 selectively oxidizes the cysteine and methionine residues 
of apo-MT 

The cysteines of apo-MT reversibly form disulfide bonds when exposed to H2O2. A 20 Da 

decrease in mass after 3 min of reaction of 90 μM apo-MT with 13.5 mM (150 mol. eq.) 

H2O2 is seen in the ESI mass spectral data (Fig. 6-1), corresponding to the loss of 2 H+ for 

each disulfide formed. The loss of 20 H+ indicate all 20 cysteines have formed disulfide 

bonds. The change in the surface area between the fully reduced and oxidized protein is 

minimal, with the weighted average charge state changing from +4.6 to +4.7 (Fig. 6-1). 

Methionine sulfoxide formation occurs in later stages of the reaction, as seen in the ESI 

mass spectrum as a mass increase of 16 Da (Fig. 6-2Aii).373 This result is further supported 

by the trypsin digestion data, where a 16 Da mass increase is found on each of the three 

methionine-containing fragments (fragments [1], [2], and [7]) (Fig. 6-2D and Table 6-1). 

The cysteine residues do not undergo irreversible sulfinic acid or sulfonic acid formation 

under these conditions. Upon buffer exchange with TCEP-containing ammonium formate, 

all the cysteine residues are reduced and therefore accessible, as indicated by a mass 

increase of 20 Da and the binding of 20 N-ethylmaleimide (NEM), a cysteine modifier (Fig 

6-2B-C). However, the methionine sulfoxides remain, despite this being a reversible 

modification in vivo.52 
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Figure 6-2. Oxidation, reduction, and trypsin digestion of apo-MT. A reaction of 90 

μM apo-MT with 13.5 mM H2O2 (150 mol. eq.) at pH 7.4 monitored using ESI-MS. (i) 

Charge state and (ii) deconvoluted ESI mass spectra show (A) the oxidized apo-MT after 

120 min, (B) the reduced apo-MT after reversing the reaction with TCEP, and (C) the 

reduced apo-MT after addition of 20 mol. eq. NEM. (D) ESI mass spectra after a 1:50 

reaction of trypsin with (i) reduced apo-MT or (ii) oxidized apo-MT that was reduced with 

TCEP. The light blue labels indicate the fragments where the +16 oxygen addition was 

found. The x-axis ranges are (A) 7300 – 7500 Da, (B) and (C) 7000 – 11000 Da, and (D) 

200 – 1400 m/z. Reproduced from Korkola and Stillman, 2023 with permission from The 

American Chemical Society. 
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6.3.2 Metal-thiolate bonds provide protection against MT oxidation 

H2O2 oxidizes apo-MT, Cd7MT, and Zn7MT at different rates as determined by UV-visible 

absorption spectroscopy (Fig. 6-3). The rate constants describing the overall reaction of 1.5 

mM H2O2 with 10 μM apo-MT, Cd7MT, and Zn7MT are 2.6 ± 0.2 M-1s-1 (Fig. 6-3A), 0.08 

± 0.01 M-1s-1 (Fig. 6-3B), and 0.10 ± 0.01 M-1s-1 (Fig. 6-3C), respectively.The rate constant 

for apo-MT oxidation is 33 times higher than that of Zn7MT demetallation and 26 times 

higher than that of Cd7MT demetallation. However, the rate constant for Zn7MT 

demetallation is only 1.25 times higher than that of Cd7MT, showing that the presence of 

metal-thiolate bonds is more important for protecting the thiols over the identity of the 

metal. 

Table 6-1. Apo-MT tryptic peptides. Peptide fragments resulting from a 1:50 reaction of 

trypsin with apo-MT. Reproduced from Korkola and Stillman, 2023 with permission from 

The American Chemical Society. 
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Figure 6-3. Oxidation of apo-MT, Cd7MT, and Zn7MT monitored using absorption 

spectroscopy. Kinetic traces for a reaction of 10 μM (A) apo-MT, (B) Cd7MT, or (C) 

Zn7MT with 150 mol. eq. H2O2 at pH 7.4 monitored by UV-visible absorption 

spectroscopy at (A) 280 nm, (B) 250 nm, or (C) 230 nm showing errors over three 

experiments. Reproduced from Korkola and Stillman, 2023 with permission from The 

American Chemical Society. 
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6.3.3 Individual metallated and oxidized species are identified using 
ESI-MS 

ESI mass spectra from selected time points in the kinetic reaction of 90 μM Cd7MT with 

13.5 mM H2O2 and 90 μM Zn7MT with 13.5 mM H2O2 are shown in Fig. 6-4. Both the 

metal-loading status and extent of disulfide formation are identified in the reaction 

intermediates by their masses. Before addition of H2O2, a distribution of Cd7-9(SH)20MT 

(Fig. 6-4Aii) and a single peak of Zn7(SH)20MT (Fig. 6-4Aiv) are seen in the respective 

Figure 6-4. Oxidation of Cd7MT and Zn7MT monitored using ESI-MS. Reactions of 

either (i, ii) 90 μM Cd7MT or (iii, iv) 90 μM Zn7MT with 13.5 mM H2O2 (150 mol. eq.) at 

pH 7.4 monitored over time using ESI-MS. (i, iii) Charge state and (ii, iv) deconvoluted 

ESI mass spectra show the reaction at (A) 0 min, (B) 4 min, (C) 8 min, (D) 16 min, (E) 24 

min, (F) 36 min, and (G) 120 min. To the right of each deconvoluted spectrum is a list of 

all the Mx(SH)yMT species present in that spectrum. Adapted from Korkola and Stillman, 

2023 with permission from The American Chemical Society. 
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deconvoluted ESI mass spectra. In both cases, all 20 cysteine residues are in the reduced 

state. We will use the nomenclature of Mx(SH)yMT to indicate the number of bound metals 

(where M = Cd(II) or Zn(II)) and the number of reduced thiols (SH = reduced thiol) in each 

species. 

The starting Cd7MT sample is not a pure species of only Cd7MT. Cd8MT formation is 

favourable under conditions of metal-saturation and has been reported.148 Based on 

preliminary experiments, the presence of this species does not alter the pathway of metal 

release or the rate constants obtained. In fact, it allows more precision in determining the 

Cd7MT to Cd6MT demetallation step, as less of the reaction takes place in the dead time. 

Zn7MT does form a significant fraction Zn8MT, therefore a pure species of Zn7MT is 

observed. 

4 min. after the addition of H2O2 to Cd7MT, a distribution of Cd5-10(SH)13-19 MT is apparent 

in the mass spectra (Fig. 6-4Bii). After 8 min, a distribution of Cd4-10(SH)10-18 is observed. 

A distribution of Zn4-8(SH)10-16MT forms 4 min after addition of H2O2 to Zn7MT (Fig. 6-

4Biv). 

After 16 min (Fig. 6-4Dii) and 8 min (Fig 6-4Civ), Cd4(SH)10MT and Zn4(SH)10MT 

dominate the spectra. The lower metallated species Cd0-4(SH)1-8MT and Zn0-4(SH)0-8MT 

are seen at 24 min (Fig. 6-4Eii) and 16 min (Fig. 6-4Div), respectively. Methionine 

sulfoxide adducts begin to form by 36 min for both the Cd(II) and Zn(II) reactions (Fig. 6-

4F). After 120 min of reaction, the fraction of adduct formation is greater and it can be seen 

that significant amounts of Cd1(SH)1MT and Zn1(SH)0MT remain (Fig. 6-4G). 

The oxidation reactions of the partially metallated MTs Cd3MT and Zn3MT were also 

kinetically monitored by ESI-MS. ESI mass spectra from selected time points in the kinetic 

reaction of 90 μM Cd3MT with 13.5 mM H2O2 and Zn3MT with 13.5 mM H2O2 are shown 

in Fig. 6-5. 

Apo-MT with 3 mol. eq. Cd(II) or Zn(II) added results in distributions ranging from Cd0-

6(SH)20MT (Fig. 6-5Aii) or Zn0-6(SH)20MT (Fig. 6-5Aiv), respectively. For both 

conditions, a weighted average of three metals are bound. 4 min after the addition of H2O2, 
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a distribution of Cd2-6(SH)6-17MT is seen (Fig. 6-5Bii). A distribution of Zn0-6(SH)4-17MT 

forms 2 min after the addition of H2O2 to Zn3MT (Fig. 6-5Biv). After 12 min, the remaining 

Cd(II) now is now distributed between Cd0-5(SH)1-12MT (Fig. 6-5Cii). For Zn3MT, the 

species range is Zn0-5(SH)0-11MT at 6 min (Fig. 6-5Civ).  

Greater fractions of fully oxidized apo(SH)0MT are seen at 16 min for Cd(II) and 8 min for 

Zn(II) (Fig. 6-5D). The reaction is complete by 30 min and 14 min for Cd(II) and Zn(II), 

respectively (Fig. 6-5E). A much smaller fraction of Cd1(SH)1MT and Zn1(SH)1MT remain 

at this point than was seen in the reaction with fully metallated MTs. 

Figure 6-5. Oxidation of Cd3MT and Zn3MT monitored using ESI-MS. Reactions of 

either (i, ii) 90 μM Cd3MT or (iii, iv) 90 μM Zn3MT with 13.5 mM H2O2 (150 mol. eq.) at 

pH 7.4 monitored over time using ESI-MS. (i, iii) Charge state and (ii, iv) deconvoluted ESI 

mass spectra show the reaction at (A) 0 min, (B) 4 min, (C) 12 min, (D) 16 min, and (E) 30 

min for the Cd3MT reaction and at (A) 0 min, (B) 2 min, (C) 6 min, (D) 8 min, and (E) 14 

min for the Zn3MT reaction  To the right of each deconvoluted spectrum is a list of all the 

Mx(SH)yMT species present in that spectrum. Adapted from Korkola and Stillman, 2023 

with permission from The American Chemical Society. 
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6.3.4 The extent of disulfide bond formation predicts the metal-loading 
status 

For both partially and fully metallated Cd(II) and Zn(II) MTs, the species with a lower 

metal-loading status have a greater extent of disulfide bond formation. This links the 

oxidation of the cysteine residues by H2O2 with the release of the metals from the metal-

thiolate bonds. 

The number of remaining reduced cysteine residues as a function of metal-loading status 

(M0-10(SH)0-20MT) obtained from the mass spectra and averaged over the duration of each 

reaction is shown in Table 6-2. One disulfide bond is formed on average for each metal 

displaced from Cd7MT, Zn7MT, or Cd3MT, while an average of 1.5 disulfide bonds are 

formed for each metal displaced from Zn3MT. The greatest variation between the different 

starting conditions occurs at M6MT and M5MT, where the MT starting from Zn3MT has 

an average of four more reduced cysteines at these points than the MT starting from 

Cd7MT.  As well, the number of disulfide bonds formed over the duration of the reaction 

varies only by an average of ±1 disulfide for fully metallated MTs, and by an average of 

±2 for partially metallated MTs. The greater variation for the partially metallated MTs is 

Table 6-2. Number of oxidized and reduced cysteines throughout oxidation reactions. 

The averaged number of reduced and oxidized cysteines per each metalated state over the 

reaction between 90 μM Cd7MT, Zn7MT, Cd3MT, or Zn3MT and 13.5 mM H2O2 (150 mol. 

eq.) at pH 7.4 monitored using ESI-MS. The numbers were averaged over three 

experiments. The errors show the range of reduced/oxidized cysteines for that metalated 

species over the whole reaction. Reproduced from Korkola and Stillman, 2023 with 

permission from The American Chemical Society. 
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likely due to the fact that for the first few minutes of the reaction, the free cysteines are 

oxidized before metal displacement begins, therefore allowing a wider variety of species.  

6.3.5 The metals in MT are remarkably resistant to displacement 

The data in Table 6-2 for each oxidized state shows that more metals remain bound than 

should be theoretically possible based on the number of reduced thiols remaining after the 

disulfide bonds have been formed. Usually, Cd(II) or Zn(II) bind tetrahedrally using four 

cysteine thiols, while multiple Cd(II) or Zn(II) share bridging cysteines, such as in the 

M4S11 and M3S9 clusters. However, species such as M2(SH)4MT and M1(SH)2MT are 

observed in the ESI mass spectral data. At this point in the oxidation, these two metals 

share just four cysteines between them. M4MT, which normally utilizes the 11 cysteines of 

the α-domain, remains bound even when only 9-10 cysteines remain reduced. M7MT 

remains with only 14 reduced cysteines, even though it normally binds using all 20 

cysteines. This is likely due to the metals using other ligands on the protein backbone and 

the solvent to remain bound. 

It is, however, important to note that the number of disulfides formed for each metallated 

species is not an exact number, but rather a small distribution. This is due to the width of 

the MT peak making the mass decrease of 2 Da per disulfide bond formed difficult to 

resolve. 

6.3.6 Metal redistribution occurs upon exposure to H2O2 

Upon the initial change from a reducing environment to an oxidizing one due to addition 

of H2O2, peaks indicating a higher metal-loading status than normally observed appear in 

the mass spectra. Specifically, the small Cd9MT peak increases in intensity and a Cd10MT 

peak appears as the Cd(II) begins to be displaced (Fig. 6-4Bii). Zn8MT also appears in the 

Zn7MT spectrum as the reaction begins (Fig. 6-4Biv). The presence of these species can 

be explained by the initially displaced metals binding to the less oxidized MTs, possibly as 

adducts. 

A similar phenomenon is observed for the partially metallated MTs where the species shift 

to favour higher metal-loading statuses upon oxidation. However, the distributions formed 



179 

 

for Cd3MT and Zn3MT are different. When H2O2 is introduced to Cd3MT, the distribution 

of Cd(II) species narrows and shift to center around Cd4MT (Fig. 6-5Bii). Conversely, for 

Zn3MT, there is a non-specific increase in the Zn4-6MT species (Fig. 5Biv), without 

favouring the formation of Zn4MT. The favouring of Cd4MT suggests that this species is 

particularly stable towards oxidation. 

6.3.7 The species distributions following oxidation depend on the 
metal-loading status of the MT 

The distribution of oxidized species formed at different times gives insight into the stability 

of various metallated structures. For the fully metallated MTs, the distribution of oxidized 

species has two distinct profiles that appear throughout the reaction. When Mavg>4, the 

distribution does not favour any particular species (Fig. 6-4B–C). However, when Mavg<4 

the distribution profile changes and favours those profiles of M4MT and apo-MT (Fig. 6-

4D–F). This again highlights how M4MT is a particularly stable structure. The ESI-MS 

profiles for Cd7MT and Zn7MT are remarkably similar in their oxidation-induced metal 

displacement profiles. 

The partially metallated MTs that have not yet formed the two-domain structure display 

some differences in their distributions compared with the changes seen with their fully 

metallated counterparts. The displacement of Cd(II) from Cd3MT still favours a mixture of 

the Cd4MT and apo-MT species (Fig. 6-5Cii). However, there is an increased abundance 

of the Cd3MT and Cd2MT species compared to the reaction products when Cd7MT is the 

starting material. The Zn3MT displacement distribution does not display the high 

abundance of the Zn4MT species. Instead, the species remain in a non-specific distribution, 

centered around Zn3MT (Fig. 6-5Civ). These results further suggest that the displacement 

pathways of Cd7MT and Zn7MT depend on the two-domain structure but the partially 

metallated Cd3MT and Zn3MT follow a different pathway. 

It is important to reiterate that the experimental concentrations of H2O2 were chosen to 

allow observation of the demetallation pathways on a reasonable timescale rather than to 

mimic in vivo conditions. To verify that the same metal-release pathway results from other 

concentrations of H2O2, a series of 30 μM Cd7MT samples were reacted with 2, 4, 6, 8, and 
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10 mol. eq. H2O2 and measured after  24 h (Appendix D, Fig. D-1). Under these conditions, 

the reaction does not go to completion, rather forming species between Cd2-8MT with an 

extremely similar distribution to the kinetic pathway (Fig. S3). Most notably, the non-

specific distribution at Cd(II)>4 and the favourable formation of Cd4MT is evident. 

Additionally, to verify that the data obtained from the mass spectrometric studies reflect 

the solution conditions, a reaction of 17 μM Zn7MT with 200 mol. eq. H2O2 in the presence 

of 0.5 mM TCEP and 1.2 mM ZI at pH 7.4 was monitored by absorption spectroscopy to 

quantify the Zn(II) release (Appendix D, Fig. D-2A). The average number of Zn(II) 

remaining bound to MT was calculated using the absorption spectroscopic data (Appendix 

D, Fig. D-2A) and mass spectrometric data (Appendix D, Fig. D-3) at various time points. 

The resulting values were found to be within 0.5 mol. eq. of each other, verifying that the 

species distributions in the mass spectrometer reflect solution-phase data (Appendix D, 

Fig. D-2B). At selected time points during this reaction, portions of the MT sample were 

acidified to induce demetallation to verify the overall disulfide bond formation (Appendix 

D, Fig. D-3C-E). The total number of reduced cysteines at each time point was calculated 

from both the weighted average of each metallated species in the spectrum and the average 

mass of the demetallated MT. These values are plotted in Fig. D-2C (Appendix D) and are 

within one cysteine of each other for both methods. 

6.3.8 Circular dichroism spectroscopy reveals the presence of α-
domain cluster structures in partially oxidized MTs 

CD spectra of different metallated MT samples are shown in Fig. 6-6. Corresponding ESI 

mass spectra are shown in Fig. 6-7. 

Before exposure to H2O2, Cd7MT and Zn7MT show the characteristic derivative bands 

indicating the two-domain cluster structure. The Cd7MT spectrum shows peaks at 260 nm 

(+) and 240 nm (-) with a crossover at 250 nm (Fig. 6-6Ai). The Zn7MT spectrum shows 

peaks at 245 nm (+) and 235 nm (-) with a crossover at 240 nm (Fig. 6-6Bi). After 40 h of 

exposure to 5 mol. eq. H2O2, partial demetallation has occurred and the derivative band is 

weakened in both Cd7MT (Fig. 6-6Aii) and Zn7MT (Fig. 6-6Bii) but is still present. In 

these spectra, Cd4MT and Zn4MT are the major species, as confirmed by ESI-MS as shown 
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in Fig. 6-7Bii and Fig. 6-7Biv, respectively. The CD spectra of Cd3MT (Fig. 6-6Aiii and 

Ciii) and Zn3MT (Fig. 6-6Biii and Diii) at pH 5.0 are also shown. At pH 5.0, the Cd4S11 

cluster forms cooperatively and the Zn4S11 cluster forms semi-cooperatively. These data at 

pH 5.0 provide a reference for the CD spectra of the partially metallated cluster structure, 

allowing for comparison to the structures present in the partially oxidized samples. 

The partially metallated Cd3MT and Zn3MT CD spectra at pH 7.4 before addition of H2O2 

do not show the presence of cluster structures. Instead, the maximum at 245 nm (+) for 

Cd3MT (Fig. 6-6Ci) and the lack of a peak at 235 nm (-) for Zn3MT (Fig. 6-6Di) indicate 

non-specific terminally bound structures. Upon 1 h of reaction with 10 mol. eq. H2O2, the 

maximum of the Cd3MT CD spectral band shifts from 245 nm (+) to 260 nm (+) (Fig. 6-

6Cii). However, under the same conditions, the Zn3MT CD spectrum remains largely 

Figure 6-6. Reduced and oxidized MTs monitored using circular dichroism 

spectroscopy. Circular dichroism spectra of (A) 25 μM Cd7MT, (B) 25 μM Zn7MT, (C) 

25 μM Cd3MT and (D) 25 μM Zn3MT (i) before reaction with H2O2 and (ii) after either 

(A-B) 40 h reaction with 0.125 mM (5 mol. eq. H2O2) at pH 7.4 or (C-D) 1 h reaction with 

0.25 mM (10 mol. eq. H2O2) in the presence of 0.5 mM TCEP at pH 7.4. (iii) Circular 

dichroism spectra of (A, C) Cd3MT at pH 5.0 and (B, D) Zn3MT at pH 5.0. Reproduced 

from Korkola and Stillman, 2023 with permission from The American Chemical Society. 
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unchanged (Fig. 6-6Dii). As with the fully metallated samples, CD spectra of Cd3MT (Fig. 

6-6Ciii) and Zn3MT (Fig. 6-6Diii) at pH 5.0 are shown. 

These results show that the cluster structure still remains after partial oxidation of Cd7MT 

and Zn7MT to Cd4MT and Zn4MT, respectively. Based on comparisons with CD spectra 

of the α-domain cluster as well as the stability of the M4MT structure, it can be concluded 

that the metals in the β-domain are the first to be released, leaving the α-domain largely 

intact. However, the M4MT species never exists in isolation as shown by the ESI-MS 

Figure 6-7. Reduced and oxidized MTs monitored using ESI-MS. (i) Charge state and 

(ii) deconvoluted ESI mass spectra of (A) 25 μM Cd7MT at pH 7.4, (B) 25 μM Cd7MT 

after 40 h reaction with 0.125 mM (5 mol. eq. H2O2) at pH 7.4, (C) 25 μM Cd3MT at pH 

7.4, (D) 25 μM Cd3MT after 1 h reaction with 0.25 mM (10 mol. eq. H2O2) in the presence 

of 0.5 mM TCEP at pH 7.4, and (E) 25 μM Cd3MT at pH 5.0. (iii) Charge state and (iv) 

deconvoluted ESI mass spectra of (A) 25 μM Zn7MT at pH 7.4, (B) 25 μM Zn7MT after 

40 h reaction with 0.125 mM (5 mol. eq. H2O2) at pH 7.4, (C) 25 μM Zn3MT at pH 7.4, 

(D) 25 μM Zn3MT after 1 h reaction with 0.25 mM (10 mol. eq. H2O2) in the presence of 

0.5 mM TCEP at pH 7.4, and (E) 30 μM Zn3MT at pH 5.0. Adapted from Korkola and 

Stillman, 2023 with permission from The American Chemical Society. 
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results. Although it is often the major species, in reality a range from M2MT – M7MT 

exists. This mixture of species could explain the weakening of the derivative band 

characteristic of the cluster because only the Cd4S11 and Zn4S11 α-domain structures exhibit 

the derivative shape CD spectral band.  

For Cd3MT, exposure to H2O2 results in some of the Cd(II) shifting to form the Cd4MT 

cluster in the α-domain. This is consistent with the ESI mass spectra where the metallation 

status in the species shift to favour Cd4MT rather than a non-cooperative species 

distribution. The shape of the derivative signal in the CD spectrum is weaker than what 

one would expect for the Cd4MT cluster. This is possibly due to the presence of lower 

metallated species as well as disulfide bonds disrupting the structure.  

The stoichiometry in the initial Zn3MT does not change to form a cluster structure upon 

exposure to H2O2. The CD spectrum resembles the non-specific terminally bound Zn(II)-

MT structures rather than the cooperative Zn4MT structure. 

As additional validation, a reaction of 25 μM Cd7MT with 3.75 mM (150 mol. eq.) H2O2 

was monitored kinetically throughout the entire reaction by CD spectroscopy (Appendix 

D, Fig. D-4). At the 3 min time point, the formation of some Cd8MT as observed in the 

mass spectral data can be seen as a shift of the maximum from 260 nm (+) to 255 nm (+), 

as noted previously in the literature.148 Throughout the reaction, the peak maximum slowly 

shifts closer towards 260 nm (+) and becomes weaker as the Cd(II) is displaced, resembling 

Fig. 6-6Aii and Fig. 6-6Cii, until disappearing completely. The CD spectral band never 

resembles Fig. 6-6Ci, indicating that the Cd4MT cluster remains present throughout the 

reaction. 
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Figure 6-8. Cd(II) and Zn(II) binding to MTs after reversal of oxidation. 90 μM (A, 

B) Cd7MT or (C, D) Zn7MT reacted with 13.5 mM H2O2 (150 mol. eq.) at pH 7.4 for 120 

min, then reversed with TCEP. (i) Charge state and (ii) deconvoluted ESI mass spectra 

show (A, C) before and (B, D) after addition of 14 mol. eq. Cd(OAc)2 to re-bind the metals. 

Adapted from Korkola and Stillman, 2023 with permission from The American Chemical 

Society. 
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6.3.9 MT regains its metal-binding ability upon reduction of disulfide 
bonds 

Cd7MT and Zn7MT that have had all of their cysteines oxidized to disulfide bonds by H2O2 

regain their ability to bind metals after reduction. Thorough buffer exchange with TCEP-

containing ammonium formate results in full reduction of the 20 cysteines for both the 

Cd7MT (Fig. 6-8A) and Zn7MT (Fig. 6-8C) samples that had been demetallated by the 

addition of H2O2. Addition of Cd(II) and Zn(II) re-forms up to Cd7-8MT (Fig. 6-8B) and 

Zn7MT (Fig. 6-8D), respectively, showing that the MT can still bind the same number of 

metals as before. This highlights the reversible property of the oxidation of Zn7MT 

suggested previously by Maret116 shown in the following reaction:  

𝑍𝑛7𝑆𝐻20𝑀𝑇 ⥨ 𝑍𝑛0𝑆𝐻0𝑀𝑇 

Overall, the observed mass differences in the ESI mass spectral data confirm the oxidation 

of apo-MT and various M1-7MT species via disulfide bond formation. The reversibility of 

this process shows that the metal-binding function of MT can be regained even after severe 

oxidative damage. This strongly suggests that MT could function in a redox cycle where it 

is oxidized and repaired. The fully oxidized γ-domain of the wheat Ec-1 MT has been 

shown to resist proteolysis, also suggesting that oxidized MT would not be a target for 

degradation and could still be functional.223 

6.3.10 The demetallation pathways are dependent on the metal-
loading status of the MT 

Complicated metallation pathways for the oxidation of various metallated MTs by H2O2 

are required to fit the kinetic data. These pathways depend on the number of metals bound 

to MT prior to oxidation. The demetallation of the fully metallated Cd7MT and Zn7MT 

(Fig. 6-9A) begins with a sequential metal release up until M7MT. Then, M7MT either 

releases one metal to form M6MT, or releases two metals rapidly in succession to produce 

M5MT. The latter process is so fast that it is approximated in the fit as a two-metal release. 

Then, in a similar process, M6MT will form only M4MT without any observable release to 

M5MT.  
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Figure 6-9. Oxidation-induced MT demetallation pathways. The demetallation 

pathway of (A) Cd7MT, Zn7MT, (B) Cd3MT, and Zn3MT upon oxidation with 150 mol. 

eq. H2O2 at pH 7.4 determined through the pathway required to fit the kinetic traces from 

ESI-MS experiments. (C) The demetallation pathway with M6MT/M5MT and 

M2MT/M1MT/apo-MT each considered as one species to allow for comparison of the rate 

constants between the pathways of fully metallated and partially metallated MT. Species 

labeled with * are only observed with Cd7MT and species labeled with ** are only observed 

with Cd7MT and Zn7MT. Note that for some steps where a single metal release is too fast 

to observe, the data were fit to only the following step, resulting in some pathways where 

multiple metals are released at once. Reproduced from Korkola and Stillman, 2023 with 

permission from The American Chemical Society. 
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The M5MT formed from M7MT will then form M4MT directly. M4MT releases one metal 

to form M3MT, which can subsequently lose one, two, or three metals in a concerted 

process to form M2MT, M1MT, or apo-MT. Two metals displaced from M2MT can also 

form apo-MT. If M1MT is formed, it will not release the last metal to form apo-MT. This 

complexity shows that demetallation of fully metallated MTs do not occur in a simple 

sequential pathway. The disruption of the network of bridging cysteines in the cluster 

structures appears to result in multiple metals being simultaneously displaced from that 

cluster. This is consistent with previous 113Cd NMR spectroscopic data, where the loss of 

the three β-domain Cd(II) signals occurred simultaneously rather than sequentially.224In 

contrast, the metal release pathway for partially metallated MT is less complicated (Fig. 6-

9B). The demetallation is sequential until M2MT, when at that point it can release either to 

M1MT or apo-MT. In the partially metallated samples, the two-domain cluster structure 

has not yet formed and therefore formation of a disulfide bond is less likely to disrupt 

multiple metals. 

As the metal-release pathways between fully metallated and partially metallated MTs are 

different, a pathway where the complicating species are combined is used to fit the 

experimental data (Fig. 6-9C). This allows the obtained rate constants to be compared 

across fully and partially metallated MTs. 

6.3.11 Major species from the metal-release are identified from the 
kinetic traces 

The kinetic traces extracted from the mass spectral data from the oxidation of the 90 μM 

Cd7MT, Zn7MT, Cd3MT, and Zn3MT show the concentration of individual species as a 

function of time (Fig. 6-10). The traces show the individual species in Fig. 6-10i and the 

combined species (from the pathway in Fig. 6-9C) in Fig. 6-10ii. The profiles for the metal 

release of Cd7MT (Fig. 6-10A) and Zn7MT (Fig. 6-10B) are very similar. Throughout the 

reaction, M4MT forms as a major species, particularly when compared to the less 

prominent M3MT peak that follows.  

In the reactions of partially metallated samples, Cd3MT (Fig. 6-10C) and Zn3MT (Fig. 6-

10D), the metals only begin to be displaced after the free cysteines have become oxidized.  
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Figure 6-10. Fitted kinetic traces of MT oxidation monitored using ESI-MS. Fitted 

kinetic traces showing the metal loss over time due to a reaction of (A) 90 μM Cd7MT, (B) 

90 μM Zn7MT, (C) 90 μM Cd3MT, or (D) 90 μM Zn3MT with 3 mM H2O2 (150 mol. eq.) at 

pH 7.4 monitored using ESI-MS. A time point at 800 s is indicated to clearly emphasise the 

timescale of each reaction. (i) The kinetic traces show the concentration of each individual 

metallated species over time. (ii) The kinetic traces show the concentration of the individual 

metallated species M = 10, 9, 8, 7, 4, 3 over time. The concentrations of M = 6, 5 and M = 2, 

1, 0 have been added together into single traces to simplify the fitting process. Adapted from 

Korkola and Stillman, 2023 with permission from The American Chemical Society. 
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It takes about 400 s for Cd3MT to begin releasing Cd(II), and about 200 s for Zn3MT to 

begin releasing Zn(II). During this period, the Cd4MT peak increases in magnitude. This 

property is not seen for partially metallated Zn3MT, where all species remain present in the 

same ratio (Fig. 6-10D). The overall reactions of Cd7MT, Zn7MT, and Cd3MT with H2O2 

proceed at a very similar rate, while the Zn3MT reaction is noticeably faster. 

6.3.12 The rate constants quantify the demetallation steps of MT due 
to oxidation by H2O2 

The rate constants derived from the fit of the kinetic traces allow for direct comparisons of 

the release pathways for all the conditions studied. These rate constants are plotted in Fig. 

6-11 and listed in Table 6-3. Cd10MT, Cd9MT, Cd8MT, and Cd7MT each release a metal 

from fully metallated MT with sequentially higher rate constants. Similarly, the release of 

Zn(II) from Zn7MT is higher than its release from Zn8MT. Comparing the different metals, 

k8-7 for Cd(II)-bound MTs is slightly higher, and k7-6/5 for Zn(II)-bound MTs is slightly 

higher. 

The rate constant k7-6/5 describes the process of releasing either one or two metals to form 

M6MT or M5MT. For both Cd7MT and Zn7MT, k7-6/5 is the highest rate constant in the 

entire pathway. It is approximately three times higher than the following rate constant k6-

5/4, which is the combination of two pathways leading to M4MT, a major species in the 

displacement. The equivalent rate constant when starting with partially metallated MTs is 

of a similar value.  

The degradation of M4MT to M3MT is only 1.1 times faster than the preceding step for all 

starting conditions, with the exception of Zn3MT, as determined by the rate constant k4-3. 

For Zn3MT, this value is approximately 1.4 times higher than k6/5-4. 

The multi-pathway release of M3MT to a lower metal-loading status is overall kinetically 

favoured compared to the formation of M3MT. This holds true for all starting conditions. 

The rate constant is 1.5 times higher for Cd7MT and Cd3MT, 1.8 times higher for Zn7MT, 

and 1.3 times higher than for Zn3MT. 
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Figure 6-11. Rate constants resulting from MT oxidation-induced metal release.Plots 

of the rate constants for each demetallated step obtained from the fitted kinetic traces for a 

reaction of 90 μM (A) Cd7MT, (B) Zn7MT, (C) Cd3MT, or (D) Zn3MT with 13.5 mM H2O2 

(150 mol. eq.) at pH 7.4 monitored using ESI-MS. (A–D) The rate constants for each 

individual metallated species are represented as horizontal lines drawn from the reactant 

MnMT species to the product MnMT species for each step. (E, F) The rate constants 

resulting from the fit of the kinetic traces where the concentrations of M = 6, 5 and M = 2, 

1, 0 had been added together into single traces for a reaction between 90 μM Cd7MT (black 

squares) or Cd3MT (red circles) with 13.5 mM H2O2 (150 mol. eq.) and (B) 90 μM Zn7MT 

(black squares) or Zn3MT (red circles) with 13.5 mM H2O2 (150 mol. eq.) at pH 7.4 

monitored using ESI-MS. Adapted from Korkola and Stillman, 2023 with permission from 

The American Chemical Society. 
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Comparing each step beginning from the release from M7MT, both the partially and fully 

metallated Zn(II)-bound MTs release their metals faster than both the Cd(II)-bound MTs. 

Within a single metal identity, partially metallated MTs release their metals faster than 

fully metallated MTs. 

Averaging all the rate constants from k7-6/5 to k3-2/1/0, we calculated that Zn7MT releases 

metals 1.2 times faster than Cd7MT. Averaging only the rate constants from k6-5/4 to k3-2/1/0 

Table 6-3. Rate constants resulting from MT oxidation-induced metal release. The 2nd 

order rate constants for each fitted metal displacement step in a reaction of 90 μM Cd7MT, 

Zn7MT, Cd3MT, or Zn3MT with 3 mM H2O2 (150 mol. eq.) at pH 7.4 monitored using ESI-

MS. The errors shown are a result of three experiments for each condition. (i) The rate 

constants (i) for each individual metallated species and (ii) from the fit of the kinetic traces 

where the concentrations of M = 6, 5 and M = 2, 1, 0 had been added together into single 

traces. Adapted from Korkola and Stillman, 2023 with permission from The American 

Chemical Society. 
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to compare to the partially metallated MTs, we find that Cd3MT releases metals 1.1 times 

faster than Cd7MT. Also averaging the rate constants from k6-5/4 to k3-2/1/0, Zn3MT releases 

metals 1.5 times faster than Zn7MT and 1.7 times faster than Cd3MT. 

The pattern of rate constants for Cd3MT is remarkably similar to that of Cd7MT (Fig. 6-

11A, C, E). However, the pattern differs slightly for Zn3MT, with k4-3 noticeably higher 

than its Zn7MT counterpart compared to the other rate constants (Fig. 6-11B, D, F).  

6.3.13 The rate of demetallation of individual metals depends on the 
metal-thiolate cluster structures 

The multiple bridging cysteines present in the two-domain cluster structure of Cd7MT and 

Zn7MT likely complicates the metal-release pathways. Oxidation of a bridging cysteine 

may destabilize two metals, resulting in both of their release in rapid succession. Oxidation 

of a terminal cysteine will only affect the single metal to which it binds. The fact that 

multiple different pathways such as M7MT forming either M6MT or M4MT can occur 

suggests that the metals do not release in a specific order. On the other hand, partially 

metallated MTs have not yet formed the intricate thiolate network of the two-domain 

cluster structure. In this case, formation one disulfide bridge is less likely to disrupt 

multiple metals at once. 

Cd10MT, Cd9MT, and Zn8MT only form in significant quantities once MT has been 

exposed to H2O2. As each of these extra metals are displaced the rate constants become 

sequentially higher, possibly due to the extent of the oxidative damage. Likewise, the 

release of Zn(II) from Zn8MT is unusually slower than for the release of Cd(II) from 

Cd8MT likely because Zn8MT represents the first species in the pathway. Cd8MT has an 

average of one more oxidized cysteine residue than Zn8MT which may make it more 

readily release a metal. 

For fully metallated MTs, the rate constant k7-6/5 represents the first metals released from 

the 2-domain M7MT structure. If the metal release follows the M7MT to M6MT to M4MT 

pathway, k6-4 has a comparable value to k7-6 and k7-5 for both Cd7MT and Zn7MT. The high 

rate constants show that the first two to three metals in the 2-domain structure are easily 

released due to oxidation compared to the remaining four to five. 
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The formation of M4MT appears relatively slow despite its prominence in the spectra. 

However, this can be explained by the two pathways feeding into it. The M6MT to M4MT 

pathway is comparable in rate with previous steps, while the M5MT to M4MT pathway is 

quite slow. This suggests that the stable M4MT structure has formed with one extra metal 

which is now resistant to displacement in a similar way to how M1MT remains resistant to 

displacement even after all 20 cysteine residues have become oxidized. 

Two pathways lead to the formation of M4MT but only one pathway exists that leads to a 

single metal displacement from M4MT to M3MT. The rate constant k4-3 is low compared 

with the preceding steps apart from k5-4, which implies that M4MT is a particularly stable 

structure. Additionally, the higher value of k3-2/1/0 supports this statement as M3MT being 

unstable after the collapse of the M4MT structure. 

The kinetic data support the hypothesis that the Cd(II) in partially metallated Cd3MT is 

shifting to form a protective cluster in the α domain. The rate constants for Cd3MT 

displacement are only 1.1 times higher than those for Cd7MT suggesting the Cd(II)-thiolate 

structures are the same between both conditions. Conversely, Zn3MT does not shift to form 

a protective Zn4MT cluster upon exposure to H2O2, as suggested by the higher k4-3 rate 

constant. The CD spectra did not show the presence of the Zn4MT cluster structure. 

6.3.14 Density function theory calculations suggest different 
reactivity of terminally bound and bridging cysteines 

Molecular models of a [Cd3(CH3S)9]3- (Fig. 6-12Ai), [Zn3(CH3S)9]3- (Fig. 6-12Aii), and 

CH3SH (Fig.6-12Aiii) were assembled as simple models of the β-domain cluster in fully 

metallated Cd7MT and Zn7MT and as a single Cys side chain. The six terminal and three 

bridging cysteines are labeled in the cluster structures. Electron density surfaces of selected 

molecular orbitals (MOs) generated from the [Cd3(CH3S)9]3-, [Zn3(CH3S)9]3-, and CH3SH 

models were calculated. The highest occupied molecular orbital (HOMO) is shown in Fig. 

6-12Bi for [Cd3(CH3S)9]3-, Fig. 6-12Bii for [Zn3(CH3S)9]3-, and Fig. 6-12Biii for CH3SH. 

Fig. 6-12Ci depicts orbital 125 for [Cd3(CH3S)9]3- and Fig. 6-12Cii depicts orbital 126 for 

[Zn3(CH3S)9]3-. The arrows indicate the non-bonding orbitals of sulfurs with high electron 

density. The energies for the calculated orbitals are shown in Fig. 6-12D. 
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Figure 6-12. Molecular models and electron density surfaces of CH3SH structures. (A) 

Optimized molecular models of (i) [Cd3(CH3S)9]3-, (ii) [Zn3(CH3S)9]3-, and (iii) CH3SH. The 

terminally bound and bridging sulfurs are labeled with “T” and “B”, respectively. (B) 

Electron density surfaces of the highest occupied molecular orbitals (HOMO) for (i) 

[Cd3(CH3S)9]3-, (ii) [Zn3(CH3S)9]3-, and (iii) CH3SH. (C) Electron density surfaces of (i) 

molecular orbital 125 for [Cd3(CH3S)9]3- and (ii) molecular orbital 126 for [Zn3(CH3S)9]3-. 

The energies of the orbitals are shown in D and are (Bi) -5.04 eV, (Bii) -5.35 eV, (Biii) -

6.74 eV, (Ci) -5.13 eV, and (Cii) -5.50 eV. The arrows indicate areas of high electron density 

on the non-bonding orbitals of the terminal and bridging sulfurs. Adapted from Korkola and 

Stillman, 2023 with permission from The American Chemical Society. 
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From the electron density surfaces, it can be seen that within the HOMOs for both 

structures, more electron density is present in the non-bonding pairs of the terminally 

bound cysteines. Conversely, only at lower energy levels do we begin to see electron 

density in the non-bonding pairs of the bridging cysteines.  

As part of the mechanism of cysteine oxidation by H2O2, the sulfur of a cysteine residue 

will perform a nucleophilic attack on the oxygen of H2O2. Therefore, the fact that there is 

more electron density in the HOMO on the terminally bound sulfurs suggests that the 

terminally bound sulfur are more reactive towards oxidation. This is consistent with 

previous computational studies showing that the transition state of the reaction of H2O2 

with a terminally bound sulfur was lower than that of the bridging sulfur, suggesting higher 

reactivity.226 More electron density is present on the CH3SH sulfur HOMO compared to 

the metallated structures, which is in line with the free cysteines of apo-MT being more 

reactive towards oxidation than metallated MTs. 

6.3.15 Metal displacement from MT depends on the extent of cluster 
formation 

Particularly recently, the discussion of MT’s role in Zn(II) distribution has been expanded 

to include the existence of more complicated M0-7(SH)0-20MT species. This mixture is 

dynamic and depends on both metal availability and redox state of the cell and has been 

illustrated in a cycle.110 

Our data clearly show the effect of MT oxidation by H2O2 is dependent on the various 

possible metallated structures. The metal displacement speciation and kinetics from the 

two-domain Cd7MT and Zn7MT structures are remarkably similar. CD spectroscopy 

confirms the presence of the Cd4S11 and Zn4S11 cluster structures after partial oxidation, 

showing that the three metals in the β-domain are more labile than the four metals in the α-

domain. This suggests that fully metallated MTs in vivo would release these metals from 

the β-domain more readily and only release from the α-domain under more extreme 

oxidizing conditions. 

While the fully metallated Cd7MT and Zn7MT species undergo demetallation due to 

oxidation in a similar manner, the same cannot be said for partially metallated Cd3MT and 



196 

 

Zn3MT. Upon exposure to H2O2, much of the distributed Cd(II) will coalesce into a Cd4MT 

species with a similar CD signal to that of the Cd4S11 structure. This species is stable and 

will undergo demetallation at a similar rate and with a similar profile of rate constants as 

the four Cd(II) from the α-domain of Cd7MT. The distribution of Zn(II) in Zn3MT does not 

shift to favour any particular species after exposure to H2O2. Also, the rate constant for the 

release of Zn4MT to Zn3MT is fast, suggesting Zn4MT in this case is not a particularly 

stable structure.  

Recent reports have shown that despite the two-domain Cd7MT being used successfully as 

a model for Zn7MT, the partially metallated structures are different. Cd4MT at 

physiological pH binds primarily in the α-domain, while Zn4MT appears to occupy both 

the β-domain and the α-domain.176 Therefore, it is not surprising that the reactivity towards 

ROS is different between partially metallated Cd(II)-bound and Zn(II)-bound MTs. 

6.4 Conclusions 

MT’s possible role in the protection against oxidative stress has been studied since the 

1980s. Since then, numerous studies have linked the oxidation of MT with disulfide 

formation and subsequent metal release along with the suggestion that MT’s function of 

Zn(II) homeostasis is linked to the redox environment. The majority of the techniques 

employed in the past have been limited to measuring averages of species in solutions. Thus, 

information about intermediate Mx(SH)yMT species has been limited. As well, only 

recently has the relevance of partially metallated structures in vivo been acknowledged. No 

studies on the effect of oxidation on these forms of MT have been previously conducted. 

The results in this Chapter combine data from UV-visible absorption spectroscopy, ESI-

MS, CD spectroscopy, and DFT calculations to identify the intermediate species formed 

upon oxidation of Cd7MT, Zn7MT, Cd3MT, and Zn3MT with H2O2  and report on the 

impact of metal-loading status on oxidation. 

The ESI-MS technique allows for the visualization of the complex Mx(SH)yMT species 

formed as metals are displaced due to disulfide bond formation. The metallated structures 
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within MTs are resilient, only requiring an average of 2 reduced cysteines remaining per 

bound metal to maintain metallation.  

Analysis of the species distributions in the ESI mass spectra, the resulting kinetic traces 

and rate constants, and the CD spectra show that the two-domain cluster structure plays an 

important role in the pathway of metal release and that the metals in the β-domain are more 

labile than those in the α-domain. Within each domain, the metals do not release in a 

defined, sequential order. Additionally, the release from the β-domain is less cooperative 

than for that of the α-domain, suggesting that the network of bridging cysteines is more 

critical for the structural integrity of the α-domain. 

In partially metallated MTs, the distribution of Cd(II) bound will shift to favour the 

formation of the Cd4MT cluster species in the α-domain upon exposure to H2O2. This 

differs from partially metallated Zn(II)-bound MTs, where the Zn(II) remains distributed 

in a non-cooperative manner after exposure to H2O2. These structures mean that partially 

metallated Zn(II)-bound MTs will release metals due to oxidation much faster than other 

MTs that bind metals in cluster structures. 

Overall, these data show how the presence of metals not only provides great resilience 

against oxidation of MT, but that the structure of the metal-thiolate clusters provides an 

important role in this protection. Additionally, the metal-loading status plays a role in the 

consequences of oxidation on metal release. Cd(II) tends to stay in a cluster and resists 

oxidation, while Zn(II) is more easily displaced. This has implications for biological 

function, as released Zn(II) will induce more MT production, while toxic Cd(II) will stay 

sequestered. 
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Chapter 7 

7 Conclusions 

7.1 The Bias in Metallothionein Research: Challenges 
of Studying Intrinsically Disordered Proteins 

The protein structural information obtained through X-ray crystallography in the mid-20th 

century, beginning with John Kendrew solving the structure of myoglobin, was 

groundbreaking.374 However, these results created a bias towards the idea that all proteins 

required a well-defined structure to function, as these were the only types of proteins which 

could be characterized with the technique.375 Within the past few decades, this dogma has 

been challenged as many proteins were discovered that lacked a well-ordered structure 

under native conditions and were difficult to characterize using traditional methods.21 

This bias also persisted for the early research into metallothioneins (MTs), which were 

discovered in the same year as the first protein crystal structure was solved.63 As X-ray 

crystallography and NMR spectroscopy were only possible for well-defined fully 

metallated structures, initially only the two-domain M7MT structure was characterized.143-

149 Spectroscopic techniques, that identified the presence of metal thiolate bonds, were also 

common.140 

A description of mammalian MTs is nearly always found in the introductions of 

publications, such as in these cited reviews spanning the past few decades showing that 

even today, the two-domain structure is highlighted as a key feature.110, 339, 341, 376-378 

Although the detailed knowledge of the Zn7MT and Cd7MT structure is valuable, it does 

not tell the complete story. Once the existence of metal-unsaturated MTs in vivo were 

confirmed, interest grew around understanding these states.153-155 With its first use for MTs 

in the 1990s,379 ESI-MS proved an important technique in the visualization of this small, 

dynamic protein due to its ability to resolve individual species.165-168, 171 In more recent 

years, tandem MS and ion mobility MS have also been used successfully to study metal-

unsaturated MTs.162-163, 170, 176, 272, 307-308 
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The research described in this thesis primarily utilized ESI-MS as a method to study 

different fluxional forms of MT. Multiple strategies were used to gain the desired structural 

information. In Chapter 3, the change in cysteine modification profiles in apo-MT under a 

range of denaturing conditions was monitored using ESI-MS as a measure of cysteine 

exposure. In Chapter 4, partial metallation with Zn(II) or Cd(II) in combination with 

cysteine modification was used to probe the exact MxSy stoichiometries formed under 

different conditions. In Chapter 5, the stepwise binding of Bi(III) to MT was investigated 

using the EDTA ligand as a competitor to determine relative binding constants from the 

speciation curves. In Chapter 6, the coupled cysteine oxidation and metal displacement 

reactions were monitored, and the individual rate constants were determined using ESI-

MS. The ability to resolve individual species allowed for comparisons between the fully 

metallated and metal unsaturated MTs response to oxidation in terms of the structures 

formed. MD simulations, stopped-flow, CD spectroscopy, and absorption spectroscopy 

complemented the ESI-MS results. In the following sections, the findings based on each 

chapter are discussed as a whole. 

7.1.1 Characterization of the apo-MT structure 

Initially, the apo-MT was only acknowledged as a “random coil” based on spectroscopic 

signals,156-157 with the assumption that de novo synthesized MT cooperatively formed 

Zn7MT in vivo to avoid degradation.144, 150-152 

A functional role for apo-MT began to be considered once apo-MTs and partially 

metallated MTs were isolated from in vivo conditions.153-155 Rigby and Stillman were 

among the first to investigate a possible structure-function relationship specifically for apo-

MTs. They proposed that the structure of apo-MT was optimized for metal binding.164  

The first goal in this thesis was to characterize the structure of apo-MT. The results were 

presented in Chapter 3. Apo-MT indeed possesses many structural features expected of an 

intrinsically disordered protein such as fluxionality, lack of traditional secondary structural 

elements, resistance to extreme pH and temperature conditions, and a low stability towards 

chemical denaturation. However, apo-MT exhibits different structures under native and 

denaturing conditions with a cooperative transition between the states. Apo-MT’s 



200 

 

calculated dimensions based on MD simulations are smaller than expected for a random 

coil.263 Also, it has a lower net charge and hydrophobicity than expected for an IDP.253 

These findings led to the conclusion that apo-MT should be considered a molten globule 

IDP rather than a random coil. 

The GdmCl-induced unfolding transition for apo-MT was monitored using ESI-MS and 

CD spectroscopy. In the ESI-MS experiments, the cysteine exposure as a function of 

GdmCl concentration was measured and in the CD spectroscopy experiments, the protein 

conformation as a function of GdmCl concentration was measured. Fig. 7-1 shows the 

resulting unfolding curves from both techniques. The concentrations of GdmCl required to 

induce complete cysteine exposure in the individual β-domain and α-domain fragments of 

apo-MT1a as determined by Irvine at al. using ESI-MS are also visualized in Fig. 7-1.273 

The different GdmCl concentrations required to unfold the apo-MT reported by the two 

Figure 7-1. Comparison between the GdmCl-dependent unfolding curves monitored 

using CD spectroscopy and ESI-MS. The fraction of unfolded apo-MT1a as a function of 

GdmCl concentration monitored using CD spectroscopy (black circles) and ESI-MS (red 

squares). The ranges of unfolding monitored using ESI-MS for the individual β-domain and 

α-domain fragments determined by Irvine et al. 2018 are indicated with the shaded peach (β-

domain) and green (α-domain) areas. 
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methods potentially indicate that the folding of apo-MT involves multiple steps with the 

partially buried arrangement of the cysteine residues forming as one of the final steps. 

The cysteines become equally exposed in the βαMT during a similar range compared with 

the isolated α-domain (1-2 M GdmCl). Although the β-domain unfolds between 0.75 and 

1 M GdmCl, there does not appear to be a significant structural change in the βαMT in this 

range. This is evidence that the domains formed with metals are not significant structural 

features in the apo-βαMT. 

7.2 Metallothionein as a Zn(II)-Binding Intrinsically 
Disordered Protein 

In a review discussing the evolution of MTs, Capdevila and Atrian state that the metallated 

MT structures themselves do not dictate function, but rather the function of metal binding 

dictates the structures that MTs adopt.313 In other words, apo-MTs are not inactive. MTs 

are dynamic proteins, with the capability to bind or release metals based on environmental 

conditions, with all of these states being the “active” form. This contrasts a traditionally 

ordered metalloprotein such as a zinc finger, where the role of the zinc is to stabilize the 

native structure which is in turn essential for its function.18, 380 Without the zinc, there is no 

activity. 

However, MTs do not necessarily defy the traditional structure-function paradigm. Some 

IDPs in the absence of binding partners, such as the nuclear coactivator binding domain 

(NCB) of CREB binding protein, adopt a compact molten globule structure which 

resembles a precursor to the final complex with one of its partners.29, 299 The flexibility of 

IDPs often allows for coupled binding and folding to many partners, resulting in many 

different final conformations.299 The intrinsically disordered apo-MT also adopts a 

structure that can be described as a molten globule and the metals could be considered 

analogous to IDP binding partners. As first proposed by Rigby and Stillman,160, 164 the apo-

MT structure appears to be tuned for metal binding, particularly Zn(II) binding, as 

investigated in Chapter 4. 
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In Figure 7-2, the structural dependence of apo-MT on GdmCl monitored using CD 

spectroscopy (Chapter 3) is compared to that monitored through the reduction in rate 

constants measured using stopped flow (Chapter 4). The reduction in metallation rate only 

occurs after complete unfolding of the protein (over concentrations of 4 M GdmCl). This 

shows the resilience of MT being able to bind metals under a variety of conditions, but also 

a structural dependence on metallation. This further emphasizes the importance of apo-MT 

structure on function. 

7.3 Partially Metallated Structures Formed in the Native 
Apo-MT and Their Impact on Oxidation 

As discussed in Chapter 4, specific bridging metal-thiolate structures are involved in Zn(II) 

and Cd(II) binding at physiological pH. Considering the most abundantly formed species 

at each step identified in the mass spectra, Zn(II) preferentially forms Zn2S8, Zn3S10, and 

Zn4S13, while Cd(II) preferentially forms Cd2S6, Cd3S9, and Cd4S13. The Cd(II) structures 

Figure 7-2. Comparison between the GdmCl-dependent unfolding curves monitored 

using CD spectroscopy, the Zn(II) metallation rate, and the Cd(II) metallation rate. 

The fraction of unfolded apo-MT1a as a function of GdmCl concentration monitored using 

CD spectroscopy (black circles), Zn(II) metallation rate (red squares), and Cd(II) 

metallation rate (blue triangles). The fraction unfolded values for each data set were 

obtained by Normalizing the data points between 0 and 1. 
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contain more bridging thiolates compared to those formed from Zn(II) binding. In addition 

to a metal binding function, MTs are also likely involved in redox process in the cell. The 

reactivity of these partially metallated MT structures, as well as fully metallated Zn7MT 

and Cd7MT, towards H2O2 was studied in Chapter 6. 

Maret and Vallee initially put forth the idea that the function of MT is related to Zn(II) 

mobility as a function of the redox state of the cell, with acknowledgment to the metal-

thiolate structures involved.116 They suggested that both the 3D arrangement of the cysteine 

residues in the clusters and the CC and CXXC motifs present in the mammalian MTs’ 

primary structure allow for favourable disulfide formation.116 Additionally, research from 

the Freisinger group on the Zn2γ domain of wheat MT Ec-1 has shown through mass 

spectrometry that specific disulfide bonds are formed upon oxidation with H2O2. The 

location of these disulfide bonds are consistent regardless of whether the starting MT was 

in the apo form or fully metallated with Zn(II).223 Other studies identified that the β-domain 

and α-domain clusters displayed a differential reactivity towards oxidizing agents, with the 

three metals in the β-domain being more reactive than the four metals in the α-domain.175, 

209-210, 224, 368-369  

The findings in Chapter 6 agree with the model of a largely domain-specific metal release 

from both Cd7MT and Zn7MT following oxidation with H2O2. Zn7MT and Cd7MT also 

displayed very similar release pathways and rate constants to each other. This suggests that 

the structure of the metal-thiolate clusters has a greater influence on the release pathway 

than the metal identity. 

This was the first time that the concurrent metal release and disulfide bond formation has 

been reported for mammalian MTs with ESI-MS providing a unique level of detail. Use of 

this method in combination with CD spectroscopy provided more details about the less 

well-studied partially metallated states. A much larger difference in the behavior between 

partially metallated Zn(II) and Cd(II) bound MTs was observed compared to the fully 

metallated MTs, with the Zn(II) MTs being much more susceptible to oxidation. 

Combining ESI-MS methods with CD spectroscopy revealed that the Cd(II) in partially 
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metallated MTs rearranges to form a structure resembling a Cd4S11 cluster upon exposure 

to H2O2, while Zn(II) does not rearrange in this manner. 

Putting these results in context with those obtained in Chapter 4 suggests that the 

differential reactivity of the partially metallated Cd(II) and Zn(II)-bound MTs is due to the 

presence of more complex bridging thiolate structures in the Cd(II)-thiolate structures 

compared to the Zn(II)-thiolate structures. The bridging structures likely provide more 

protection towards the cysteines. In vivo, this mechanism could protect a cell experiencing 

both oxidative stress and heavy metal toxicity, where the Zn(II) would be released, while 

the toxic Cd(II) would remain sequestered. 

Figure 7-3 summarizes potential major pathways of metallation and oxidation, combining 

the findings from Chapter 4 and Chapter 6. The partially metallated steps that display the 

most significant difference between Zn(II) and Cd(II) species under native conditions are 

shown. It is important to note that the partially metallated thiolate clusters shown are only 

examples of many possible structures based on the MxSy stoichiometry observed using ESI-

MS. 

Interestingly, formation of these specific bridging thiolate structures is disrupted if the apo-

MT is denatured using GdmCl prior to metallation, as shown in Chapter 4. The result is the 

formation of more terminally bound structures that theoretically would be more susceptible 

to oxidation. This suggests that it is the apo-MT structure that has a direct impact on the 

metal-thiolate structures formed, which in turn confer protective effects on the MT. 

Disruption of the apo-MT structure may impact MTs functions at all levels. 

7.4 pH-Dependence of Metallation 

The results presented in this thesis also give insight into the highly pH-dependent MT 

metallation pathways. It was determined previously using a combination of ESI-MS and 

CD spectroscopy that metallation of apo-MT using Cd(II) and Zn(II) followed either a non-

cooperative pathway nearer neutral pH, or a cooperative pathway at lower pHs with M4S11 

forming with no intermediate species.166-168, 171 It was hypothesized that this pH-dependent 

cluster formation was due to increased proton competition for the thiols only allowing for 
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the more stable cluster to form.161, 171 Preliminary stopped-flow studies of the Cd(II) 

metallation at varying pHs found that the cooperative pathway at lower pH levels was 

slower than the non-cooperative pathway at higher pH levels.161 

Two conclusions came out of those studies that the research in this thesis has further 

addressed. First, it was hypothesized that the non-cooperative pathway proceeded via 

formation of multiple M1S4 structures using only terminally bound thiolates up to M5S20, 

Figure 7-3. Major Zn(II) and Cd(II) structures formed during metallation and 

oxidation.A cycle showing possible structures that form upon Zn(II) or Cd(II) metallation 

of apo-MT and their resposnse to oxidation. The M2MT and M3MT metallation 

intermediates are shown because they appear to disply the greatest difference between 

Zn(II) and Cd(II). The structures are possibilities based on the MxSy stoichiometry 

observed using ESI-MS. 
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at which point no free thiolates would remain and clusters would need to form upon 

addition of the next metal.168, 171 As the results from Chapter 4 highlight, Zn(II) and Cd(II) 

binding pathways at pH 7.4 do not consist of only terminally bound intermediates, but 

rather a structure-dependent distribution of specific bridging thiolate structures distinct 

from the final α-domain M4S11 cluster. 

Second, the slower rate of the cooperative pathway was attributed to the four Cd(II) 

needing to bind in a concerted process to form a complex structure.161 However, in this 

study, only the rate of Cd(II) binding was characterized and the effect of thiol protonation 

on metal binding rate was not considered. 

A comparison between the pH-dependence on the relative Cd(II) and Zn(II) binding rate 

constants, based on the data presented in Chapter 4, and the pH-dependence on the binding 

pathway171 are summarized in Fig. 7-4. A correlation can be seen between the switch from 

non-cooperative to cooperative Cd(II) binding and the reduction in rate constants (Fig. 7-

4A). The Cd(II) results support the previous hypothesis that the change in binding pathway 

dictates the rate.161 

Conversely, the pH-dependent Zn(II) binding rates in comparison to the binding pathways 

do not support this hypothesis. Rather, the Zn(II) binding slows drastically at a similar 

point to where the Cd(II) pathway begins to change, but still within the range of entirely 

non-cooperative binding for Zn(II) (Fig. 7-4B). The reduction in rate at the same point 

suggests a metal-independent mechanism is driving this phenomenon. Most likely, the 

necessary deprotonation of the thiols in the metal-free protein under lower pH conditions 

prior to metal binding is a rate determining step. 

Amending the previous conclusion,161 rather than stating that the cooperative binding is 

slow, it can be hypothesized that the ability of the Cd(II) to form thermodynamically stable 

clusters under low pH conditions prevents more drastic reduction in rate compared the 

Zn(II). The implication is that MTs will display a much stronger preference for Cd(II) than 

for Zn(II) under low pH conditions in vivo, which may assist in keeping the toxic metal 

sequestered. 



207 

 

  

Figure 7-4. Comparison between the pH dependence of the rate constants of Zn(II) 

and Cd(II) binding to apo-MT, and the degree of cooperativity in the Zn(II) and 

Cd(II) binding pathways. A plot of relative rate constants resulting from a reaction of 5 

μM apo-MT with either (A) 35 μM Cd(II) or (B) 35 μM Zn(II) as a function of pH. 

Overlayed are representations of the change in Cd(II) (orange) and Zn(II) (gray) binding 

pathways as a function of pH adapted from Irvine et al. 2016. Note that the orange and gray 

curves are not fits to the data points but rather serve as a comparison between the rate of 

metal binding and the metal binding pathway. The curves are scaled between their 

respective minimum and maximum rate constants. The curve maxima indicate a 100% non-

cooperative binding pathway, and the curve minima indicate a 100% cooperative pathway. 
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7.5 Structural Control of Non-Traditional Metallation  

The apo-MT structure also impacts the metallation of metals that bind in non-traditional 

pathways. In theory, the isolated β-domain of MT can bind up to three Bi(III). However, a 

stable Bi2βMT structure forms at physiological pH which tangles the protein, inhibiting 

further metallation. Unfolding the βMT using GdmCl increases the fraction of Bi3βMT that 

can form, suggesting that the bundled native structure plays a role in which cysteines bind 

the Bi(III). Bi(III) also does not display the domain specificity of other metals such as 

Zn(II), Cd(II), and Cu(I). Only 11 cysteines are free to bind modifier in Bi2βαMT, meaning 

that at least three are buried and inaccessible. In Bi2βMT, three cysteines are free meaning 

none are inaccessible to modifier assuming a Bi1S3 stoichiometry. The different cysteine 

accessibility between the β-domain and the full βαMT implies different protein structures 

binding the two Bi(III).  

In βαMT, trypsin digestion experiments show that Bi2βαMT likely forms between Cys 5 

and Cys 41 due to the presence of an undigested Bi2MT structure within this fragment (Fig. 

7-5). The individual fragments containing Cys 24, Cys 26, and Cys 29, indicated in Fig. 7-

5 are the least susceptible to trypsin digestion when comparing the digestion profiles of 

apo-MT and Bi2MT. However, in apo-MT, these cysteines are found in more solvent 

exposed fragments both experimentally and in simulated data. Likewise, the fragment 

containing Cys 44, Cys 48, and Cys 50 does not appear to participate in Bi2MT binding 

and is also considered a more buried fragment in the apo-MT. This is supporting evidence 

that it may be cysteine accessibility in the apo-MT driving the location that Bi2βαMT forms 

in, rather than any domain specificity. However, Cys 57, Cys 59, and Cys 60 are likely 

exposed in the apo-MT and also do not seem to bind Bi2MT, so there may be another 

explanation. 

The Bi(III) binding pathway is remarkably different depending on whether it is titrated into 

apo-MT or Zn7MT (Fig. 7-6). Bi(III) binding to apo-MT shows a cooperativity towards 

Bi2MT and Bi4MT and resists formation of Bi6MT. Bi(III) binding to Zn7MT readily forms 

Bi6MT and Bi7MT. No structures appear to form cooperatively, although as the ionization 

efficiencies for Bi(III) bound MTs and Zn(II) bound MTs are not the same, the information 

that can be extracted from the relative speciation is limited. 
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The favourable formation of Bi6MT and the subsequent formation of Bi7MT from Zn7MT 

suggests that the Bi6MT structure formed is different than the Bi6MT structure formed in 

apo-MT. It is interesting that apo-MT at physiological pH is not conducive to full 

metallation using Bi(III), but displacement of a natively formed metallate structure can 

result in a stoichiometry the same as the replaced metal. 

This is the first time that such a difference in structure formation based on MT’s initial 

metal-loading status has been discussed. This should prompt further investigation into 

other heavy metals for which currently there is limited reported ESI-MS data, such as Ag(I) 

or Hg(II). Reports in structural differences in binding pathways between titration into apo-

MT and Zn7MT for these metals are currently limited to spectroscopic techniques.181-182, 

196, 364 

Figure 7-5. comparison between exposed cysteines in apo-MT and cysteines involved 

in Bi2MT binding.The sequence of rhMT1a showing fragments with the most exposed 

(orange) and buried (purple) cysteine residues based on trypsin digestion and MD 

simulations. The arrows indicate the trypsin cut sites. The fragment which contains the 

intact Bi2MT structure after digestion, as well as the individual fragments most 

inaccessbile to trypsin digestion in Bi2MT are indicated. 
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Figure 7-6. Speciation curves for the titration of Bi(III) into apo-βαMT and 

Zn7βαMT.An experimental (points) and simulated (lines) speciation distribution 

showing the titration of [Bi(EDTA)]- into apo-βαMT and an experimental speciation 

distribution with the points connected showing only the Bi(III) content in each species. 
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The cysteine-rich nature of MTs confer promiscuity to the protein, allowing for a diverse 

set of metal binding partners. However, it appears that evolution has fine-tuned the metal 

binding properties for essential metals such as Zn(II) and Cu(I), which form elegant 

clusters.313 This may not be the case for xenobiotic metals such as Bi(III) which have only 

relatively recently had therapeutic uses.314 Therefore, it is important to understand these 

metals interactions with sulfur containing proteins and how they may differ to the behavior 

of essential metals. This is particularly important for cancer therapy, as MTs have been 

shown to interact with different proposed and widely utilized metallodrugs, possibly 

causing resistance.187-188189-190, 193  

7.6 The Many Structures of Metallothionein 

Overall, the work presented in this thesis provides insight into MT species that were 

previously difficult to study. ESI-MS instrumentation was used to report on novel structural 

aspects of apo-MTs, partially metallated MTs, and oxidized MTs. 

The various structures that exist in MT likely work together to form the structure-function 

relationship. Apo-MTs exist in a conformation optimal for metal binding, allowing for 

specific but diverse bridging thiolate structures to form which can then allow MTs to 

maintain homeostasis of essential metals and sequester heavy metals. The metals in these 

cluster structures can be displaced as a result of other metals binding or following oxidative 

stress. These processes may become disrupted by the presence of a xenobiotic metal that 

tangles the protein into a different conformation. 

MT is a resilient protein that can withstand many different environments and stressors. It 

retains its functions through stressors such as extreme pHs, high temperatures, metal 

toxicity, or oxidative stress. As a result, this unique protein can only be understood by 

utilizing methods that embrace its fluxionality and diversity of structure at any given state. 
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Appendix A: ESI-MS Mass Values 

Table A-1. Theoretical average masses expected in the deconvoluted ESI mass spectra for 

a titration of NEM into rhβαMT1a, NEM into rhβαMT3, Bi(III) into rhβMT1a, and Bi(III) 

into rhαMT1a. 

# Bound 
rhβαMT1a  

NEM 

rhβαMT3 

NEM 

rhβαMT1a 

Bi(III) 

rhβMT1a 

Bi(III) 

rhαMT1a 

Bi(III) 

0 7405.8 8212.5 7405.8 3753.4 4082.9 

1 7531.0 8337.6 7611.8 3959.4 4288.9 

2 7656.1 8462.8 7817.7 4165.3 4494.8 

3 7781.2 8587.9 8023.7 4371.3 4700.8 

4 7906.3 8713.0 8229.6   

5 8031.5 8838.2 8435.6   

6 8156.6 8963.3 8641.6   

7 8281.7 9088.4 8847.5   

8 8406.9 9213.5    

9 8532.0 9338.7    

10 8657.1 9463.8    

11 8782.3 9588.9    

12 8907.4 9714.1    

13 9032.5 9839.2    

14 9157.6 9964.3    

15 9282.8 10089.5    

16 9407.9 10214.6    

17 9533.0 10339.7    

18 9658.2 10464.8    

19 9783.3 10590.0    

20 9908.4 10715.1    

 

Table A-2. Theoretical average masses expected in the deconvoluted ESI mass spectra for 

mixed Zn(II) and NEM species bound to rhβαMT1a. Only mixed species experimentally 

observed in the mass spectra are listed. 

# NEM 
Zn(II)  

0 

Zn(II)  

1 

Zn(II)  

2 

Zn(II) 

3 

Zn(II)  

4 

Zn(II)  

5 

Zn(II)  

6 

Zn(II)  

7 

0 7405.8 7469.2 7532.5 7595.9 7659.3 7722.6 7786.0 7849.4 

5      8348.3   

6     8410.1    

7     8535.2    

8    8597.0     

9    8722.1     

10    8847.2     

11    8972.3     

12   9034.1      

13   9159.2      

14   9284.4      
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Table A-3. Theoretical average masses expected in the deconvoluted ESI mass spectra for 

mixed Cd(II) and NEM species bound to rhβαMT1a. Only mixed species experimentally 

observed in the mass spectra are listed. 

# NEM 
Cd(II) 

0 

Cd(II) 

1 

Cd(II) 

2 

Cd(II) 

3 

Cd(II) 

4 

Cd(II) 

5 

Cd(II) 

6 

Cd(II) 

7 

Cd(II) 

8 

0 7405.8 7516.2 7626.6 7737.0 7847.4 7957.8 8068.2 8178.6 8289.0 

5      8583.4    

6          

7     8723.3     

8     8848.4     

9    8863.2      

10    8988.3      

11    9113.4      

12   9128.2       

13   9253.3       

14   9378.4       

15          

16  9518.3        

 

Table A-4. Theoretical average masses expected in the deconvoluted ESI mass spectra for 

a titration of Bi(III) into Zn7rhβαMT1a. Only species experimentally observed in the mass 

spectra are listed. 

# Bi(III) 
Zn(II)  

0 

Zn(II)  

1 

Zn(II)  

2 

Zn(II) 

3 

Zn(II)  

4 

Zn(II)  

5 

Zn(II)  

6 

Zn(II)  

7 

0        7849.4 

1       7992.0  

2      8134.6   

3     8277.1    

4   8356.4 8419.7     

5  8499.0       

6 8641.6        

7 8847.5        
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Appendix B: Additional MD Simulation Data 

 

 

 

 

 

 

 

 

Figure B-1. MD simulations of a sequential demetallation of Cd7MT represented by space-

filling models. The models show each structure after 250 ps simulation at 300 K. The radius 

of gyration is shown beside its respective structure. 
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Figure B-2. ASA over time for individual cysteinyl sulfurs calculated from MD 

simulations of apo-MT1a at (i) 300 K after sequential demetallation, (ii) 300 K beginning 

from a linear sequence, and (iii) 1000 K beginning from a linear sequence. 
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Appendix C: Additional CD Spectroscopy Data 

  

Figure C-1. A CD spectrum of 15 μM apo-MT1a in a 0.2 cm cuvette and 5 mM Tris-HCl 

in a separate 1 cm cuvette behind (black solid line). A CD spectrum of 15 μM apo-MT1a in 

a 0.2 cm cuvette and 1.4 M GdmCl in a separate 1 cm cuvette behind (red dashed line). 
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Appendix D: ESI-MS Validation Experiments 

Figure D-1. A stepwise titration of H2O2 into 30 μM Cd7MT at pH 7.4 monitored using 

ESI-MS. Selected (i) Charge state and (ii) deconvoluted ESI mass spectra show additions 

of (A) 0 mol. eq., (B) 2 mol. eq., (C) 4 mol. eq., (D) 6 mol. eq., (E) 8 mol. eq., and (F) 10 

mol. eq. H2O2 to 30 μM Cd7MT. ESI mass spectra were measured 24 h after mixing the 

reagents. 
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Figure D-2. A reaction of 17 μM Zn7MT with 3.4 mM (200 mol. eq.) H2O2 in the presence 

of 0.5 mM TCEP and 1.2 mM ZI at pH 7.4 monitored over time. (A) Absorption spectra 

showing the reaction at various time points with the absorption band at 618 nm monitoring 

the binding of released Zn(II) to ZI. The dashed line shows the absorption spectrum of 119 

μM Zn(II) with 1.2 mM ZI. (B) A plot of Zn(II) bound to MT over time. The black squares 

represent the amount of Zn(II) bound calculated by measuring the concentration of free 

Zn(II) over time with the ZI sensor (ε = 24 200 M-1cm-1). The red circles represent the same 

reaction monitored by ESI-MS (in the absence of ZI) where the Zn(II) bound was calculated 

based on the weighted average intensity of the Zn1-7MT peaks. (C) A plot of the total 

number of reduced cysteines over time measured by ESI-MS (in the absence of ZI). The 

black squares represent the number of reduced cysteines calculated based on the weighted 

average reduced cysteines for each metalated species in the spectrum. The red circles 

represent the number of reduced cysteines calculated from the average mass of apo-MT in 

demetallated solutions at particular time points. 
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Figure D-3. A reaction of 17 μM Zn7MT with 3.4 mM (200 mol. eq.) H2O2 in the presence 

of 0.5 mM TCEP at pH 7.4 monitored over time by ESI-MS. (i) Charge state and (ii) 

deconvoluted ESI mass spectra show the reaction at (A) 5 min, (B) 15 min, (C) 24 min, (D) 

38 min, (E) 67 min, and (F) 117 min. (iii) Charge state and (iv) deconvoluted ESI mass 

spectra show the reacting MT demetallated by acidification at the time points (C) 24 min, 

(D) 38 min, and (E) 67 min. 
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Figure D-4. A reaction of 25 μM Cd7MT with 3.75 mM (150 mol. eq.) H2O2 in the 

presence of 0.5 mM TCEP at pH 7.4 monitored over time by CD spectroscopy. 
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