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Introduction 
Alzheimer’s disease (AD) is one of the most prevalent neurodegenerative disorders and 
the most common form of dementia worldwide. Despite decades of research, many 
details about AD pathogenesis remain unclear.  

Aggregation of the amyloid-β (Aβ) peptide is one of the hallmarks of AD, and is 
believed to cause neurotoxicity and synaptic dysfunction, leading to neuronal death and 
cognitive decline. Aβ aggregates are formed when monomeric Aβ peptides misfold and 
convert from a random coil structure into a β-pleated-sheet-rich structure, which is 
more prone to aggregation. The peptides assemble from monomers into oligomers, 
protofibrils and finally into a mature fibril exhibiting cross-β structure, where the 
β-strands run perpendicular to the fibril axis.  

Several factors have been implicated in the aggregation mechanism and toxicity of Aβ. 
One such possible factor is interactions with metal ions. Metals such as copper, iron and 
zinc are abundant in the brain and are required in many physiological processes. 
Importantly, dysregulation of metal homeostasis has been linked to AD pathogenesis. 
Maintaining metal homeostasis in the body is crucial, as increased metal ion levels can 
generate reactive oxygen species (ROS), leading to increased oxidative stress damaging 
cellular components and contribute to neurodegeneration. In addition, metal ions may 
directly interact with the Aβ and affect its aggregation.  

It is well known that the Aβ aggregation process is sensitive to environmental changes. 
Minor variations in temperature, pH, peptide concentration, agitation, etc. may have 
large effects on the aggregation rate and the morphology of the formed aggregates. 
Therefore, it is not surprising that binding of charged metal ions typically affects the 
aggregation pathway of the peptide. Metal ions have been shown to modulate peptide 
aggregation by promoting aggregation of monomeric peptides into fibrils, but also by 
stabilizing aggregates in the most toxic oligomeric states. Metals such as copper and 
nickel ions have in this thesis been shown to bind to the Aβ N-terminal, where histidines 
are implicated as binding residues. In contrast, metal compounds such as the uranyl ion 
have been shown to interact with the peptide without residue-specific binding, instead 
affecting the peptide via electrostatic interactions.  

Although the Aβ peptide is the most prevalent component of amyloid plaques in AD 
brains, other proteins such as Apolipoprotein E (ApoE) may also be relevant for the AD 
pathogenesis. One isoform of the ApoE protein, ApoE4, is known to increase the risk for 
developing AD, up to four-fold in heterozygotic carriers and up to twelve-fold in 
homozygotic carriers. Another isoform, ApoE2, seems to protect against the disease. 
A further interesting aspect of the ApoE protein, in relation to AD and metals, is that 
carriers of the ApoE4 allele have been shown to be more susceptible to mercury toxicity. 
It has therefore been suggested that the ApoE protein may play a role in the clearance 
of mercury, and perhaps also the Aβ peptide. 

The aim of this study was to improve the understanding about the role of metal 
binding in AD pathology. A wide range of spectroscopic methods have been used to 
investigate the interactions between metal ions and AD related proteins. Although some 
metals in this study might not be required for biological function, they all occur in the 
environment and exposure is known to cause toxicity and interfere with normal 
neurological function. Obtained results widen our insight into the role of metal ions in 
AD pathology. 
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1 Background 

1.1 Folding of proteins 
Understanding the basic properties of polypeptide chains is fundamental to 
comprehending how proteins achieve their diverse functions within biological 
systems. The primary structure of native proteins usually folds rapidly into a secondary 
structure, and then into a tertiary three-dimensional structure, largely affected by 
the properties of the amino acid residues and the surrounding environment to 
ensure functionality and achieve a state of lowest free energy. The secondary structure 
of a protein refers to the local folding patterns, where alpha helices and beta sheets 
are the two most common structures. Both are stabilized by hydrogen bonds between 
the backbone of the polypeptide chain(s). When a protein or a region of a protein 
does not form a stable, regular secondary structure, and instead exists in a flexible, 
disordered and irregular conformation, it is said to be in a random coil structure (Zorko, 
2010). 

Folding of proteins is driven by various molecular interactions. Van der Waals forces 
are weak interactions that occur between closely packed atoms, and they help to 
stabilize folded structures. Disulfide bridges, typically formed by oxidation of cysteine 
residues, can covalently link distant parts of polypeptide sidechains and thereby further 
enhance structural stability. Salt bridges can stabilize the structure of a protein by 
interactions between two oppositely charged amino acids, often arginine or lysine 
binding to aspartic or glutamic acid. Hydrophobic effects are crucial for reducing the 
free energy of a system, and it is common that proteins form a hydrophobic core, 
where nonpolar hydrophobic residues are shielded from the aqueous, polar 
environment.  

Factors such as mutations, translational errors, environmental stress, aging etc. may 
interfere with the protein folding process. This interference may yield misfolded 
proteins, which are characterized by deviations from their native, functional 
three-dimensional conformation. Although human cells have multiple control systems 
that screen for misfolded proteins, and attempt to correct or degrade them, these 
systems can sometimes fail. When this happens, misfolded proteins can aggregate, 
disrupt cellular processes and contribute to the pathology of disease. 

1.2 Neurodegeneration 
Neurodegenerative diseases are a group of conditions which mainly impact neurons in 
the brain. The most frequently occurring examples of such diseases are Alzheimer’s 
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) and Amyotrophic 
lateral sclerosis (ALS). Although all neurodegenerative diseases are different in their 
specific features, they share several common pathological features, where progressive 
loss of neurons, synaptic dysfunction, and loss of synaptic connections are the most 
prominent (Ciurea et al., 2023; Hussain et al., 2018). As different diseases affect 
different areas of the brain, the symptoms will vary, although it is common to observe 
cognitive decline, motor dysfunction and behavioral changes in patients (Montero-Odasso 
et al., 2017; Trojsi et al., 2018). Many neurodegenerative diseases also have a long 
presymptomatic phase, when changes in the central nervous system (CNS) have started, 
but no symptoms are yet present in the patient. This makes it difficult to detect and treat 
the disease before substantial damage already has been made (Katsuno et al., 2018). 
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Extensive research has been conducted for decades in the field of neurodegeneration, 
but the underlying mechanisms and many details of the pathogenic mechanisms are for 
most diseases still not understood. 

1.2.1 Proteinopathies 
Many neurodegenerative diseases are categorized as proteinopathies, also known as 
protein conformational diseases. It is a class of diseases characterized by misfolding and 
aggregation of proteins, resulting in loss of function and/or toxic properties (Bayer, 2015; 
Noor et al., 2021). Proteinopathies primarily affect the CNS and manifest with a range of 
symptoms related to CNS dysfunction. Some proteinopathies involve multiple organs and 
peripheral tissues (Brito et al., 2023; Gertz, 2022; Sack, 2020), these will not be 
considered in this thesis. 

In neurodegenerative proteinopathies (henceforth only called proteinopathies), 
proteins undergo structural modifications that lead to self-association, elongation, and 
aggregation into fibrillar structures that can accumulate in the CNS. Molecular processes 
such as disruptions in protein clearance, post-translational modifications or increased 
protein production can be observed in several proteinopathies (Bayer, 2015; Ciccocioppo 
et al., 2020). Many of the proteinopathies are complex and involve more than one type 
of aggregating protein, which often complicates diagnosis and the development of 
effective therapies. List of neurodegenerative proteinopathies and related proteins is 
presented in Table 1.  

1.2.1.1 Amyloid formation 
In the mid-19th century, researchers first described iodine stainable brain deposits 
found during autopsies. It was therefore assumed that the deposits consisted of 
starch, and they were consequently named “amyloid” (derived from the Latin word 
‘amylum’, meaning starch). When the deposits were further studied, a high nitrogen 
content was detected, which prompted a re-interpretation that resulted in a suggestion 
that the deposits to a large extent consisted of proteins (Cohen, 1986; Sipe & Cohen, 
2000).  

Today the deposits are called amyloid plaques, and they are known to play a 
significant role in the pathogenesis of the diseases grouped as amyloidosis (some of 
which are listed in table 1). The plaques originate from normally soluble monomeric 
proteins which misfold, aggregate and assemble into insoluble fibrillar structures. 
The fibrils adopt a characteristic cross-β sheet structure, where the individual β-sheets 
run perpendicular to the fibril axis (Figure 1). The fibrils are unbranched and can 
reach lengths of several µm, with a diameter of approximately 7-12 nm (Chiti & Dobson, 
2017; Sunde et al., 1997). Formation of amyloid structures can be monitored directly 
by transmission electron microscopy or indirectly via dyes, such as Congo red or 
Thioflavin T (ThT) where the intensity of these dyes is generally considered to correspond 
to the amount of amyloid material present in the sample (Malmos et al., 2017; Qin et al., 
2017). 
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Figure 1. Typical architecture of a cross-β structure. a) Side view of fibril structure composed of 
stacked β-sheets aligned perpendicular to the fibril axis. b) top view of a). c) Diffraction pattern of 
a typical amyloid fibril, where meridian ~4.7 Å corresponds to the regular spacing between  
β-strands within a β-sheet, and equator ~10 Å indicates the periodicity of β-sheets stacked on top 
of each other. By Morris and Serpell (2012), reprinted with permission from Springer Nature.  
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Table 1. List of proteinopathies, diseases and related proteins affecting the CNS.  

Type of 
proteinopathies 

Diseases Proteins 
involved 

References 

Amyloidosis Alzheimer’s 
disease, 
Cerebral amyloid 
angiopathy 

Aβ (Glenner & Wong, 1984; 
Qi & Ma, 2017; Selkoe, 
2001) 

Creutzfeldt-Jakob 
disease, Kuru 

Prion protein (Collinge et al., 2006; 
Sitammagari & Masood, 
2024) 

Type II diabetes Amylin (Marzban et al., 2003) 

TTR Amyloidosis Transthyretin (Manganelli et al., 2022) 

Synucleinopathies Parkinsons 
disease,  
Dementia with 
Lewy bodies, 
Multiple system 
atrophy 

α-synuclein (Ayers et al., 2022; 
Calabresi et al., 2023) 

Tauopathies Alzheimer’s 
disease, 
Frontotemporal 
dementia, 
Corticobasal 
degeneration, 
Picks disease 

Tau protein (Hernandez & Avila, 
2007; Medeiros et al., 
2011; Probst et al., 1996; 
Zhang et al., 2020) 

TDP-43 
proteinopathies 

Amyotrophic 
lateral sclerosis, 
Frontotemporal 
lobal 
degeneration 

TDP-43 (Cairns et al., 2007;  
de Boer et al., 2020) 

Huntingtinopathy Huntington’s 
disease 

Huntingtin (Byrne et al., 2018; 
Zheng & Diamond, 2012) 

FUS  
Proteinopathies 

Amyotrophic 
lateral sclerosis 

FUS (Assoni et al., 2023; 
Kamelgarn et al., 2018) 

SOD1  
Proteinopathies 

Amyotrophic 
lateral sclerosis 

Superoxide 
dismutase 1 

(Berdynski et al., 2022; 
Ruffo et al., 2022) 
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1.3 Alzheimer’s disease 
Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the accumulation 
of proteinaceous aggregates in the brain. It is the most common form of dementia, 
with approximately 55 million cases worldwide (World Health Organization [WHO], 
2023). The disease was first described by the German pathologist Alois Alzheimer in 1907 
(Alzheimer, 1907). This article was later summarized and translated to English (Alzheimer 
et al., 1995). Dr. Alzheimer presented a case report of a woman who in her early 50’s 
started to show symptoms of dementia. After her death in 1906 (aged 55). Dr. Alzheimer 
performed the post-mortem analysis of an atrophic brain with previously undescribed 
neuropathological features and deposits. The deposits are today called amyloid plaques 
and neurofibrillary tangles (NFTs), and are typical features that are associated with AD 
(Alzheimer et al., 1995). NFTs consist of hyperphosphorylated aggregates of the 
microtubule associated Tau proteins, which are assembled into strands and deposited 
within nerve cells (Zempel & Mandelkow, 2014). The amyloid plaques are instead 
primarily built up from the amyloid-β (Aβ) peptides and are mainly encountered 
extracellularly (Y. Zhang et al., 2023), (Aβ is further described in section 1.5). 

A typical clinical presentation of AD starts with an asymptomatic period, where initial 
deposition of Aβ and NFTs starts the neuronal disruption, although the patient is not 
experiencing any symptoms. This period may last for many years or even decades 
(Jessen et al., 2022; Price & Morris, 1999). The first symptom of the disease is often mild 
memory loss, and at this stage are areas such as entorhinal cortex, hippocampus, 
cingulate cortex and parietotemporal cortex affected (Herholz et al., 2002; Hyman et al., 
1984; Scheff & Price, 2001). As the disease progresses, language, reasoning and social 
behavior become affected. At a late stage, many brain areas do not function normally, 
and the progression of synaptic loss is highly correlated with the disease severity. 
The outcome is always fatal, even though the cause of death is usually not the disease 
itself, but rather secondary complications such as pneumonia, malnutrition, or heart 
failure (Alzheimers Association, 2023; Kukull et al., 1994; Terry et al., 1991). 

The risk of developing AD increases with age, and AD is most common in people over 
the age of 65 (Reitz et al., 2011). As global life expectancy increases (WHO, 2024), it is 
expected that AD prevalence will increase. The disease does not only cause a lot of 
individual suffering, but also a great economic challenge for society. In 2019, the global 
cost of AD was estimated to be approximately 1.3 billion US $ (Wimo et al., 2023), and 
this number will increase in relation with the increasing number of patients.  

The disease is divided into two subtypes: familial and sporadic Alzheimer’s disease 
(fAD and sAD, respectively), where sAD is responsible for more than 95% of all cases 
(Chakrabarti et al., 2015; Reitz et al., 2011; van der Flier & Scheltens, 2005). The onset of 
the fAD usually occurs at an earlier age (age < 65 years), than sAD and numerous 
mutations in genes such as the amyloid precursor protein (APP), presenilin 1 (PSEN1), 
and presenilin 2 (PSEN2) have been linked to fAD (Cai et al., 2015; Kelleher & Shen, 2017; 
Li et al., 2019). The mutations typical for fAD often result in increased Aβ production and 
affect the length of the peptides produced, often increasing the levels of more toxic and 
aggregation-prone Aβ variants. Unlike fAD, sAD does not follow a clear inheritance 
pattern. Instead sAD is thought to be influenced by a complex interplay of genetic, 
environmental and lifestyle factors, such as air pollutions (PM2.5, NO2, NO) (Wilker et al., 
2023) pesticides (Yan et al., 2016), metals (Babic Leko et al., 2023; Bakulski et al., 2020), 
cigarette smoking (Cataldo et al., 2010; Wallin et al., 2017), diet (Agarwal et al., 2023), 
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exercise (Meng et al., 2020), sleep (Sabia et al., 2021), and traumatic brain injury (TBI) 
(Mielke et al., 2022). Although the connections are not yet fully understood, several 
genetic risk factors have also been implicated in sAD and the primary genetic risk factor 
that has been identified is the apolipoprotein ε4 allele. It is, however, essential to note 
that carrying the apolipoprotein ε4 allele does not guarantee that an individual will 
develop the disease (further described in section 1.6). Mutations in genes involved in 
various biological processes such as the immune system, endocytosis and lipid transport 
may also be associated with the disease (De Roeck et al., 2019; Foster et al., 2019; 
Guerreiro & Hardy, 2014).  

1.4 Molecular aspects of Alzheimer's disease 
Understanding Alzheimer’s disease is a major challenge in current research and healthcare. 
During many decades of research, considerable progress has been made regarding the 
clarification of biochemical and molecular mechanisms involved in the progression of AD, 
some of which are presented below.  

1.4.1 The cholinergic hypothesis 
An early hypothesis presented in the late 1970’s and early 1980’s to explain AD 
pathogenesis was the cholinergic hypothesis (Bartus et al., 1982; Davies & Maloney, 
1976). The hypothesis suggests that loss of the cholinergic neurons and decreased levels 
of acetylcholine (ACh) have a central role in the cognitive deficits observed in AD. 
This was based on observations of reduced cholinergic activity in the brains of individuals 
with AD, in combination with the clinical efficacy of acetylcholinesterase inhibitors. 
Acetylcholinesterase inhibitors increase the ACh levels present and can (temporarily) 
improve function in the cognitive system of some AD patients (Nordberg & Svensson, 
1998). Today it is widely accepted that the cholinergic hypothesis is not the sole 
explanation for the cognitive decline in AD, although acetylcholinesterase inhibitors are 
currently used for symptom relief in AD (Vaz & Silvestre, 2020).  

1.4.2 Amyloid cascade hypothesis 
In the early 1990’s Hardy and Higgins (1992) first presented the amyloid cascade 
hypothesis, which suggests that the abnormal accumulation of Aβ in the brain is the initial 
cause of AD. It suggests that the peptide accumulation initiates a cascade of events that 
contributes to the progression of the disease. This was supported by the fact that 
individuals with Trisomy 21 (i.e. Downs syndrome) often develop AD at an early age, 
explained by the presence of an extra copy of the gene encoding Aβ precursor protein, 
located on chromosome 21 (Fortea et al., 2021; Strydom et al., 2018). Additionally, many 
mutations associated with fAD are associated with alterations in Aβ production, 
especially upregulation or shifting the production towards the more toxic peptide species 
(Selkoe, 2008).  

There is currently an ongoing debate regarding the relevance of this hypothesis as it 
has been shown that Aβ content is not always correlated with the development and 
severity of AD and individuals may have a significant number of amyloid plaques in the 
brain, without showing symptoms of the disease (Aizenstein et al., 2008; Delaere et al., 
1990; Dickson et al., 1992). Besides that, another argument against the hypothesis is the 
fact that therapies developed to target amyloid production, aggregation or clearance 
have failed to show significant effects (Ricciarelli & Fedele, 2017). The amyloid cascade 
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hypothesis might not be the sole or complete explanation for the pathogenesis of AD, 
yet there is no doubt that Aβ is linked to the disease and that it plays a significant role in 
AD pathology.  

1.4.3 Tau hypothesis 
The tau hypothesis states that abnormal hyperphosphorylation of Tau results in the 
formation of paired helical filaments (PHF-tau) and NFTs in AD (Iqbal et al., 2016; 
Kosik et al., 1986; Mohandas et al., 2009) which are highly toxic to neurons, disrupt 
microtubule stability, and as a result impair cellular transport, eventually leading to 
synaptic dysfunction and cell death (Gendreau & Hall, 2013; Kopeikina et al., 2012; 
Maccioni et al., 2010). The fact that the amount of NFTs generally correlates with 
the progression of the disease and that mutations in the tau-encoding gene 
(microtubule-associated protein tau, MAPT) lead to abnormal tau aggregation and 
neurodegeneration, are two arguments in favor of hypothesis that tau aggregates are 
the main toxic species in AD. 

1.4.4 The oligomeric hypothesis 
The oligomeric hypothesis suggests that the smaller, soluble oligomers of Aβ are the 
most neurotoxic forms and therefore the primary cause of onset and progression of AD. 
The hypothesis arose during the late 1990s when the amyloid cascade hypothesis  
started to be questioned, and focus was shifted towards these smaller Aβ aggregates. 
The oligomers have been shown to interfere with synaptic signaling pathways, disrupt 
long-term potentiation, interact with cellular membranes and as a result cause leakage. 
This hypothesis is also supported by the observation that there is a good correlation 
between the levels of soluble Aβ oligomers, cognitive deficits and synaptic dysfunction 
(Cline et al., 2018; Ferreira & Klein, 2011).  

The oligomeric species are very unstable, and therefore difficult to study. Many 
protocols are used for the preparation of oligomers in vitro, and as a result a lot of 
variations have been observed. These inconsistencies complicate the studies of oligomers, 
as their function, structure and toxicity may be largely affected by minor changes in the 
experimental setup.  

1.4.5 The metal hypothesis 
The metal hypothesis argues that metal ion dysregulation plays a crucial role in AD. 
Particularly copper, iron and zinc have been suggested to contribute to AD pathogenesis. 
In early studies these metal ions showed interaction with the Aβ peptides and were 
found in elevated levels in amyloid plaques (Lovell et al., 1998; Miller et al., 2006). Metal 
homeostasis is important, and concentrations of metal ions must be tightly regulated to 
ensure proper cellular functioning and maintain essential processes such as redox 
balance and enzymatic activity (Alberts et al., 2008). However, patients with AD often 
display metal dyshomeostasis, which is considered to contribute to the aggregation of 
the Aβ peptide. Binding of metal ions can for example induce conformational changes in 
the peptide that facilitate aggregation. Metal ions are also known to contribute to 
oxidative stress by generating reactive oxygen species (ROS), which in turn interfere with 
biological processes, and potentially contribute to the disease. Additionally, metal ions 
affect Aβ production and the length of the peptide (by modulating APP cleavage) 
(De Benedictis et al., 2019; Maynard et al., 2005). It is worth noting that although metal 
dyshomeostasis in AD is widely accepted, it is not known if it is a cause of, or an effect of 
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the disease. Furthermore, it is not clear if metal ions contribute to the formation of 
amyloid plaques in vivo, or if the ions bind to the already formed plaques. Therefore, 
the metals may cause secondary effects instead of contributing to the initial disease 
pathogenesis. In either way, once bound to the plaques, the metal ions may contribute 
to neuronal damage through ROS formation. There are still many gaps in the metal 
hypothesis, and it is probably not the sole cause of the disease, however, metal ions likely 
play an important role in disease progression (Aaseth et al., 2016; Bush, 2013; Bush & 
Tanzi, 2008; Chen et al., 2023). 

1.4.6 Mitochondrial dysfunction and oxidative stress in Alzheimer’s disease 
The functionality of the mitochondria has been recognized as a critical factor in AD. 
The mitochondria are considered the powerhouse of the cell and are essential for energy 
production, regulation of cellular metabolism, and maintenance of cellular health 
(Alberts et al., 2008). In AD brains, it has been shown that the mitochondrial dynamics is 
disturbed, resulting in a disruption of the morphology and functioning of the organelles. 
Neurons are highly energy-consuming cells, and mitochondrial dysfunction leads to 
decreased ATP production. Energy deficits may impair several cellular functions, 
including synaptic activity and plasticity, both of which are crucial processes for memory 
formation and cognitive functions (Cunnane et al., 2020). Mitochondria are also vital for 
neurotransmitter release in the presynaptic terminal, where they supply ATP, and also 
regulate intracellular calcium levels. In AD, this regulation is often disrupted, leading to 
elevated calcium levels which results in altered neuronal activity and may result in 
activation of cell death pathways (Guan et al., 2021). In addition, a dysfunctional 
mitochondrion may produce ROS and cause oxidative stress as a result of disturbances 
in the electron transport chain (Guo et al., 2013). 

Oxidative stress refers to an imbalance between the production of ROS and the ability 
to detoxify these harmful compounds and repair the resulting damage. Under normal 
physiological conditions, a balance between ROS production and neutralizing antioxidative 
processes allows the cell to function normally. An overproduction of ROS disturbs this 
balance and leads to oxidative stress in the cell. ROS are natural byproducts of the cellular 
metabolism, particularly within the mitochondria during aerobic respiration but are also 
produced by macrophages and neutrophils in the immune system (Checa & Aran, 2020). 
Increased ROS levels may damage cellular components, including lipids, proteins and 
DNA which could impair cellular functions, induce apoptosis or contribute to the 
pathogenesis of various diseases (Shields et al., 2021). A wide range of diseases have 
been associated with oxidative stress, including cardiovascular diseases, diabetes, cancer, 
and aging, but also neurodegenerative diseases like PD and AD (Knott et al., 2008; Ray  
et al., 2012; Reddy et al., 2011; Wang et al., 2009). The mitochondrial dysfunctions  
often observed in AD patients are likely part of a vicious cycle, where dysfunctional 
mitochondria-induced oxidative stress causes even further damage which may damage 
additional mitochondria.  

Both Aβ and hyperphosphorylated Tau have been shown to interact with and affect 
the mitochondria negatively. Aβ can interfere with the electron transport chain, thereby 
further increasing ROS production and reducing the efficiency of ATP production  
(Bobba et al., 2013; Spuch et al., 2012). Hyperphosphorylated tau, on the other hand, 
has been shown to disrupt the distribution of mitochondria inside the cell, which 
naturally affects the cell function (Isei et al., 2024). The Aβ peptides can induce ROS by 
themselves, and disrupt cellular membranes caused by lipid peroxidation (Cenini et al., 
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2010; Cheignon et al., 2018; Harris et al., 1995). Moreover, Aβ peptides can induce ROS 
also through interactions with metal ions (extensively described in section 1.7). 

Increased oxidative stress furthermore increases the risk of mutations in the 
mitochondrial DNA, which further results in defective mitochondrial proteins and 
contributes to additional mitochondrial dysfunction and the pathogenesis of AD 
(Druzhyna et al., 2008).  

1.4.7 Neuroinflammation in Alzheimer’s disease 
Both Aβ aggregates and NFTs are thought to be able to activate an inflammatory 
response in the brain by activating glial cells (primarily microglia and astrocytes) 
(Hickman et al., 2018; Kim & Choi, 2015). Activated microglia release pro-inflammatory 
cytokines and chemokines, such as Interleukin-1, Interleukin-6 and tumor necrosis factor 
alpha, which in turn amplifies the inflammatory response by recruiting more immune 
cells (Gao et al., 2023). A chronic neuroinflammation may give rise to neuronal damage 
and further contributes to cognitive decline, and many inflammatory processes also lead 
to oxidative stress (Adamu et al., 2024; Mittal et al., 2014; W. Zhang et al., 2023). 

AD is a complex and multifactorial disease, and the pathology of the disease is likely 
an interplay of multiple factors and pathological processes. The hypotheses presented in 
this section all contribute with different aspects of pathophysiology, adding pieces to the 
puzzle of AD (Figure 2).  

Figure 2. Simplified scheme of factors contributing to the progression of Alzheimer’s disease. These 
(and many other) elements interact in a complex network, producing neuronal damage, synaptic 
loss, and cognitive decline. 

1.5 Amyloid β 
The 36-43 residues long amphipathic Aβ peptide is produced by enzymatic cleavage of 
the amyloid precursor protein, APP (Mawuenyega et al., 2013). Aβ was first described as 
a major component of the amyloid plaques found in the brains of AD patients in 1984 
(Glenner & Wong, 1984). The Aβ peptide exists in different forms in humans, but also 
across various animal species. The variation in amino acid sequence affects how prone 
the peptides are to aggregate and thus, their possible contribution to AD pathology. In 
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humans, the Aβ1-40 variant is the most common form of the peptide in the brain, whereas 
the Aβ1-42 variant (Figure 3) shows a greater propensity for aggregation and is therefore 
considered to be more toxic (Mori et al., 1992; Naslund et al., 1994). In murine species, 
three amino acids are substituted, compared to human wild type Aβ, i.e. R5G, Y10P, and 
H13R. Additionally, rodent Aβ is also known to be less aggregation-prone than human Aβ 
(Xu et al., 2015). The Aβ peptide exists in many other species where there are variations 
in sequence, propensity to aggregate and structure. Although many species can display 
human-like amyloid aggregates, only few species are showing AD-like symptoms (Chen 
& Zhang, 2022; Walker & Jucker, 2017).  

Although it is mostly associated with the pathogenesis of AD, it is important to note 
that Aβ is also present in healthy brains. It has been suggested to be involved in cell 
survival, memory formation, neuronal communication, and plasticity (Puzzo et al., 2015; 
Soucek et al., 2003). Studies have shown that knocking out the gene and enzymes 
involved in Aβ production leads to a significant reduction in Aβ, but also results in various 
neurological deficits and developmental problems (Dawson et al., 1999; Plant et al., 
2003; Zheng et al., 1995). Thus, Aβ seems to have an important biological role in the 
brain, but the details are unclear.  

In an aqueous solution at physiological pH values, the monomeric Aβ peptide is 
negatively charged, intrinsically disordered and adopting a random coil conformation. In 
a membrane or membrane-mimicking environment, the peptide adopts an α-helical 
secondary structure. In a detergent micelle, the C-terminal and central part of the 
peptide localizes inside, while the N-terminal remains unstructured outside the micelle 
(Tiiman et al., 2016). Upon aggregation, the peptide folds into β-sheets, which enable 
formation of amyloid fibrils (Rambaran & Serpell, 2008). The N-terminal part of the Aβ 
peptide contains three histidine residues (H6, H13, H14), where the nitrogen in the 
imidazole ring can coordinate metal ions. The central and C-terminal segments of the 
peptide are hydrophobic and may interact with membranes or fold into hairpin 
conformation, likely required for aggregation (Figure 3) (Abelein et al., 2014). The Aβ1-42 
peptide has two additional hydrophobic residues in the C-terminal (i.e. I41 and A42), 
making this variant less soluble in aqueous solution than Aβ1-40, but also contributing to 
its aggregation propensity. The presence of these additional hydrophobic amino acids 
residues alters the molecular structure and, stabilizes the intermolecular interactions 
which drive aggregation (Sgourakis et al., 2007).  

Figure 3. Amino acid sequence of Aβ1-42. Blue: Histidine residues, mainly uncharged at neutral pH and 
protonated below pH ~6. Red: acidic, negatively charged residues at neutral pH. Purple: Positively 
charged residues at neutral pH. Amino acids that can be involved in metal coordination are marked 
with * and hydrophobic regions are overlined. Adapted from: (Wärmländer et al., 2019). 

1.5.1 Generation of Aβ 
The Aβ peptide is produced by proteolytic cleavage of the amyloid precursor protein 
(APP) (Nunan & Small, 2000). APP is a transmembrane protein mainly located in the 
plasma membrane and is primarily expressed in neural tissues (O'Brien & Wong, 2011). 
The APP gene is in humans located on chromosome 21 (Korenberg et al., 1989; Patterson 
et al., 1988; Tosh et al., 2021) and is spliced into three variants of different lengths 
(APP770, APP751 and APP695), where the APP695 is the isoform most commonly found in the 
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brain (Delport & Hewer, 2022). APP contains a region that encodes for the Aβ peptide, 
and whether Aβ is produced or not depends on the specific enzymes involved in the 
enzymatic cleavage of APP (O'Brien & Wong, 2011). Under normal conditions, APP 
primarily follows the non-amyloidogenic pathway (Figure 4), where alpha (α)-secretases 
such as Disintegrin and Metalloprotease 10 (ADAM10) cleave APP within the Aβ 
fragment, resulting in a soluble amyloid precursor protein-alpha (sAPPα) fragment of 
612 amino acids that is released into the extracellular space (Chasseigneaux & Allinquant, 
2012; De Strooper et al., 2010). This, while an 83-residue long carboxyl-terminal 
fragment alpha (CTFα) is released intracellularly (Chen et al., 2017). The sPPα fragment 
is important in the brain development, involved in the regulation and proliferation of 
neuronal stem cells (Coronel et al., 2019). It is also thought to have a role in processes 
such as memory formation and synaptic plasticity in the mature brain (Ishida et al., 1997). 

The subsequent cleavage of the CTFα fragment is performed by the gamma 
(γ)-secretase, a protein complex containing among other subunits also PSEN1 or PSEN2 
(De Strooper et al., 2012). This cleavage results in the APP intracellular C-terminal domain 
(AICD) and the small P3 peptide (~3 kDa). The exact roles of these intracellularly released 
fragments are not yet elucidated. As the P3 peptide seems to be rapidly degraded, 
it suggests that P3 has no significant pathological or even biological function (Zhang et al., 
2011). 

In the amyloidogenic pathway, APP is instead cleaved by beta (β)-secretase which cuts 
APP and leaves the Aβ fragment complete and attached to the CTFβ fragment. One of 
the most common β-secretases are the Beta-Site APP cleaving enzyme 1 (BACE1), which 
belongs to the pepsin family of proteases and requires acidic conditions for optimal 
enzymatic activity (Cole & Vassar, 2007; Haass et al., 1993). The γ-secretase then cleaves 
the CTFβ fragment, leaving the AICD and an Aβ monomer (Figure 4). The main difference 
between the two pathways is that the α-secretase in the non-amyloidogenic pathway 
cuts within the Aβ sequence, hindering its production, while the β-secretase in the 
amyloidogenic pathway cleaves outside the Aβ site, making the formation of Aβ peptides 
possible (Nathalie & Jean-Noel, 2008). 

The native role of APP is currently under discussion, but the evolutionary conservation 
of its gene family suggests that it serves an important function (Tharp & Sarkar, 2013; 
Zheng & Koo, 2011). APP is known to be involved in cell adhesion, neuronal guidance, 
synapse formation, to act as cell surface receptor, regulate synapse formation, and 
influence cell division (Ejaz et al., 2020; Nhan et al., 2015). Its importance is further 
confirmed by the negative effects observed in APP knockout mice (Mazinani et al., 2020; 
Senechal et al., 2008; Zheng et al., 1995). Additionally, APP have shown to bind Cu ions 
and are suggested to be implicated in iron metabolism (Wild et al., 2017). 

Interestingly, it has been shown that the APP cleavage is not limited to the plasma 
membrane. APP can be transported into early endosomes by endocytosis, where 
β-secretase (especially BACE1) and γ-secretase, but less α-secretase is present. The lower 
pH in the early endosomes (approximately pH 6.5 (Hu et al., 2015)) promotes BACE1 
cleavage, resulting in increased Aβ production. It has therefore been suggested that toxic 
Aβ may be produced intracellularly and then transported to the extracellular space 
(Fourriere et al., 2022; Iizuka et al., 1996; Skovronsky et al., 1998; Turner et al., 1996).  



22 

Figure 4. Proteolytic cleavage of the APP by α-, β- or γ-secretase directs the protein into either the 
non-amyloidogenic or the amyloidogenic pathway. Adapted with permission from (Hampel et al., 
2021).  

1.5.2 Aggregation of Aβ 
The aggregation of Aβ is a complex and critical process in the pathogenesis of AD. 
The monomeric Aβ peptides undergo a series of structural changes and interactions 
which lead to the formation of aggregates and plaques in the brain.  

To initiate aggregation, the Aβ peptides must exceed the critical aggregation 
concentration (CAC). While the CAC varies depending on the surrounding environment, 
it is estimated to be around 100 nM for Aβ1-40 under physiological conditions, and even 
less for the more aggregation-prone Aβ1-42 peptide (Brannstrom et al., 2014; Iljina et al., 
2016).  

The aggregation process can be divided into three stages (Figure 6). It begins with the 
lag phase, where monomers typically exist in a disordered state. As the concentration of 
Aβ peptides increases, some monomers undergo conformational changes and begin to 
associate with each other, forming small aggregates commonly known as oligomers 
during a process called primary nucleation. Once the critical threshold is reached, 
the aggregation process enters the transition into a rapid growth phase, called the 
elongation phase. Here, larger aggregates and fibrils are formed. During this phase, 
Aβ monomers are primarily added to existing fibril ends, leading to their elongation and 
growth. Finally, the aggregation process reaches the stationary phase, where a stable 
concentration of Aβ aggregates is reached. Although some fibrils may continue to grow, 
there will likely also be fragmentation of already formed structures and so-called 
secondary nucleation, resulting in a largely consistent aggregate concentration.  

As mentioned in section 1.2.2.1, ThT fluorescence is a useful tool for monitoring the 
amyloid formation in a sample. ThT is a benzothiazole dye that contains a dimethylated 
benzothiazole ring connected to a dimethylamino benzyl ring via a single carbon-carbon 
bond (Figure 5). The single carbon-carbon bond makes rotation of the two rings  
possible which causes quenching of the fluorescence in unbound state. Upon binding to 
amyloid material, the free rotation is hindered and as a result the quenching is reduced. 
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This results in a great increase in fluorescence intensity. Therefore, the measured ThT 
fluorescence intensity roughly corresponds to the amount of amyloid material present 
in the sample (Biancalana & Koide, 2010; Malmos et al., 2017; Qin et al., 2017). 
The intensities can be plotted against time and produce a sigmoidal curve from which 
parameters such as lag time, growth rate and half time for aggregation can be 
determined (Figure 6). One limitation of the ThT dye is that aggregation of 50-70 
monomers is required for the fluorescence to increase. That means that other techniques 
are required to monitor the initial aggregation steps (Tiiman et al., 2015). 

Figure 5. Chemical structure of Thioflavin T (ThT). A dimethylated benzothiazole ring connected to 
a dimethylamino benzyl ring by a single bond (denoted with arrows) which allows free rotation. 
Upon binding to amyloid material, the free rotation is hindered, and fluorescence can be detected. 

The aggregation process is very sensitive to environmental conditions and factors like 
pH, temperature and presence of metal ions or other small molecules may have a large 
impact on the aggregation process, influencing both the rate of aggregation and the 
structural characteristics of the resulting aggregates. The different conditions may alter 
the balance between different aggregation steps, potentially affecting the stability and 
toxicity of the aggregates. For example, metal ions such as zinc (II) and copper (II) have 
been shown to be able to accelerate the aggregation, and variations in pH changes the 
intrinsic charge of the peptide. This sensitivity makes studies of Aβ peptides complicated 
and explains why large variations can be observed in similar studies performed by 
different authors.  

Figure 6. Aggregation kinetics of Aβ peptides. (A) shows a typical sigmoidal curve obtained from in 
vitro experiments, where the aggregation has been monitored by following the change in ThT 
fluorescence. (B) processes that takes places during the peptide aggregation. Adapted with 
permission from (Thacker et al., 2023) and (Kumar & Walter, 2011) 
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1.5.3 Structure of Aβ aggregates 
The aggregation of Aβ peptides is central to the pathology of AD and as previously 
discussed, the monomeric Aβ peptide is soluble and typically adopts a random coil in 
aqueous solution and alpha helical structure in a membrane or membrane mimetic 
environment. The monomeric peptide does not exhibit significant toxicity on its own, 
although its interaction with other cellular components is suggested to be able to 
exacerbate pathological conditions (Tamagno et al., 2018). Upon initiation of aggregation, 
the monomers go through a conformational change, taking on a β-sheet structure which 
allows them to interact and form insoluble fibrils, characteristic of amyloid plaques. 
According to the amyloid cascade hypothesis, the aggregation of Aβ was causally linked 
to explain the pathogenesis of AD and this was initially supported by studies of brain 
tissues (Mann et al., 1985). However, a few years later the hypothesis started to be 
debated (Kepp et al., 2023). Researchers observed that the number of amyloid plaques 
in the brain of AD patients did not consistently correlate with severity of the disease. 
Some individuals with significant amyloid plaque deposits exhibited only mild symptoms 
or even normal cognitive function (Ricciarelli & Fedele, 2017). The focus was then shifted 
to the pre-fibrillar states, as the levels of soluble Aβ aggregates in the CNS of AD patients 
seemed to correlate better with the pathology (Viola & Klein, 2015). The pre-fibrillar state 
ranges from dimers to aggregates of hundreds of peptides, i.e. oligomers to protofibrils 
(Khaled et al., 2023).  

1.5.3.1 Aβ oligomers 
Aβ oligomers are small, prefibrillar, soluble aggregates that are currently considered to 
be the main toxic species in AD pathology (Cline et al., 2018; Lee et al., 2017; Walsh & 
Selkoe, 2004). Although they have been extensively studied for decades, no clear 
definition of their size has been stated, but it is common that dimers to dodecamers are 
considered oligomers, while larger and more fibrillar-like aggregates are called protofibrils 
(Cline et al., 2018; Sakono & Zako, 2010). Due to their instability, the secondary structure 
of the oligomers is not completely understood. They are thought to lack the highly 
ordered arrangements characteristic for mature fibrils and instead consist of mixed 
structures of β-sheets and random coil (Bitan et al., 2003; Ono et al., 2009).  

Although the toxicity caused by oligomers is widely accepted, it is not yet completely 
understood how they exert their toxicity. For example, it has been suggested that the 
oligomers may have prion-like properties, meaning that they can be distributed between 
cells (Walker et al., 2016; Willbold et al., 2021). They are also thought to be able to disrupt 
cellular membranes, both intra- and extracellularly, thereby weakening membranes and 
inducing leakage. This may among other effects contribute to the Ca-dysregulation that 
is known to be associated with AD (Popugaeva et al., 2020; Serra-Batiste et al., 2016). 
Additionally, Aβ oligomers have been shown to bind to a variety of biomolecules, and 
thereby affect their natural function (Taniguchi et al., 2022; Wiatrak et al., 2021; Zhao 
et al., 2008).  

1.5.3.2 Aβ fibrils and plaques 
Mature Aβ fibrils are the end product of the fibrillogenic pathway. The fibrils display an 
elongated morphology which can reach several µm, with a diameter of approximately 
7-12 nm (Chiti & Dobson, 2017; Sunde et al., 1997). X-ray diffraction has shown that fibrils
are unbranched structures composed of cross-β sheets (Figure 1), a structure which
many amyloid fibrils have in common (Fandrich, 2012; Sunde et al., 1997). Cross-β sheet
structures are composed of hydrogen bonded β-strands that are packed perpendicular
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to the fibril axis, creating highly ordered, stable aggregates that are resistant to 
proteolysis (Sabate & Ventura, 2013). The fibrils can aggregate into amyloid plaques, 
mainly through non-covalent interactions such as hydrogen bonding and hydrophobic 
interactions between fibrils. The plaques are mainly observed extracellularly (Jankovska 
et al., 2020). Although mature amyloid plaques are mainly composed of fibrils of the Aβ 
peptide, many other components are often also found within the plaques. Proteins such 
as Apolipoprotein E, proteoglycans, lipids and metal ions can also bind to the fibrils and 
might play a stabilizing role and might contribute to the plaque formation (Liao et al., 
2004; McGeer et al., 1994; Stewart & Radford, 2017; Xiong et al., 2019).  

1.6 Apolipoprotein E 
As mentioned in section 1.3, Apolipoprotein E (ApoE) has been shown to be a protein 
involved in AD. ApoE is a glycoprotein composed of 299 amino acid residues with a 
molecular mass of ~34kDa. It is involved in the transport and metabolism of lipids and 
contributes to lipid homeostasis in the body. The protein is encoded by the ApoE gene, 
located on chromosome 19 (Liu et al., 2013; Moreno-Grau et al., 2018). In CNS ApoE is 
mainly produced by astrocytes and the production has been shown to increase upon 
injury to the brain, suggesting its involvement in the repair of the nervous system (Chen 
et al., 1997) as well as in inflammatory responses in the brain (Lynch et al., 2003; Vitek 
et al., 2009).  

The protein exists in three isoforms (ApoE2, ApoE3 and ApoE4), where ApoE3 is the 
most common and considered the normal form (Huang & Mahley, 2014). Only a single 
amino acid residue distinguishes ApoE2 and ApoE4 from ApoE3 (Figure 7). In ApoE2 the 
arginine at position 158 is exchanged to a cysteine, and in ApoE4 the cysteine at position 
112 is exchanged to an arginine (ApoE2: C112 and C158, ApoE3: C112 and R158, ApoE4: 
R112 and R158). 

The protein contains an N-terminal segment (residue 1-191) of mainly amphipathic 
alpha helices arranged in coiled-coils with the hydrophobic residues arranged in the 
protein’s interior, while the polar, charged and hydrophilic residues are located on the 
protein surface. The N-terminus can bind to low-density lipoprotein (LDL) receptors and 
is therefore important for binding of lipoproteins. The C-terminus (residue 216-299) is 
also composed of amphipathic helices, and it is involved in lipid binding (Raussens et al., 
1998; Segrest et al., 1992; Strittmatter et al., 1993; Weisgraber, 1994; Wilson et al., 1991; 
Yamauchi et al., 2008).  

It has been shown that carriers of ApoE-ε4 allele are more susceptible to both mercury 
intoxication and at greater risk of developing AD (Corder et al., 1993; Farrer et al., 1997; 
Godfrey et al., 2003; Kim et al., 2009; Manelli et al., 2007). In contrast, the ApoE-ε2 isoform 
is considered “protective” against AD (Li et al., 2020). The underlaying reason remain 
unknown, but as the -SH groups of cysteines are known to bind metals, including Hg 
(Ajsuvakova et al., 2020; Mesterhazy et al., 2018), it has been suggested that the ApoE 
protein may be involved in removal of Hg from tissue and that the lacking cysteines in 
ApoE4 would result in a reduced capacity for metal removal. At the same time, the binding 
of Hg ions to ApoE proteins has not been studied. 
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Figure 7. Structure of Apolipoprotein E (residues 23-162) showing a predominance of alpha helices. 
Residues 112 and 158 are marked in red and indicate where the three ApoE variants differ. Structure 
was determined by X-ray diffraction. PDB ID: 1B68, protein structure is visualized with Chimera 
version 1.18 (Pettersen et al., 2004). 

1.6.1 Relevance of Apolipoprotein E in Alzheimer’s disease 
Genetic analyses have shown that carrying an ApoE ε4 allele not only increases the risk 
of developing AD, but it also lowers the mean age of clinical onset (Bertram et al., 2007; 
Corder et al., 1993; Genin et al., 2011; Mishra et al., 2018; Rebeck et al., 1993; Roses, 
1996). It is estimated that the risk of developing the disease increases 4-fold for 
heterozygotic carriers of the ε4 allele, and up to 12-fold for homozygotic carriers (Mahley 
& Huang, 2012). Interestingly, carrying the ε2 allele seems to have a protective effect 
and reducing the risk of developing AD (Corder et al., 1994; Li et al., 2020). 

Exactly how the ApoE4 gene increases the risk of developing AD is not completely 
understood. It has been shown that compared to ApoE2 and ApoE3, the degradation and 
removal of Aβ from the brain are less effective in ApoE4 carriers, and ApoE4 can stabilize 
the Aβ peptide and to some extent increase the rate of its aggregation (Deane et al., 
2008; Ma et al., 1994; Shackleton et al., 2019; Wisniewski et al., 1994). In a mice model, 
the ApoE4 isoform increased the half-life of Aβ peptides in the brain, and the ApoE4 mice 
also showed higher levels of amyloid-related gliosis, whereas ApoE3 reduced it (Liu et al., 
2017). The ApoE4 isoform also increased Aβ production more than ApoE3 in cell cultures 
expressing APP (Ye et al., 2005). 

Besides the interactions between the ApoE protein and Aβ peptide, ApoE4 is also 
associated with an increased inflammatory response in the brain, and is able to increase 
the inflammatory response by affecting the activation of microglial cells (Fernandez 
et al., 2019; Ferrari-Souza et al., 2023; Lee et al., 2023). 

 The blood brain barrier (BBB) is a highly selective semi-permeable membrane 
between the blood and the brain and controls trafficking of compounds into the brain, 
and it prevents entries of potentially toxic molecules and pathogens. The ApoE4 protein 
has been associated with a reduced integrity of the BBB, which may have a crucial effect 
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and result in a disrupted brain environment (Halliday et al., 2016; Jackson et al., 2022). 
The ApoE4 protein has also been shown to be less effective in lipid transport, which could 
negatively affect neuronal survival and plasticity (Yang et al., 2023). 

1.7 Metal ions in Alzheimer’s disease 
More than 80% of the periodic table of elements consists of metals, many of which are 
essential for biological processes and crucial for the normal functioning of the human 
body. Metals such as iron (Fe), calcium (Ca), zinc (Zn), copper (Cu), manganese (Mn) and 
magnesium (Mg), are involved in enzymatic functions, transport of oxygen, DNA 
synthesis, regulation of oxidative stress and neuronal signaling (Majorek et al., 2024). 
As many physiological processes are dependent on metals, their proper regulation and 
homeostasis are crucial for health as both excess and deficiencies may lead to a variety 
of disorders (Wang & Zhang, 2015). Metals can directly affect proteins by breaking salt 
bridges, causing oxidative stress, inducing protein denaturation, and in the case of 
proteinopathies like AD, affect the aggregation processes. In AD and several other 
proteinopathies, metal dyshomeostasis is implicated and thought to be involved in the 
disease’s progression, by inducing accumulation of peptides, increasing ROS production 
and impairing of biomolecular functions (Chen et al., 2023; Das et al., 2021). Already in 
the 1990’s researchers showed that Zn(II) ions could affect Aβ aggregation (Bush et al., 
1994), and that AD brains display abnormal metal concentrations (Babic Leko et al., 2023; 
Wang et al., 2020). In addition, amyloid plaques have shown to contain elevated levels 
of Zn, Cu and Fe (~mM concentration) (Beauchemin & Kisilevsky, 1998; Faller & Hureau, 
2009; Lovell et al., 1998; Miller et al., 2006). The disrupted metal homeostasis in AD is a 
commonly recognized problem, however, the details are not yet fully understood. 
The published literature about this subject further highlights the complexity, as 
publications in many cases show contradictory results with both increased and decreased 
concentrations of metal ions in AD brains (Babic Leko et al., 2023; Brewer, 2014; Cicero 
et al., 2017; Lovell et al., 1998; Squitti et al., 2014).  

Iron, copper and to some extent other transition metals such as manganese and nickel 
can participate in Fenton-type reactions where reactive hydroxyl radicals are formed by 
interaction between metal ions and hydrogen peroxide in redox reactions. The reactions 
happen when the metal ions recycle between different redox states, react with hydrogen 
peroxide, and create hydroxyl radicals which are highly reactive and contribute to 
oxidative stress (Gao et al., 2022; Lloyd & Phillips, 1999) 

It is widely accepted that the metal homeostasis is disrupted in AD patients, but it is 
not yet elucidated whether the changes are a cause or an effect (or both) of the 
underlying pathology. Although it is not thought to be the sole cause of the disease, 
abnormal metal metabolism and homeostasis is believed to contribute to the disease’s 
progression by, among other things, affecting the aggregation of AD-related proteins and 
contributing to oxidative stress and neurotoxicity (Babic Leko et al., 2023; Huat et al., 
2019; Islam et al., 2022). 

1.7.1 Metal binding properties of Aβ peptides 
Metal binding to the Aβ peptide has been extensively studied for many years and the 
main focus has been on the most biologically relevant metals such as Cu, Ca, Zn and Fe, 
especially since these metals were found in elevated concentrations in amyloid plaques 
(Beauchemin & Kisilevsky, 1998; Lovell et al., 1998; Miller et al., 2006). The binding of 
metals ions to Aβ influences the net charge of the peptide, which affects the stability and 
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conformations of peptide regions and may destabilize the secondary structures in the 
peptide. This destabilization may induce a shift towards more stable conformations such 
as β-sheets, which in turn could facilitate the aggregation of peptides into amyloid fibrils. 
Metal ions have in vitro been shown to stabilize soluble oligomers, which could enhance 
their neurotoxicity if it would happen in vivo (Gonzalez Diaz et al., 2024; Ryan et al., 2015; 
Williams et al., 2016).  

Interestingly, the metal: peptide ratio plays an important role and affects the rate 
of aggregation and morphology of aggregates. For example, the sub-equimolar 
concentrations of Cu(II) ions push the aggregation towards ThT-active, larger aggregates, 
whereas supra-equimolar concentrations promote formation of smaller oligomers and 
amorphous aggregates (Jin et al., 2011; Pedersen et al., 2011; D. P. Smith et al., 2007). 

 The Aβ peptide lacks cysteine residues (Figure 3), which are typical metal binding 
residues, however, the Aβ N-terminus contains aspartic acids and glutamic acids (D1, E3, 
D7 and E11). These residues are negatively charged and are likely to bind positively 
charged metal ions. Additionally, the peptide contains three histidine residues (H6, H13 
and H14) which through their imidazole ring can contribute to the coordination of metal 
ions under physiological conditions. Histidine residues have a pKa of ~6, which makes 
their metal binding properties sensitive to pH variations. 

Metal ions such as Ni(II), Cu(II), Pb(IV), Zn (II) have been shown to bind at specific sites 
on the Aβ peptide. This binding occurs in the N-terminal region by involving the His 
residues as binding ligands. The binding of metals to the Aβ peptide can also be  
non-specific, as in the case of uranyl, Mn(II) and Pb(II) ions. In these cases, it is proposed 
that the interactions occur via non-specific electrostatic interactions between negatively 
charged Aβ residues and the positively charged metal ions (Danielsson et al., 2007; 
Ghalebani et al., 2012; Wallin et al., 2016; Wallin et al., 2017). Copper is an essential trace 
element in the human body with several important roles. It is crucial for enzyme function, 
iron metabolism, the immune response and antioxidant defense (Council, 2000). In the 
brain and related neurological systems, Cu is a cofactor in several enzymes that are 
critical in production of neurotransmitters, in the electron transport chain, development 
and differentiation of neuronal cells and in antioxidant defense (D'Ambrosi & Rossi, 
2015; Opazo et al., 2014; Zhiwu Zhu, 2000). The distribution of Cu ions varies in the brain, 
and areas such as hippocampus, cerebellum, subventricular zone and substantia nigra 
which are important for memory, motor control, neuronal generation and cognitive 
functions, have shown abnormal levels of Cu in AD patients (Bagheri et al., 2017; 
Fu et al., 2015; Magaki et al., 2007; Suryana et al., 2024). Gaier et al. (2013) explained 
that the levels of copper in synapses can change rapidly, as a result of neuronal activity 
and suggested that Cu is released to the synaptic cleft during neurotransmission. 
Interestingly, abnormal Cu homeostasis in the synapses has been linked to both Wilson’s 
disease and AD.  

Cu is a redox-active metal that is known to participate in Fenton-like reactions, 
resulting in the formation of ROS, which as previously discussed is likely a key process in 
AD. It has also been discussed whether Cu ions accelerate or inhibit Aβ aggregation, 
as contradictory results have been published. Interestingly, it has been suggested that 
Zn(II) ions are able to compete with Cu(II) ions for Aβ binding, and this effect may 
attenuate the amount of harmful redox chemistry caused by Cu interactions (D. G. Smith 
et al., 2007). It seems most likely that the toxicity of Aβ:Cu complexes in cell cultures is 
higher, as compared to free copper ions (Faller & Hureau, 2009) 



29 

The exact role of Cu in neurodegenerative diseases like AD, HD and PD is not yet 
understood, but the dysregulation indicates that it plays a role in pathology. It is well 
known that Cu ions are able to bind to Aβ with a high affinity, and although the exact 
binding affinity (KD-values) varies depending on experimental setup and conditions, it is 
widely accepted that the Cu(II) ions bind to Aβ with a KD value up to 0.1-1 nM (Alies et al., 
2013; Conte-Daban et al., 2017; Young et al., 2014).  

Metal binding to peptides and proteins can be studied by taking advantage of the 
intrinsic fluorescence in the aromatic amino acids, i.e. tyrosine, tryptophan and 
phenylalanine. The Aβ peptide contains one tyrosine residue (Y10), which is located in 
the N-terminus, in close proximity to the histidine residues at position 6,13 and 14. 
A decrease in fluorescence upon titration with a metal ion can therefore be assumed to 
reflect metal binding to the protein, resulting in quenching of the intrinsic fluorescence. 
Plotting the loss of intrinsic fluorescence against the concentration of added metal gives 
a binding curve, which can be fitted to e.g. the Morrison equation and an apparent 
binding affinity (KD-value) can be obtained (Kuzmic, 2015). The Aβ peptide also contains 
three phenylalanine residues, but as the intrinsic fluorescence from these residues is very 
weak it can be considered negligible in the presence of tyrosine or tryptophan residues. 

1.7.2 ATCUN-motif 
The amino terminal Cu(II)- and Ni(II) binding (ATCUN) motif is a metal binding site, 
located in the N-terminus of many proteins. It requires a histidine residue at third 
position. The ATCUN complex consists of a four-nitrogen square-planar coordination 
mode, with a bound metal ion located in the center. One nitrogen atom is provided by 
the N-terminal amine, two from the protein backbone peptide bonds and one from the 
imidazole ring of the histidine residue (Maiti et al., 2020; Sankararamakrishnan et al., 2005). 

Interestingly, truncated versions of the Aβ peptide have been found in amyloid 
plaques, especially Aβ4-42, but also Aβ 11-x, both in patients with AD and in people with 
trisomy 21(Liu et al., 2006; Masters et al., 1985; Portelius et al., 2010). 

As the Aβ peptide contains histidine residues at position 6, 13 and 14 (Figure 3), 
truncation into Aβ4-42 and Aβ 11-x puts a histidine residue in position three, forming 
ATCUN-motifs. The truncated Aβ peptides have been shown to bind Cu(II) ions several 
orders of magnitude stronger than the Aβ1-40/42 peptide (Barritt & Viles, 2015; Mital et al., 
2015), potentially explaining the increased metal content that have been found within 
amyloid plaques.  

1.7.3 Dityrosine formation 
Dityrosine is a dimeric form of the amino acid tyrosine and occurs when the two amino 
acids are linked together by a covalent bond between their aromatic rings. Dityrosine can 
be formed through both enzymatic and non-enzymatic processes, where in the latter 
case free radicals cause the oxidation of the tyrosine residue. A reactive tyrosyl radical is 
formed when the hydrogen of the hydroxyl group is removed. This process typically 
occurs under conditions of oxidative stress, where ROS can induce oxidation of tyrosine 
residues. Dityrosine crosslinks stabilize the structure of proteins/peptides. Although high 
levels of dityrosine often indicates oxidative stress and can act as a marker for some 
biochemical processes and pathological conditions, formation of dityrosine is in some 
processes thought to be required for proper biological function (Maina et al., 2023). 
The formation of dityrosine can be monitored in vitro, as it emits fluorescence around 
350 nm (excited at 315 nm) (Radomska & Wolszczak, 2022). 
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In the case of Aβ, the peptide contains one tyrosine residue at position 10 (Y10), which 
can participate in dityrosine formation. Cross-linking of Aβ peptides promotes the 
formation of aggregates and these will be more resistant to degradation and potentially 
making normally soluble aggregates insoluble. Dityrosine-linked Aβ peptides have also 
been shown to be present in amyloid plaques in human AD brain and CSF (Al-Hilaly et al., 
2013). Barnham et al. (2004) concluded that in oligomers formed mainly from Aβ 
peptides where the Y10 residue were exchanged for an alanine (Y10A), showed less 
toxicity compared to the oligomers of WT peptide. It was therefore suggested that the 
toxicity of oligomers might be dependent on the cross-linking of Y10 residues. This 
conclusion is further supported by the fact that murine Aβ, which lacks the tyrosine 
residue at position 10 (Y10P) generally has less Aβ deposits in their brains.  

1.7.4 Interactions of Aβ peptides with non-essential metals 
It has been shown that some non-biologically essential metals are able to accumulate in 
the brain and contribute to neurotoxicity (Carmona et al., 2021; Ijomone et al., 2020). 
Understanding the interactions between AD related proteins and metals that are 
prevalent in industrial and environmental settings such as nickel (Ni), mercury (Hg) and 
uranium (U) is important, as they may affect the disease progression. 

The role of metal ions in AD has been discussed for decades, and as repeatedly 
mentioned in this thesis, it is still far from elucidated. Therefore, it is important to 
continue the studies to, if possible, reach a consensus if and how metals are involved in 
AD pathogenesis.  

1.7.4.1 Mercury 
Mercury is a chemical element with the atomic number 80. It occurs in three forms: 
elemental/metallic (Hg), inorganic (including Hg(I), which typically occurs as diatomic 
Hg22+ and Hg(II)) and organic (such as methyl- or ethyl mercury, CH3Hg+ and C2H5Hg+, 
respectively). Humans are primarily exposed to Hg from industrial sources and through 
consumption of seafood. In 2021, the World Health Organization (WHO) placed mercury 
on the top ten list of “chemicals of major public health concern” and according to the 
Global Mercury Assessment 2018, the atmospheric Hg increased by 20% between 2010 
and 2015, indicating a growing problem (UNEP, 2019; WHO, 2021). 

It is well known that Hg is a toxic metal with a wide range of adverse health effects, 
affecting organs such as the lungs, kidneys, brain and nervous system (Arrifano et al., 
2018; Bernhoft, 2012; Rice et al., 2014). Methyl mercury and mercury vapor are especially 
toxic as they can cross membranes, including the BBB. They are also able to accumulate 
in the brain and disrupt cellular functions and components through the generation of 
ROS and oxidative stress, inhibit enzyme function, disrupt Ca homeostasis and as a result 
interfere with the release of neurotransmitters (Carvalho et al., 2019; Farina et al., 2013; 
Kerper et al., 1992; Paduraru et al., 2022; Roos et al., 2012). The neurotoxicity of organic 
mercury such as MeHg is not completely understood. However, important targets for 
MeHg are sulfhydryl groups, which are present in larger proteins but also in the amino 
acid cysteine. By modifying the state of the SH-groups, the protein function may become 
perturbed (Farina et al., 2013).  

1.7.4.2 Nickel 
Nickel is a ferromagnetic metal that occurs naturally in the earth’s crust in many 
minerals. It is a common metal in the industrialized world and is used mainly in Ni-Cd 
batteries, stainless steel and coins. Ni is not an essential metal in humans, although it 
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seems to be essential for some bacteria and plants (Eskew et al., 1983; Fischer et al., 
2016). Nickel can be toxic for humans and may affect the cardiovascular system, have 
dermatological effects and be neurotoxic. The metal can reach the brain via the olfactory 
neurons in rats, and thereby circumvent the BBB (Henriksson et al., 1997). It contributes 
to neurotoxicity through ROS formation, inflammation and mitochondrial dysfunction.  
It also disrupts neurotransmitter systems, negatively affecting synaptic transmission and 
plasticity (He et al., 2011; Ijomone, 2021; Marchetti, 2014). One study showed that mice 
brains exposed to Ni nanoparticles exposed higher concentrations of both Aβ40 and Aβ42 
than the controls (Kim et al., 2012). Although Ni is not the metal of primary focus in AD, 
it is a metal commonly occurring in the environment and as a result, many people are 
exposed and its potential contribution to neurogenerative processes should not be 
overlooked. 

1.7.4.3 Uranium 
Uranium is a metal with atomic number 92. It occurs in several isotopes, with uranium 
238 being the most common. Depending on the chemical form, the toxicity of uranium 
varies. For example, natural uranium is very weakly radioactive, and its toxicity is 
primarily exerted through its chemical properties as a heavy metal. Enriched and 
depleted uranium is most commonly used as fuel in nuclear reactors and in military 
ammunition, respectively. Uranium is not a very common metal in the environment; 
however, uranium is a natural component of the earth’s crust and activities like mining, 
volcanoes or industrial work may lead to its release. Therefore, the primary way of 
uranium exposure is through contaminated soil or water. Uranium mainly affects kidneys 
and bones, where it can accumulate and cause damage. Its role in neurotoxicity is not 
very well studied, but it is known to induce ROS, disrupt neurotransmitter release and 
damage mitochondria. In animal studies, it has been shown that the memory of the 
uranium exposed animals is affected, and a chronic exposure to uranium can result in 
depression-like symptoms and sleep disturbances (Lestaevel et al., 2005; Vellingiri, 
2023). In this thesis, the metallic oxycation uranyl has been studied, and although the U 
ion is bound to oxygen, uranium ion is dominant in the molecule. The uranyl ion is soluble 
in water, and it is the most common form of U found in nature. 

1.8 Therapeutic strategies for Alzheimer’s disease 
AD poses a significant challenge to both healthcare systems and researchers worldwide 
due to its complex pathology. Despite extensive research, where various aspects and 
molecular pathways of AD have been targeted, no effective disease-modifying treatment 
has yet been developed.  

Traditionally, AD treatment has focused on symptom management rather than 
modifying the disease progression (Sheikh et al., 2023). As the cholinergic hypothesis 
suggest that a decrease in ACh is implicated in the cognitive decline, acetylcholinesterase 
inhibitors (such as Donepezil, Rivastigmine and Galantamine) have been developed and 
are used to treat mild to moderate AD by increasing levels of ACh (Annicchiarico et al., 
2007). These drugs are often used in combination with NMDA receptor antagonists that 
can modulate the activity of glutamate which at high concentrations may cause neuronal 
damage (Hansen et al., 2008; Vaz & Silvestre, 2020).  

Since the amyloid cascade hypothesis and the role of APP was proposed and widely 
accepted in the 1990s (Hardy & Higgins, 1992), a natural target for drug development 
has been the Aβ peptide. One strategy has been to target the secretases involved in the 
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proteolytic cleavage of APP, to reduce the amount of Aβ produced. Initially the focus was 
on inhibiting the main β-secretase (BACE1), but early compounds of BACE1-inhibitors 
faced challenges with selectivity and exposed an insufficient clinical effect on cognitive 
and functional decline. In addition, when the amyloid cascade hypothesis started to be 
debated, many companies shifted their focus towards other targets, resulting in a 
reduction of BACE inhibitors in clinical trials (Bazzari & Bazzari, 2022; Cummings et al., 
2024; Egan et al., 2018). Another strategy is to instead upregulate the α-secretase 
(particularly ADAM10) to promote the non-amyloidogenic pathway. This approach 
showed promising results in a pilot study back in 2014 (Endres et al., 2014) and today 
two α-secretase modulator drugs are in phase 2 clinical trials (Cummings et al., 2024; 
Endres & Deller, 2017). 

A problem with targeting the secretases for APP cleavage (α-,β- and γ-secretase) is 
that they have other important physiological functions and target also other substrates 
than APP. Therefore, their targeting may have some severe side effects (Hartmann et al., 
2002; Hur, 2022).  

In recent years, monoclonal antibodies (mAbs) have emerged as a leading and 
promising strategy in AD treatment as well as in other neurodegenerative diseases such 
as multiple sclerosis (Freeman & Zephir, 2024). The mAbs are designed to bind Aβ 
peptides at different stages of aggregation, facilitate their clearance from the brain and 
thereby might slow down disease progression. In 2021, the mAb Aducanumab was 
approved for AD treatment in the USA (U.S Food and Drug Administration, 2021). It is the 
first disease-modifying therapy that has been approved for AD treatment and was 
followed by the approval of Lecanemab in the USA in 2023 (U.S Food and Drug 
Administration, 2023). Additionally, several mAbs (Donanemab, Gantenerumab, 
Solanezumab etc.) are currently in clinical trials (Cummings et al., 2024).  

Another type of drug for AD that has been suggested is the use of metal chelators. 
Metal chelators are chemical compounds that bind to metal ions and modulate the metal 
balance in the body. In AD, the chelators may play a role by affecting pathological 
processes related to metals, especially those that involve copper, zinc and iron. 
The principle of chelators is that they bind specifically and create complexes which 
redistribute metal ions or excrete them. In AD the aim would be to reduce or redistribute 
the levels of metal ions such as iron, copper and zinc which are most associated with 
aggregation of Aβ, oxidative stress, and also found in elevated levels in amyloid plaques. 
A few drugs have been suggested: Clioquinol and PBT2 bind specifically to Cu and Zn and 
have been shown to reduce number of Aβ aggregates and improve cognitive function in 
animal models. Additionally, iron and zinc chelators have also been tested (deferoxamine, 
deferasirox and TMEDA) to reduce the oxidative stress caused by the metal ions. 
However, none of the metal chelators mentioned above are available for the treatment 
of AD, as more studies are needed to ensure safety and minimize the side effects. Since 
the role of metals in AD is not yet fully understood, new insights are likely required before 
treatments with metal chelators can be used in AD (Budimir, 2011; Kenche & Barnham, 
2011; Sharma et al., 2018). Additionally lipoic acid, which is a strong antioxidant that has 
been shown to have metal-chelating properties and have been suggested as a potential 
redistributor of copper in AD (Kirss et al., 2024).  
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2 Aims of the study 
During the last decades, the connection between Alzheimer’s disease and metals has 
been extensively studied. The aim of the current thesis has been to further examine the 
effect of metals on AD related proteins and peptides.  

 
I. To investigate the interaction of inorganic mercury with different isoforms of 

the Apolipoprotein E protein and examine how the secondary structure of 
the protein is affected. 
 

II. To investigate the interactions between Ni(II) ions and Aβ peptides, focusing 
on the metal-binding properties, the effects on Aβ structure and aggregation.  

 
III. To determine if different ATCUN motifs show different Cu(II)-binding 

affinities under the conditions of direct competition with HSA and elucidate 
whether truncated Aβ peptides with ATCUN motifs can compete with HSA 
for the binding of Cu(II) ions.  

 
IV. To monitor the effects of uranyl ions on the structure and aggregation of 

different Aβ species.  
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3 Materials and methods 
Publication I: Mercury Ion Binding to Apolipoprotein E Variants ApoE2, ApoE3, and 
ApoE4: Similar Binding Affinities but Different Structure Induction Effects 

• Fluorescence measurements: titration of Hg ions to monitor changes in
intrinsic tryptophan fluorescence.

• Circular dichroism: titration of Hg ions to ApoE variants to determine the
effect on secondary structure.

Publication II: Residue-specific binding of Ni(II) ions influences the structure and 
aggregation of amyloid beta (Aβ) peptides 

• NMR spectroscopy: molecular details of Ni(II) binding to Aβ monomer and
estimation of Ni binding affinity to Aβ.

• Circular dichroism: monitoring change in secondary structure of Aβ upon
addition of Ni(II) ions.

• ThT fluorescence assay: effect of Ni(II) ions on kinetics of Aβ40 aggregation
• AFM imaging: characterization of morphology of Aβ40 aggregates.
• BN-PAGE analysis.
• FTIR spectroscopy of Aβ oligomers.
• Fluorescence microscopy: monitoring formation of dityrosine crosslinks.

Publication III: Direct Competition of ATCUN Peptides with Human Serum Albumin for 
Copper(II) Ions Determined by LC-ICP MS 

• Competition of ATCUN Peptides with Human Serum Albumin for Cu(II) ions.
• LCP-ICP MS analysis.
• Data analysis for determination of relative dissociation constants.

Publication IV: Characterization of Uranyl (UO22) Ion Binding to Amyloid Beta (Aβ) Peptides: 
Effects on Aβ Structure and Aggregation 

• Monitoring of Aβ aggregation by ThT fluorescence.
• TEM imaging of aggregated Aβ40 peptides.
• NMR spectroscopy: binding of uranyl to Aβ40 monomers.
• Fluorescence measurements to determine binding affinity of uranyl to Aβ via

quenching of Tyr10 fluorescence.
• Circular dichroism: monitoring changes in the secondary structure of Aβ upon

addition of UO22 ions.
• BN-PAGE analysis.
• FTIR spectroscopy.
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4 Results 
Publication I: Mercury Ion Binding to Apolipoprotein E Variants ApoE2, ApoE3, and 
ApoE4: Similar Binding Affinities but Different Structure Induction Effects 

• Hg(II) ions have similar binding affinity to all three Apolipoprotein E variants 
ApoE2, ApoE3 and ApoE4, indicating that the cysteine residues in position 
112 and 158 are not involved in binding of metal ions.  

• Titration to the ApoE peptide with Hg(II) ions affects their secondary 
structure differently, the largest change can be observed in ApoE4. 

 
Publication II: Residue-specific binding of Ni (II) ions influences the structure and 
aggregation of amyloid beta (Abeta) peptides 

• Specific binding of Ni(II) ions to the N-terminal region of the Aβ40 peptide was 
observed at neutral pH (7.3) but not at acidic pH (5.1). In the presence of a 
membrane-mimicking system (SDS micelles), no effect was observed on the 
C-terminal, while the N-terminal was largely affected.  

• Addition of Ni (II) ions to Aβ peptides in aqueous buffer reduces intensity 
while the shape of CD spectra remains unaffected. This suggests that Ni(II) 
ions induce precipitation and reduce Aβ in solution. 

• Ni(II) ions induce structural changes in Aβ40 WT and Aβ4-40 in aqueous buffer 
solution, indicating the transition of polyproline II helix structures into random 
coil structures. 

• In membrane mimicking environment the peptide takes an alpha helical 
structure. Titration of Ni(II) ions reduce the intensity at 208nm but not at 
222nm, indicating an increase in superhelicity.  

• The estimated dissociation constant for the Aβ40·Ni(II) complex is in the low 
µM range.  

• At sub-stoichiometric Ni(II):Aβ40 ratios, the Ni(II) ions slow down the 
Aβ40 fibrillization kinetics in a concentration-dependent manner.  

• Results of IR and PAGE studies indicate that the addition of Ni(II) ions appears 
to interfere with the SDS-induced conversion of Aβ42 monomers into 
homogenous and stable oligomeric structures, instead favoring the 
formation of larger and more heterogenous oligomer populations.  

• Incubation of Aβ40 and Ni(II) ions induces formation of dityrosine crosslinks.  
 

Publication III: Direct Competition of ATCUN Peptides with Human Serum Albumin for 
Copper(II) Ions Determined by LC-ICP MS 

• ATCUN and truncated Aβ peptides (Aβ4-16 and Aβ11-15) bind Cu(II) ions with an 
affinity similar to that for human serum albumin.  

• Other ATCUN-containing peptides also have similar Cu(II)-binding affinities.  
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Publication IV: Characterization of Uranyl UO22+ Ion Binding to Amyloid Beta (Abeta) 
Peptides: Effects on Abeta Structure and Aggregation 

• UO22+ ions inhibit the formation of Aβ amyloid fibrils in a concentration-
dependent manner, with complete inhibition at stoichiometric 
uranyl/Aβ40 ratios. 

• Uniformly distributed, concentration dependent intensity loss of amide-
cross-peak intensity in NMR spectra occurs at both pH 7.3 and 5.1. 

• UO22+ ions bind with higher affinity to Aβ40 WT and Aβ40 NoHis at a lower pH. 
• A structural transition in Aβ from random coil to β-sheets occurs upon 

titration of UO22+ ions at pH 5.1.  
• UO22+ ions are not able to induce dityrosine crosslinks under the experimental 

conditions used.  
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5 Discussion 
Alzheimer’s disease is characterized by progressive cognitive decline and memory 
impairment, with an inevitable fatal outcome. It is a challenging disorder that places a 
great emotional burden on the patients and their families as well as a significant 
economic burden on society. Despite extensive investigation over several decades, many 
details regarding the pathogenesis of AD are still unknown. 

The Aβ peptides are considered central to AD pathology and most likely play a critical 
role in the development and progression of the disease. Although the amyloid  
cascade hypothesis and the role of Aβ in AD pathogenesis is under debate, it is generally 
accepted that peptide plays an important role in AD pathogenesis. However, there is  
still disagreement about whether Aβ aggregation is the cause of the disease, or a 
consequence contributing to disease progression. It has been shown that the Aβ peptide 
exerts toxicity to cells during the aggregation process while preformed mature fibrillar 
aggregates show little or no toxicity (Krishtal et al., 2017). Therefore, understanding the 
aggregation process and the behavior of the Aβ peptide is crucial to understanding AD. 
Today, the oligomeric forms of Aβ are considered the most toxic species. Although the 
toxic mechanism is still unclear, it is believed to involve membrane disruption and 
induction of Ca-leakage (Wärmländer et al., 2019). Studying oligomeric Aβ species is 
therefore of great importance. However, as the oligomeric species are very unstable, 
their studies are complicated. To stabilize the oligomers detergents or fatty acids are 
often used (Vosough & Barth, 2021). Because there are many ways to prepare Aβ 
oligomers, there is also considerable variation in their reported properties, which makes 
it difficult to compare results and reach a consensus. It should be mentioned that Aβ 
peptides are in general extremely sensitive to variations in the experimental conditions. 
Factors such as pH, temperature, concentration, agitation, and access to surfaces or 
other interfaces may have large effects on the peptide’s behavior. It is imperative to 
consider this when performing experiments and comparing results.  

Metal ions such as copper, zinc and iron have for a long time been implicated in AD 
pathology, although their exact role remains unclear. They have been shown to interact 
with the Aβ peptide, influence aggregation, and possibly also promote the formation of 
toxic oligomeric species. Redox-active metal ions are furthermore known to induce ROS, 
which may cause further cellular and molecular damage. It is not yet clear if metal 
dyshomeostasis is a cause or an effect of the disease. It is also not clear if the formation 
of large aggregates is formed as a result of metal ions influencing the Aβ-peptide, or if 
the already formed aggregates attract metal ions. Either way, the metal ions seem to be 
involved in the pathological processes of AD, and possibly exacerbate it. 

Metal binding to the Aβ peptide has been the focus in three of the papers in this thesis. 
Variants of the full length Aβ-peptide were the main focus in paper II and IV. Paper III 
instead focused on shorter, truncated segments of the peptide (Aβ4-16 and Aβ11-15), which 
have a histidine residue at the third position, thereby forming ATCUN-motifs  
(NH2-X-Z-H). ATCUN-motifs are known to bind certain metal ions with high affinity 
through square planar geometry coordination involving-terminal amino group, two 
adjacent peptide nitrogens, and nitrogen from the histidine residue at position three. 

The truncated, ATCUN motif-containing Aβ4-42 and Aβ11-42 peptide fragments have 
been found in high concentrations in plaques of AD brains (Liu et al., 2006; Naslund  
et al., 1994; Portelius et al., 2010). The ATCUN configurations likely allow high-affinity 
metal binding to these peptide fragments, thereby probably altering the metal-peptide 



38 

interactions compared to the full-length peptide. Removal of the first three amino acids 
(Asp1, Ala2, Glu3) of the Aβ peptide furthermore reduces the overall negative charge of 
the peptide. It has been suggested that truncation of the N-terminal might increase the 
aggregation rate of the peptide, although the overall toxicity seems to be similar for Aβ4-x 
peptides and full-length peptides (Bouter et al., 2013; Pike et al., 1995; Wirths et al., 
2019). The truncation also affects the conformation of the peptide. Aβ4-X peptides may 
have a stronger propensity to form β-sheets, due to the increased hydrophobicity 
(Karkisaval et al., 2020; Pike et al., 1995). In this thesis, structural studies have been 
performed on the Aβ4-40 peptide with CD spectroscopy. No significant structural 
differences between the truncated- and full-length peptides were observed with this 
method (Figure 3, paper II). It should be pointed out that CD measurements are not very 
exact, as they report on the average secondary structure content in the sample.  
The truncated Aβ4-16 peptide has been reported to bind Cu(II) ions with similar affinity 
than human serum albumin (HSA), where the latter normally binds a substantial amount 
of the body’s circulating copper in the body (Kirsipuu et al., 2020). Interestingly,  
we showed that short peptides with ATCUN motifs could not remove substantial 
amounts of Cu(II) ions from excess HSA in blood and CSF environments (Paper III).  
We also investigated the interactions between full-length Aβ peptides, nickel(II) and 
uranyl ions, respectively. Interestingly, both Ni(II) and UO22+ ions induce structural 
changes and inhibit the fibrillation pathway of the peptide, although through different 
mechanisms. The uranyl ions did not show residue-specific binding to Aβ. Instead, the 
observed interaction effects are likely caused by electrostatic interactions between the 
cationic uranyl ion and the anionic peptide. For the Ni(II) ion, on the other hand,  
we observed specific binding to N-terminal residues, especially histidines. This result 
shows that metal ions can affect the peptides via various modes of interaction.  
For example, when the peptide is in membrane-mimicking environments, the Aβ peptide 
typically adopts α-helical conformations. CD spectroscopy can then be used to measure 
the characteristic CD intensities at 208 nm and 222 nm, where the θ222/θ208 ratio reflects 
the amount of superhelicity in the sample (Barbar & Nyarko, 2014). A clear increase in 
superhelicity, i.e. α-helices wound around each other as coiled-coils, can be observed in 
the Aβ1-40 WT and Aβ4-40 samples when Ni(II) ions are added. The coiled-coil conformation 
might enhance peptide stability and could therefore influence the aggregation process 
(Lupas & Bassler, 2017). The uranyl ion did not show a similar induction of superhelicity, 
although a structural transition from random coil into β-sheet structure was observed 
for Aβ peptides in aqueous solution. This structural change is thought to promote the Aβ 
aggregation, although the Thioflavin T fluorescence curves and images from transmission 
electron microscopy show that uranyl ions inhibit the fibrillization of the peptide by 
directing it towards non-fibrillar, amorphous aggregates in a concentration-dependent 
manner.  

The Ni(II) ions were found to induce dityrosine cross-links, which is a common effect 
of ROS action. Thus, Ni(II) ions may affect the Aβ aggregation processes not only through 
direct interactions with the peptide, but also through ROS formation. Dityrosine-linked 
Aβ dimers have been found in amyloid plaques in AD brains, most likely formed from ROS 
interactions, where the oxygen radicals might be created by the redox-active metal ions 
bound to the plaques (Berntsson et al., 2023; D. P. Smith et al., 2007; Williams et al., 
2016). Since Ni(II) ions bind to the Aβ N-terminal segment, mainly via histidine residues, 
it is possible that these metal ions can induce aggregation by coordinating histidine 
residues from several peptides. This would also position the Y10 residues in close 
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proximity, potentially facilitating the formation of dityrosine motifs. Aβ-dimers linked 
together via covalent dityrosine bonds are more stable and resistant to dissociation 
compared to other non-covalently linked Aβ dimers (Kok et al., 2013).  

Although the Aβ peptide is in the primary focus of AD research, the Aβ peptide will 
probably not give us all the answers about the disease. Other proteins and biomolecules 
also play important roles in AD. For example, the lipoprotein ApoE has been found within 
the amyloid plaques of AD patients, and the ApoE4 isoform is today the main genetic risk 
factor for developing sAD (Corder et al., 1993; Liao et al., 2004; Mishra et al., 2018). 
Interestingly, ApoE has been suggested to be involved in the clearance of metal ions 
and/or Aβ peptides from the brain. This conclusion is supported by the facts that the 
carriers (homo-/heterozygotes) of the ApoE4 isoform are more susceptible to mercury 
toxicity and have a higher risk of developing AD. In paper I of this thesis, we studied the 
effect of mercury ions on ApoE by monitoring changes in the secondary structure of the 
protein, as well as determining the apparent binding affinity for Hg(II) ions. Earlier, it has 
been suggested that the ApoE4 isoform may be less effective in metal binding as this 
isoform lacks cysteine residues at positions 112 and 158. Interestingly, the binding 
affinities for Hg(II) ions turned out to be virtually the same for all three isoforms, showing 
that Cys112 and Cys158 are not involved in Hg (II)-binding. Yet, binding of Hg(II) ions 
affected the secondary structure of the ApoE variants differently - the superhelicity 
increased more in ApoE4 than in ApoE2 and ApoE3. A previous study has shown that the 
C-terminal ApoE segment has a propensity to form superhelices, stabilized by salt
bridges, and our results may therefore be explained by structural changes in this segment 
(Choy et al., 2003). It should be mentioned that the three ApoE isoforms have different
initial secondary structures, as the variations at position 112 and 158 affect the protein
structure. For example, it has been suggested that interactions between Arg61 and
Glu255 would pull the N- and C-terminal segments closer to each other. This interaction
does not happen when Cys112 is present, due to interactions between Cys112 and Arg61. 
With this initial difference, it is reasonable that addition of Hg(II) ions induces different
structural alterations in the different isoforms. It has furthermore been shown that when 
ApoE is in a lipid-free solution, then the C-terminal segment promotes tetramerization,
as the hydrophobic residues are positioned in the center of the tetramer and become
protected from the aqueous environment. Such structural effects could potentially also
affect the metal-binding properties of the protein (Horn et al., 2023).

This thesis adds new knowledge about the interactions AD-related proteins and 
peptides with metal ions, which provides new insights into the disease mechanism, and 
thereby helps to solve the large puzzle of Alzheimer’s disease. 
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Conclusions 
I. All tree isoforms of Apolipoprotein E (ApoE2, ApoE3 and ApoE4) were found 

to bind mercury ions with similar binding affinities. Yet, the Hg(II) ions
induce different structural changes in the isoforms, with the largest
changes in ApoE4. The changes observed are interpreted as increased
superhelicity, due to the effects on the θ222/θ208 ratio in CD spectra.
The results show that Hg binding is likely coordinated by other amino acids
than Cys112 and Cys158, which are present in ApoE2 (Cys112 and Cys158)
and ApoE3 (Cys112). Weaker Hg (II) binding was seen at pH 5, indicating
that histidines are involved (i.e., His140 and His 299), although multiple
binding sites are likely present. The binding affinity of Hg(I) ions is much
weaker than that of divalent Hg(II) ions which suggests that the potentially
harmful interactions between ApoE and Hg are happening in the oxidizing
extracellular environment.

II. Ni(II) ions bind to the N-terminal segment of Aβ, with a binding affinity in
the low µM range. The binding of Ni(II) ions affects the fibrillization
process, and at equimolar amounts directs the aggregation away from
fibrillar structures and towards amorphous aggregates. The bound Ni ions
induce the formation of dityrosine cross-links via redox chemistry, thereby
creating covalent Aβ dimers. Secondary structure alterations are observed
upon the addition of Ni(II) ions, both in an aqueous environment and in a
membrane-mimicking environment. Stochiometric amounts of Ni(II) ions
promote the formation of heterogeneous Aβ oligomers. Since the oligomers
are considered the most toxic species of Aβ aggregates, this might contribute
to AD brain pathology.

III. Cu ions bind to truncated ATCUN-containing Aβ peptides with similar
affinity as to human serum albumin. The ATCUN motif-containing peptides
do not remove substantial amounts of Cu(II) ions from excess human serum 
albumin in blood and CSF environments.

IV. Uranyl ions bind to the Aβ peptide via non-specific electrostatic interactions,
with the strongest binding affinity observed at pH 5.1. Weaker binding was
observed at physiological pH values, potentially explained by interference
from His sidechains or by the presence of other uranyl species. The uranyl
ions inhibit Aβ fibrillization already at sub-stochiometric concentrations
and induce structural changes in both monomeric and oligomeric Aβ
species.
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Abstract 

Interaction of metal ions with peptides and proteins related 
to Alzheimer’s disease 
Alzheimer’s disease (AD) is the most common cause of dementia with approximately 55 
million patients worldwide. The disease has been studied for decades, and although 
significant progress has been made, there are still many gaps in our knowledge. So far, 
no effective disease-modifying treatments have been developed, despite ongoing 
efforts. The underlying molecular mechanisms remain debated, but it is widely accepted 
that aggregation of the amyloid-β (Aβ) peptide is involved in the disease pathology. 

The Aβ peptide is known to self-assemble into aggregates, ranging from dimers to lots 
of peptides, with large amyloid plaques as the end-product. Many hypotheses have been 
proposed regarding the cause of the disease. One of them is the metal hypothesis, which 
argues that metal dysregulation plays a crucial role in AD pathology. Increased levels of 
Cu, Fe and Zn have been found in the amyloid plaques of AD brains; however, the 
mechanism of metal involvement remains to be elucidated. There are indications that 
some metals can affect the cleavage of the Aβ precursor protein, thereby increasing the 
Aβ production, particularly the more aggregation-prone Aβ variants. Additionally, it has 
been suggested that metal ions affect the aggregation pathway of the Aβ peptide, and 
to some extent stabilize toxic oligomeric species. A third possibility is that the metals are 
not actually involved in the aggregation. Instead, they might bind to already formed 
aggregates and contribute to the formation of harmful oxygen radicals. 

In this thesis, some effects of metal ions on AD-related proteins have been 
investigated. Significant work has previously been published on the most biologically 
relevant metals, such as Cu, Zn and Fe, although with a lot of variations in the results. 
We were able to show that the truncated Aβ peptides containing an ATCUN-motif have 
similar binding affinities to Cu(II) as the well-known Cu(II) binding protein human serum 
albumin (HSA). It can be concluded that the truncated Aβ variants with an ATCUN-motif 
are not able to remove substantial amounts of Cu(II) ions from HSA in blood or CFS and 
do likely not have a dominant role in the regulation of Cu(II) ions in these environments. 

We also wanted to contribute to the field by investigating metals that are available in 
our environment, but which are not required for any biological processes in the human 
body. These studies can provide insights into the general mechanism of metal-induced 
peptide aggregation and toxicity. The selected metals are nickel, mercury, and uranium.  

We show that both nickel and uranium can slow down the fibrillization kinetics and 
direct the aggregates towards amorphous structures. The Ni(II) ions bind specifically to 
the N-terminal, particularly to the His residues and were also shown to induce the 
formation of dityrosine crosslinks, which generates aggregates that are more stable and 
more resistant to dissociation. The uranyl ions on the other hand did not show specific 
binding and are instead thought to interact with the peptide through electrostatic 
interactions. Interestingly, the uranyl ions showed strongest binding at pH 5.1, which 
could be explained by interference of the His sidechains at neutral pH and by the 
chemical properties of the uranyl ions that might become hydrolyzed at low pH. 
Therefore, the presence of monomeric and dimeric hydroxyl species mixed with the 
uranyl ions might affect the binding. Both Ni(II) and uranyl ions were able to induce 
β-sheet formation in aqueous solution and thereby stabilizing and promoting 
aggregation of the peptide.  
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Although the Aβ peptide is of great interest, there are many other peptides and 
proteins that are involved in AD. The apolipoprotein ApoE occurs in three isoforms, 
where the ApoE4 has been shown to be the main genetic risk factor for developing 
sporadic AD. Interestingly, ApoE4 carriers have also been shown to be more susceptible 
to mercury toxicity. Therefore, it has been suggested that the ApoE protein might be 
involved in the clearance of Hg and/or Aβ peptides, and that the ApoE4 isoform might be 
less effective at this task. 

 We showed that the binding affinity for Hg(II) ions is largely the same for all three 
ApoE isoforms, but that a larger structural change can be observed for the ApoE4 isoform 
upon addition of Hg(II) ions. This indicates that the amino acid variations between the 
different isoforms are not directly involved in the binding of Hg(II) ions, but that the 
differences in structure induction might be connected to the ApoE-ε4 gene being a risk 
factor for mercury intoxication.  

In this thesis, the studied peptides/proteins are different variants of amyloid-β, ApoE, 
and human serum albumin. Numerous biophysical methods, mainly spectroscopic and 
imaging techniques, have been used to characterize different aspects of the interactions 
between the selected metal ions and the protein/peptide variants. The focus has been 
to determine binding affinities, identify specific binding residues, and to monitor metal-
induced effects on secondary structure and aggregation of selected peptides/proteins. 
The obtained results widen our insights into the role of metal ions in AD pathology, 
highlighting specific interactions that may influence the progression of the disease.  
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Lühikokkuvõte 

Metallioonide interaktsioonid Alzheimeri tõvega seotud 
peptiidide ja valkudega 
Alzheimeri tõbi (AD) on kõige levinum dementsuse põhjus, mõjutades umbes 55 miljonit 
inimest üle kogu maailma. Haigust on uuritud kümneid aastaid ja kuigi on tehtud 
märkimisväärseid edusamme, on meie teadmistes endiselt palju lünki. Vaatamata 
jätkuvatele pingutustele pole seni veel välja arendatud tõhusaid haigust muutvaid 
ravimeetodeid. Haiguse aluseks olevad molekulaarsed mehhanismid on endiselt 
vaieldavad, kuid on laialdaselt aktsepteeritud, et amüloidi-β (Aβ) peptiidi agregatsioon 
on seotud haiguse patoloogiaga. 

Aβ peptiid on tuntud oma võime poolest ise kokku koonduda agregaatideks, mis 
hõlmavad nii oligomeere, kui ka paljudest peptiididest koosnevaid amüloidseid 
naastusid. On pakutud välja mitmeid hüpoteese, mis käsitlevad haiguse põhjust. Üks 
neist on metallide hüpotees, mis väidab, et metallide düsregulatsioon mängib AD 
patoloogias olulist rolli. Näiteks Cu, Fe ja Zn, kõrgenenud kontsentratsioone on leitud AD 
ajus amüloidsetes naastudes, kuid metallide osaluse mehhanism on veel uurimisjärgus. 
On viiteid sellele, et mõned metallid võivad mõjutada Aβ eellasvalgu lõhustumist, 
suurendades rohkem agregatsioonile kalduvate Aβ peptiidide tootmist. Lisaks võivad 
metallioonid mõjutada Aβ peptiidi agregatsiooniteed ja osaliselt stabiliseerida toksilisi 
oligomeerseid vorme. Kolmanda võimaluse kohaselt ei osale metallid Aβ agregatsioonis, 
kuid selle asemel võivad nad seostuda juba moodustunud agregaatidega ja aidata kaasa 
kahjulike hapniku radikaalide tekkele. 

Käesolevas töös on uuritud mõningate metallioonide mõju AD-ga seotud valkudele. 
Varasemalt on teostatud mahukas töö bioloogiliselt kõige olulisemate metallide kohta, 
nagu Cu, Zn ja Fe, kuigi tulemused varieeruvad. Me suutsime näidata, et lühenenud Aβ 
peptiid, mis sisaldab ATCUN-motiivi, seondub Cu(II)-ioonidega sarnaselt tuntud Cu(II) 
siduva valgu - inimese seerumi albumiiniga (HSA). Võib järeldada, et lühenenud Aβ 
variandid, mis sisaldavad ATCUN-motiivi, ei suuda veres või tserebrospinaalvedelikus 
eemaldada Cu(II) ioone HSA-lt ja ei mängi tõenäoliselt domineerivat rolli Cu(II) ioonide 
regulatsioonis neis keskkondades. 

Soovisime samuti panustada valdkonda, uurides metalle, mis esinevad meie 
keskkonnas, kuid mis ei ole inimorganismi funktsioneerimiseks vajalikud. Need uuringud 
võivad anda täiendavat informatsiooni metallioonide poolt põhjustatud peptiidide 
agregatsiooni ja toksilisuse üldmehhanismide kohta. Valitud metallideks olid nikkel, 
elavhõbe ja uraan. 

Me näitasime, et nii nikkel(II), kui ka uranüülioonid suudavad aeglustada Aβ 
fibrilliseerumise kineetikat ja suunata protsessi amorfsete agregaatide tekke suunas. 
Ni(II) ioonid seonduvad spetsiifiliselt Aβ N-terminaalses osas paiknevate His-jääkidega, 
ning suudavad samuti indutseerida ditürosiini-ristsidemete moodustumist, mis tekitab 
stabiilsemaid ja dissotsiatsioonile vastupidavamaid agregaate. Uraanüülioonid seevastu 
ei näidanud spetsiifilist sidumist Aβ-ga, millest järeldub, et need ioonid mõjutavad 
peptiide elektrostaatiliste interaktsioonide kaudu. Uranüülioonid näitasid tugevaimat 
sidumist pH-l 5,1 juures, mida võiks selgitada His-külgahelate segava toimega neutraalses 
pH alas ja uraanüülioonide keemiliste omadustega, mis võivad madalal pH-l 
hüdrolüüsuda. Seetõttu võib monomeersete ja dimeersete hüdroksüülühendite ja 
uraanüülioonide segu mõjutada seostumist. Nii Ni(II) kui ka uraanüülioonid suutsid 
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indutseerida β-lehtstruktuuride moodustumist vesilahuses ja seeläbi stabiliseerida ja 
soodustada Aβ peptiidi agregatsiooni. 

Kuigi Aβ peptiid on oluline huviobjekt, on palju teisi peptiide ja valke, mis on seotud 
AD-ga. Apolipoproteiin ApoE esineb kolmes isovormis, kus ApoE4 on peamine 
geneetiline riskitegur sporaadilise AD tekkes. On huvitav märkida, et ApoE4 kandjate 
puhul on näidatud, et nad on ka tundlikumad elavhõbeda toksilisusele. Seetõttu on välja 
pakutud, et ApoE valk võib osaleda elavhõbeda ja/või Aβ peptiidide väljutamises 
organismist ning et ApoE4 isoform võib olla vähem efektiivne selle ülesande täitmisel. 
Näitasime, et elavhõbe (Hg(II)) ioonide sidumisafiinsus on kõigi kolme ApoE isoformi 
puhul küllalt sarnane, kuid Hg(II) ioonide lisamisel on ApoE4 isoformi puhul täheldatav 
suurem struktuuri muutus. See viitab sellele, et erinevate isoformide vahelised järjestuse 
variatsioonid ei osale otseselt Hg(II) ioonide sidumises, kuid struktuuri indutseerimise 
erinevused võivad olla seotud ApoE4 suurema elavhõbedamürgituse riskiteguriga. 

Käesolevas töös uuritud peptiidid/valgud on erinevad Aβ variandid, ApoE ja HSA. 
Erinevate metallioonide ja valgu/peptiidi variantide vaheliste interaktsioonide 
iseloomustamiseks on kasutatud mitmesuguseid biofüüsikalisi meetodeid. Fookus on 
olnud sidumisafiinsuste määramisel, spetsiifiliste sidumiskohtade tuvastamisel ning 
metallide poolt põhjustatud mõjude jälgimisel valkude/peptiidide sekundaarstruktuurile 
ja agregatsioonile. Saadud tulemused laiendavad meie arusaama metallioonide rollist AD 
patogeneesis, tuues esile spetsiifilised interaktsioonid, mis võivad mõjutada haiguse 
progresseerumist.
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Palumaa, P., & Warmlander, S. (2022). Mercury Ion Binding to Apolipoprotein E Variants 
ApoE2, ApoE3, and ApoE4: Similar Binding Affinities but Different Structure Induction 
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_Za²³́µ¶²·̧ ¹º̧ »¼½¾¿ÀÁÂ¼Ã́¿ º́ÄÅÆÇ
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CDEFG�HDID�JKELMJFDL�NOGK�PKI�QRST�UDUFVLDG�FKWDFXDI�HVFX�YZY�CVJDOODG�[\T�C]�YZY�LDFDIWDEF�JKEJDEFINFVKÊ�NF�U_�̀ab�[cVWa�dêacKI�QRST�VE�NfMDKMG�U_�̀ab�gMhDIi�NLLVFVKE�KP�jV[kk̂�VKEG�VELMJDG�N�JKEJDEFINFVKElLDUDELDEF�OKGG�KP�NCVLD�JIKGGUDNm�VEFDEGVFni�DGUDJVNOOn�VE�FXD�jlFDICVENO�IDWVKE�[cVWa�dQ̂a�oVG�VELVJNFDG�GUDJVpJ�gVELVEW�KP�jV[kk̂�VKEG�FK�jlFDICVENO�QRST�IDGVLMDGa�oD�GUDJVpJ�OKGG�KP�jlFDICVENO�JIKGGUDNm�VEFDEGVFn�VG�OVmDOn�JNMGDL�gn�VEFDICDLVNFD�KI�DqDE�GOKH�[KE�FXD�j]r�FVCDlGJNOD̂�JXDCVJNO�DsJXNEWD�gDFHDDE�N�PIDD�NEL�N�gKMEL�GFNFD�KP�FXD�QRST�UDUFVLDGi�GVCVONI�FK�FXD�DhDJF�VELMJDL�gn�eM[kk̂�NEL�tE[kk̂��VKEGSTiuvi�UIKgNgOn�FKWDFXDI�HVFX�UNINCNWEDFVJ�fMDEJXVEW�DhDJFG�KP�FXD�jV[kk̂��VKEGuba�wXDE�FXD�jV[kk̂�VKEG�NID�NLLDL�FK�FXD�GNCUODi�EK�EDH�JIKGGUDNmG�JKIIDGUKELVEW�FK�jV[kk̂lgKMEL�QRST�UDUFVLDG�NID�KgGDIqDL�[cVWa�dQ̂a�oVG�GMWWDGFG�FXNF�EK�GVEWOD�HDOOlLDpEDL�jV[kk̂xQRST�JKCUODs�DsVGFGa�kEGFDNLi�N�INEWD�KP�jV[kk̂lgKMEL�GFNFDG�KP�FXD�QRST�UDUFVLDG�NID�OVmDOn�UIDGDEFi�UIKgNgOn�NF�LVhDIDEF�GFNWDG�KP�NWWIDWNFVKE�NEL�KOVWKCDIVyNFVKEa�zNJX�GFNFD�VG�FXDE�FKK�HDNmOn�UKUMONFDL�FK�JIDNFD�LVGFVEJF�j]r�JIKGGUDNmGa�oVG�VG�VE�OVED�HVFX�DNIOVDI�j]r�GFMLVDG�IDUKIFVEW�FXNF�QRST�UDUFVLDG�NID�VE�N�LnENCVJ�DsJXNEWD�gDFHDDE�j]rlKgGDIqNgOD�CKEKCDIG�NEL�XDFDIKWDEDKMG�j]rlVEqVGVgOD�KOVWKCDIG�[N�{LNIm�GFNFD|̂uviuSaoDID�VG�NOGK�N�WDEDINO�OKGG�KP�JIKGGUDNm�VEFDEGVFn�PKI�NOO�QRST�IDGVLMDGi�VEJOMLVEW�FXD�JDEFINO�NEL�elFDICVENO�NCVEK�NJVLGi�MUKE�NLLVFVKE�KP�jV[kk̂�NJDFNFDa�oVG�DhDJF�VG�OVmDOn�JNMGDL�gn�N�JKCgVENFVKE�KP�EKElGUDJVpJ�jV[kk̂�gVELVEW�VEFDINJFVKEGi�KE�NE�VEFDICDLVNFD�KI�GOKH�j]r�FVCDlGJNODi�NEL�gn�FXD�jV[kk̂�VKEG�UIKCKFVEW�NWWIDWNlFVKE�KP�FXD�QRST�UDUFVLDG�VEFK�JKCUODsDG�FXNF�NID�FKK�ONIWD�FK�gD�KgGDIqDL�HVFX�_Y}e�j]ri�KI�FXDn�CNn�GVCUOn�UIDJVUVFNFD�KMF�KP�FXD�GKOMFVKEaQF�U_�\a~i�FXD�OKGG�KP�JIKGGUDNm�VEFDEGVFn�N�DI�NLLDL�jV[kk̂�VKEG�VG�qDIn�MEVPKICi�VaDai�FXDID�VG�EK�IDGVLMDlGUDJVpJ�gVELVEW�[cVWa�d�̂a�oD�CNVE�LVhDIDEJD�NF�FXVG�OKHDI�U_�VG�FXNF�XVGFVLVED�IDGVLMDG�NID�UIKFKENFDLi�NG�FXDn�XNqD�U�N�qNOMDG�NIKMEL�~a��VE�GXKIF��UDUFVLDGu\a�jNFMINOOni�UIKFKENFDL�_VG�IDGVLMDG�NID�ODGG�UIKED�FK�gVEL�JNFVKEVJ�CDFNO�VKEGa�oD�OKGG�KP�IDGVLMDlGUDJVpJ�jV[kk̂�VKE�gVELVEW�NF�U_�\a~�FXDIDPKID�GFIKEWOn�VELVJNFDG�FXNF�XVGFVLVEDG�NID�VEqKOqDL�VE�FXD�KgGDIqDL�IDGVLMDlGUDJVpJ�jV[kk̂�VKE�gVELVEW�NF�EDMFINO�U_a�oVG�VG�GMUUKIFDL�gn�FXD�j]r�IDGMOFG�NF�U_�̀ab�PKI�FXD�QRST�NIKCNFVJ�GVLD�JXNVEGi�HXDID�FXD�NIKCNFVJ�IVEWG�KP�FXD�jlFDICVENO�IDGVLMDG�_VG~i�_VGdbi�

�����������j]r�vZ�d_id\jl_Y}elGUDJFIN�KP��S��]�d\jlONgDODL�QRST�UDUFVLDG�gDPKID�[gOMD�UDNmĜ�NEL�N�DI�NLLVFVKE�KP�pIGF�Sv��]�[IDL�UDNmĜ�NEL�FXDE��S��]�[FDNO�UDNmĜ�jV[kk̂�NJDFNFDa�YUDJFIN�HDID�IDJKILDL�NF�\��e�VE�vT�C]�GKLVMC�UXKGUXNFD�gMhDI�NF�U_�̀ab�[�̂i�NF�U_�\a~�[�̂i�NEL�NF�U_�̀ab�FKWDFXDI�HVFX�\T�C]�YZY�LDFDIWDEF�[�̂a�oD�UDNm�VEFDEGVFn�VE�FXD�gNI�JXNIFG�VG�WVqDE�NG�FXD�INFVK�gDFHDDE�FXD�JIKGGUDNm�VEFDEGVFn�HVFX�NLLDL�jV[kk̂�VKEG�IDONFVqD�FK�FXD�VEFDEGVFn�gDPKID�NLLVFVKE�KP�jV[kk̂�VKEGi�VaDa�k�kTa
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DEF�GHIJKL�MNOPMQPR�SHMQ�TURJVL�FHIWXDU�D�INYPSQDM�XDROPR�XNII�NZ�[RNIIWPD\�IHOEDX�HEMPEIHMU�MQDE�MQP�DRNYDMH[�RHEOI�NZ�MQP�]QPKL�]QPĴL�DEF�]QP_V�RPIHF̀PI�abHOc�_dceWP[Hf[�XNII�NZ�[RNIIWPD\�HEMPEIHMU�ZNR�ghMPRYHEDX�RPIHF̀PIL�̀WNE�DFFHMHNE�NZ�gHaiid�D[PMDMPL�HI�NjIPRkPF�DXIN�ZNR�lmKV�WPWMHFPI�WNIHMHNEPF�HE�ene�YH[PXXPI�abHOc�JodL�SQH[Q�[NEIMHM̀MP�D�IHYWXP�YNFPX�ZNR�jHNhYPYjRDEPIKpLK̂c�qP�[PEMRDX�DEF�ohMPRYHEDX�lm�RPOHNEI�DRP�\ENSE�MN�HEIPRM�MQPYIPXkPI�DI�rhQPXH[PI�HEMN�ene��YH[PXXPIKpLsJL�DEF�MQ̀IL�MQP�JGLJsghGeto�IWP[MR̀Y�ZNR�lmKV�HE�ene�YH[PXXPI�[NRRPIWNEFI�MN�DE�rhQPXH[DX�[NEZNRYDMHNE�NZ�MQP�lm�WPWMHFPc�qP�ghMPRYHEDX�IPOYPEM�HI�\ENSE�MN�RPYDHE�̀EIMR̀[M̀RPF�ǸMIHFP�MQP�YH[PXXP�ÌRZD[PL�SQPRP�HM�HI�DkDHXDjXP�ZNR�HEMPRD[MHNEI�SHMQ�PcOc�YPMDX��HNEÎuc�qP�ohMPRYHEDX�RPIHF̀PI�DRP�̀EDvP[MPF�jU�MQP�DFFPF�gHaiid�HNEI�abHOc�JodL�SQH[Q�IQNSI�MQDM�MQPU�DRP�EPHMQPR�DvP[MPF�jU�FHRP[M�gHaiidhjHEFHEOL�ENR�jU�gHaiidhHEF̀[PF�DOORPODhMHNEwYNIM�XH\PXU�lm�WPWMHFPI�[DEENM�DOORPODMP�SQPE�jǸEF�MN�ene�YH[PXXPIL�DM�XPDIM�SQPE�MQPRP�HI�NE�DkPRDOP�
xyz{|}�~���g���_n�JGLJ�ohGeto�IWP[MRD�NZ�pK����J�oLJsghXDjPXPF�lmKV�WPWMHFPI�HE�_V�Y��WQNIWQDMP�j̀vPRL�WG��c�L�jPZNRP�ajX̀Pd�DEF�D�PR�aRPFd�DFFHMHNE�NZ�K_����gHaiid�D[PMDMPc�eNYP�]QP�[RNIIWPD\I�[ǸXF�ENM�jP�DIIHOEPF�MN�HEFHkHF̀DX�RPIHF̀PIL�DEF�DRP�HEIMPDF�XHIMPF�DI�baidL�baiidL�DEF�baiiidc
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DEFF�GHIJ�KJE�LELGMNE�LEO�PMQEDDER�STFU�IDFK�MJ�GHE�LOEFEJQE�KV�WXW�PMQEDDEF�YZM[R�\]̂U�GHE�_̀ a�FLEQGOTP�OEbEQGF�_MYcĉ�MKJ�dMJNMJ[�GK�PKJKPEOMQ�efgh�LELGMNEFRij������������k�l�m�n��l������o�pq������rm�k����n��n��s�]X�FLEQGOKFQKLt�uIF�TFEN�GK�MJvEFwGM[IGE�LKFFMdDE�QHIJ[EF�MJ�ef�FEQKJNIOt�FGOTQGTOE�TLKJ�INNMGMKJ�KV�_MYcĉ�MKJFU�dKGH�MJ�IxTEKTF�dTyEO�IJN�MJ�I�PEPdOIJEwPMPEGMQ�EJvMOKJPEJG�YMRERU�WXW�PMQEDDEF̂R�SE�GHOEE�LELGMNE�vIOMIJGF�efghU�efghY_KzMF̂�PTGIJGU�IJN�efYg{gĥ�uEOE�MJvEFGM[IGENR�cJ�IxTEKTF�dTyEOU�GHE�]X�FLEQGOI�VKO�PKJKPEOF�KV�IDD�GHOEE�vIOMIJGF�NMFLDIt�GtLMQID�OIJNKP�QKMD�FM[JIDF�uMGH�PMJMPI�IOKTJN�\|}{\|~�JP�YZM[R��̂ReNNMGMKJ�KV�_MYcĉ�MKJF�GK�ef�LELGMNEF�MJ�IxTEKTF�dTyEO�MJNTQEF�QKJQEJGOIGMKJwNELEJNEJG�QHIJ[EF�MJ�GHE�]X�FLEQGOI�VKO�GHE�PKJKPEOF�KV�IDD�GHOEE�LELGMNE�vIOMIJGF�YZM[R��X{ẐR�ZKO�GHE�efghY_KzMF̂�LELGMNEU�GHEFE�QHIJ[EF�
�����������]X�FLEQGOI�KV�_MYcĉ�IQEGIGE�GMGOIGEN�GK�ef�LELGMNEF�MJ��h�P̀ �LHKFLHIGE�dTyEOU�Lz��R�U�IG�����]R�SE�GMGOIGMKJF�uEOE�QKJNTQGEN�EMGHEO�MJ�GHE�LOEFEJQE�KV�WXW�PMQEDDEF�Y�{�̂�KO�MJ�IxTEKTF�dTyEO�KJDt�Y�{�̂U�VKO�GHOEE�NMyEOEJG�LELGMNE�vIOMIJGFU�MRER�\h��̀ �efgh�Y�U�̂U�\h��̀ �efghY_KzMF̂�Y�U�̂U�IJN����̀ �efYg{gĥ�Y�U�̂R�SE�dDIQ��FLEQGOI�FHKu�ef�LELGMNEF�MJ�dTyEO�KJDtR�ZKO�FIPLDEF�e{]U��h�P̀ �WXW�uIF�GHEJ�INNEN�YOEN�FLEQGOÎR�_E�GU�VKO�IDD�FIPLDEFU�_MYcĉ�IQEGIGE�uIF�GMGOIGEN�MJ�FGELF�KV����̀ �YKOIJ[ÊU�g��̀ �YtEDDKûU�\}��̀ �YGTOxTKMFÊU��}��̀ �Y[OEEĴU�\�}��̀ �YLTOLDÊU�IJN��JIDDt���}��̀ �YdDTE�FLEQGOÎR
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CDEEFGHDIJ�KD�L�JFCEFLGF�MI�MIKFIGMKNO�PMKQDRK�CQLISMIS�KQF�GQLHF�DT�KQF�GHFCKERU�VWMSX�YZX�[MG�\M]F\N�UFLIG�KQLK�KQF�̂MV__Z�MDIG�MIJRCF�HFHKMJF�LSSEFSLKMDI�LIJ�HEFCMHMKLKMDIO�KQFEF̀N�EFJRCMIS�KQF�FaFCKMbF�cd�CDICFIKELeKMDI�MI�KQF�GD\RKMDIXWDE�KQF�cdfg�LIJ�cdVfhfgZ�bLEMLIKGO�LJJMKMDI�DT�̂MV__Z�MDIG�MIJRCFG�GKERCKREL\�KELIGMKMDIG�̀FKPFFI�KPD�JMGKMICK�CDITDEULKMDIGO�LG�FbMJFICFJ�̀N�KQF�MGDJMCQEDMC�HDMIKG�LEDRIJ�ijg�IU�VWMSX�YkOWZX�cd�HFHKMJFG�MI�GD\RKMDI�LEF�]IDPI�KD�CDIKLMI�GDUF�HD\NHED\MIF�__�Vll__Z�QF\Mm�GKERCKREFO�FGHFCML\\N�LK�\DP��KFUHFELKREFGngX�[F�\DGG�DT�GMSIL\�MIKFIGMKN�LEDRIJ�jophjoq�IUO�LIJ�KQF�MGDJMCQEDMC�HDMIKG�LEDRIJ�ijg�IUO�UMSQK�̀F�CDUHLKM̀\F�PMKQ�L�CDIbFEeGMDI�DT�ll__�QF\Mm�MIKD�ELIJDU�CDM\��GKERCKREFngOorOoqX�sDPFbFEO�KQF�JMaFEFICF�GHFCKEL�CEFLKFJ�̀N�GR̀KELCKMIS�KQF�tk�GHFCKEL�PMKQ�ID�LJJFJ�̂MV__Z�LCFKLKF�TEDU�KQDGF�PMKQ�inp�uv�̂MV__Z�LCFKLKFO�GQDPI�MI�wRHHX�WMSX�wjO�C\FLE\N�CDEEFGHDIJ�KD�deGQFFK�GFCDIJLEN��GKERCKREFooX�WDEULKMDI�DT�deGQFFKG�RHDI�LJJMKMDI�DT�̂MV__Z�MDIG�MG�GRHHDEKFJ�L\GD�̀N�KQF�_x�GHFCKEL�GQDPI�MI�wRHHX�WMSX�wiX�yF�KQFEFTDEF�CDIC\RJF�KQLK�̂MV__Z�MDIG�MIJRCF�deGQFFK�GKERCKREF�MI�cdfg�LIJ�cdVfhfgZ�HFHKMJFGO�MI�LzRFDRG�GD\RKMDI�LK�IFRKEL\�HsXyQFI�wkw�UMCF\\FG�PFEF�LJJFJ�KD�KQF�KQEFF�HFHKMJF�bLEMLIKGO�L\\�DT�KQFU�LJDHKFJ�{eQF\MCL\�GFCDIJLEN�GKERCeKREFGO�HEDJRCMIS�tk�GMSIL\G�PMKQ�CQLELCKFEMGKMC�UMIMUL�LEDRIJ�igq�LIJ�iii�IU�VWMSX�YchtZX�[MG�MG�CDIGMGKFIK�PMKQ�HEFbMDRG�GKRJMFG�EFHDEKMIS�KQLK�cd�HFHKMJFG�LJDHK�{eQF\MCL\�CDITDEULKMDIG�MI�UFÙ ELIFe\M]F�FIbMEDIUFIKGO�LK�\FLGK�PQFI�KQFEF�MG�DI�LbFELSF�\FGG�KQLI�DIF�HFHKMJF�HFE��UMCF\\FfqOfoOnjOopOjggX�[F�cdfgV̂DsMGZ�bLEMLIKO�PQFEF�KQF�KQEFF�sMG�EFGMJRFG�QLbF�̀FFI�EFH\LCFJ�PMKQ�L\LIMIFGO�JMGH\LNG�KQF�GKEDISFGK�{eQF\MCL\�tk�GMSIL\�L|FE�LJJMeKMDI�DT�wkwO�CDUHLEFJ�KD�KQF�MIKFIGMKN�DT�KQF�cdfgV̂DsMGZ�ELIJDU�CDM\�GMSIL\�̀FTDEF�LJJMIS�wkw�VWMSX�YZX�[MG�MG�EFLGDIL̀\F�SMbFI�KQF�GKEDIS�HEDHFIGMKN�DT�L\LIMIFG�KD�TDEU�{eQF\MCFGjgjX�[F�cdVfhfgZ�HFHKMJF�L\GD�GQDPG�L�EF\LKMbF\N�GKEDIS�{eQF\MCL\�tk�GMSIL\O�CDUHLEFJ�KD�KQF�cdVfhfgZ�ELIJDU�CDM\�MIKFIGMKN�̀FTDEF�LJJFJ�wkwX�[MG�UMSQK�̀F�EF\LKFJ�KD�L�\LC]�DT�{eQF\MCL\��GKERCKREFnj�MI�KQF�}EGK�KQEFF�EFGMJRFG�DT�cdfgO�PQMCQ�LEF�UMGGMIS�MI�KQF�cdVfhfgZ�bLEMLIKXcJJMKMDI�DT�̂MV__Z�MDIG�MIJRCFG�L�CDICFIKELKMDIeJFHFIJFIK�\DGG�DT�tk�GMSIL\�LEDRIJ�igq�IUO�̀RK�IDK�LEDRIJ�iii�IUO�TDE�KQF�cdfg�LIJ�KQF�cdVfhfgZ�HFHKMJFGO�L\KQDRSQ�IDK�TDE�KQF�cdfgV̂DsMGZ�URKLIK�VWMSX�YZX�cG�KQF�iii�IU�GMSIL\�MIKFIGMKN�EFULMIG�LHHEDmMULKF\N�CDIGKLIKO�KQF�D̀GFEbFJ�GHFCKEL\�CQLISFG�JD�IDK�CDEEFGHDIJ�KD�L�SFIFEL\�\DGG�DT�{eQF\MCMKN�̀RK�ULN�ELKQFE�̀F�JRF�KD�L�CQLISF�MI�QF\Mm�GRHFECDM\MISO�MXFX�PQFI�KPD�DE�UDEF�{eQF\MCFG�TDEU�CDM\FJ�CDM\G�bML�QNJEDHQD̀MC��MIKFELCKMDIGjgihjgfX�[F�JFSEFF�DT�QF\Mm�GRHFECDM\MIS�MG�]IDPI�KD�̀F�EF~FCKFJ�̀N�KQF���iii����igq��ELKMDO�PQFEF�ELKMDG�C\DGF�KD�j�EF~FCK�\LESF�LUDRIKG�DT��GRHFEQF\MCMKNjgnX�kREMIS�KQF�KMKELKMDIG�PMKQ�̂MV__Z�LCFKLKF�KQF���iii����igq��ELKMD�MICEFLGFG�TEDU�gXrg�KD�gXqo�TDE�cdfgO�LIJ�TEDU�gXrn�KD�jXgY�TDE�KQF�cdVfhfgZ�bLEMLIK�V�L̀\F�jZX�_I�̀DKQ�CLGFG�KQMG�PDR\J�CDEEFGHDIJ�KD�L�GMSIM}CLIK�MICEFLGF�MI�GRHFEQF\MCMKNX�wRCQ�UFKL\eMIJRCFJ�CQLISFG�DT�cd�GRHFEQF\MCMKNO�MI�L�UFÙ ELIF�FIbMEDIUFIKO�QLG�HEFbMDRG\N�̀FFI�EFHDEKFJ�KD�̀F�MIJRCFJ�̀N�tRV__Z��MDIGopX�[F�\LC]�DT�LIN�̂MV__ZeMIJRCFJ�GKERCKREL\�FaFCKG�MI�KQF�cdfgV̂DsMGZ�URKLIK�VWMSX�Y���L̀\F�jZ�LHHFLEG�KD�GRHHDEK�̂MV__Z�̀MIJMIS�KD�cd�bML�KQF�sMG�EFGMJRFGX��RK�MK�MG�L\GD�HDGGM̀\F�KQLK�KQF�sMG�EFGMJRFG�LEF�IFCFGGLEN�TDE�TDEUMIS�L�CDM\FJeCDM\�cd�GKERCKREFX��������������������������������������� M̂V__Z�cd�̀MIJMIS�CREbFG�PFEF�SFIFELKFJ�̀N�H\DKKMIS�CEDGGHFL]�MIKFIGMKMFG�TEDU�KQF�̂vx�KMKELKMDIG�VWMSX�jcZ�LIJ�igq�IU�MIKFIGMKMFG�TEDU�KQF�tk�KMKELKMDIG�V�L̀\F�jZ�bFEGRG�M̂V__Z�CDICFIKELKMDI�VWMSX�fZX�WMKKMIS��zX�VjZ�KD�KQFGF�CREbFG�NMF\JG�LHHLEFIK�JMGGDCMLKMDI�CDIGKLIKG��V�kZ�TDE�KQF�M̂V__Z�cd�CDUH\FmFGXWDE�KQF�tk�JLKL�VWMSX�fkO�ZO�KQF�GMSIL\�MIKFIGMKMFG�QLbF�̀FFI�IDEUL\M�FJ�KD�KQF�}EGK�bL\RF�MI�FLCQ�KMKELKMDI�GFEMFGO�MXFX�KQF�GMSIL\�MIKFIGMKN�PMKQDRK�LJJFJ�̂MV__Z�MDIGX�[F�JFEMbFJ���k�bL\RFG�LEF�rXq��v�TDE�̀MIJMIS�KD�cdfgO�LIJ�jrXi��v�TDE�̀MIJMIS�KD�KQF�cdVfhfgZ�bLEMLIKX�[FGF���k�bL\RFG�GQDR\J�QDPFbFE�DI\N�̀F�CDIGMJFEFJ�LG�LHHEDmMeULKMDIGO�LG�KQFEF�ULN�IDK�̀F�L�JMEFCK�CDEEF\LKMDI�̀FKPFFI�̂MV__Z�̀MIJMIS�LIJ�KQF�GKERCKREL\�CQLISFG�D̀GFEbFJ�MI�KQF�tk�GHFCKEL�VWMSX�YZX��RE�̂vx�UFLGREFUFIKG�VWMSX�jtZ�CDI}EU�FLE\MFE�GKRJMFG�GQDPMIS�KQLK�KQF�̂eKFEUMIL\�cd�GFSUFIK�MG�TEFF�KD�MIKFELCK�PMKQ�UFKL\�MDIG�L\GD�PQFI�KQF�CFIKEL\�LIJ�teKFEUMIL\�cd�GFSUFIKG�LEF�MIGFEKFJ�MIKD�wkw��UMCF\\FGfqOnjOopX��FKO�FLE\MFE�GKRJMFG�PMKQ�tRV__Z�MDIG�QLbF�GQDPI�KQLK�KQF�̀MIJMIS�L�IMKN�TDE�UFKL\�MDIG�MG�EFJRCFJ�PQFI�KQF�CFIKEL\�cd�GFSUFIK�MG�̀DRIJ�KD�GDUF�DKQFE��FIKMKNjgpO�L\KQDRSQ�KQMG�FaFCK�LHHFLEG�KD�̀F�UMIDE�TDE�wkw��UMCF\\FGopXWDE�KQF�̂vx�JLKLO�FLCQ�CEDGGHFL]�MI�WMSX�jc�SFIFELKFG�DIF�̀MIJMIS�CREbFX�sDPFbFEO�KQF�̂MV__ZeMIJRCFJ�\DGG�DT�CEDGGHFL]�MIKFIGMKN�MG�IDK�DI\N�EF\LKFJ�KD�CDICFIKELKMDIeJFHFIJFIK�CQFUMCL\�FmCQLISFO�DI�LI�MIKFEUFJMLKF�̂vx�

� ¡¢£�¤¥��tk�GMSIL\�MIKFIGMKMFG�LK�igq�IU�LIJ�iii�IU�TDE�KQF�KQEFF�cd�bLEMLIKG�cdfgO�cdfgV̂DsMGZO�LIJ�cdVfhfgZO�LG�L�TRICKMDI�DT�LJJFJ�̂MV__Z�LCFKLKFX
¦ §£¢£̈©ª«�¬̈­® �̄°±�²³¬́́® µ�°±�²³¬́́® ¶�°±�²³¬́́® ¤·�°±�²³¬́́® ·̧�°±�²³¬́́® ¤̧·�°±�²³¬́́® µ̧·�°±�²³¬́́®cdfg igq ¹�jjOjYj ¹�jgOqgq ¹�jgOnnr ¹�ooiq ¹�onjn ¹�ogpf ¹�oginiii ¹�rroY ¹�roin ¹�qgrf ¹�qifj ¹�qYYo ¹�qgji ¹�qjjfiii�igq gXrgg gXrYY gXrpn gXqYg gXqrpf gXqqf gXqoocdfgV̂DsMGZ igq ¹�jfOgpiXr ¹�jYOoro ¹�jfOjjiXY ¹�jYOojoXo ¹�jYOopiXo joOqgiXo jYOrinXiiii ¹�jjOjqfXf ¹�jjOjggXp ¹�jjOifoXY ¹�jjOjYqXo ¹�jjOjriXp ¹�jjOjfoXq ¹�jjOgYoXYiii�igq gXronY gXrofj gXrorj gXqggi gXqggi gXqgrq gXqgfYcdVfhfgZ igq ¹�nYYnXr ¹�nipnXo ¹�ninqXr ¹�fqrpXq ¹�fYYqXi ¹�fiYnXi ¹�fjngXriii ¹�YorqXg ¹�YoqoXo ¹�fjoYXY ¹�fYgiXg ¹�fignXi ¹�fjrpXj fipqXoiii�igq gXrfp gXrnq gXror gXqqi gXopo gXoqp jXgiq
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CDEFGHIJKFL�MNC�JKHO�CO�PDQRRSGDTUNIFU�VFVCDUF�JWWXFWJCDOT�JTU�VJXJEJWTFCDI�YNFTIZDTW�O[�CZF�P\]�HDWTJK̂�_̀FT�CZONWZ�CZFHF�FaFICH�JXF�HOEFbZJC�EDCDWJCFU�Mc�TOXEJKDdDTW�CZF�IXOHHVFJe�DTCFTHDCc�̀JKNFH�CO�CZF�fgh�IXOHHVFJe�DTCFTHDCcL�[OX�FJIZ�CDCXJCDOT�HCFV�QCZFXFMc�OMCJDTDTW�CZF�XFKJCD̀F�DTCFTHDCc�HIJKF�NHFU�DT�iDŴ�gjklSL�CZF�UFXD̀FU��mn�J̀KNFH�HZONKU�OTKc�MF�IOTHDUFXFU�JH�XONWZ�JVVXOoDEJCDOTĤ�pF�MDTUDTW�INX̀FH�HZObT�DT�iDŴ�gjkl�IOXXFHVOTU�CO�CZF�CZXFF�jqgh�IXOHHVFJeH�CZJC�UDHVKJc�CZF�HCXOTWFHC�JVVJXFTC�MDTUDTWL�bDCZ��mn�̀JKNFH�O[�XFHVFICD̀FKc�r̂s�t\L�ûv�t\L�JTU�v̂h�t\�̂pFHF�̀JKNFH�JXF�̀FXc�HDEDKJX�CO�CZF�JVVJXFTC��mn�̀JKNF�O[�v̂w�t\�UFXD̀FU�[OX�jqgh�[XOE�CZF�ln�EFJHNXFEFTCH�QiDŴ�gnSL�MNC�CZFc�HZONKU�HCDKK�OTKc�MF�XFWJXUFU�JH�KObFX�KDEDCH�[OX�CZF�CXNF��mn�̀JKNF̂�pNHL�bF�IOTIKNUF�CZJC�CZF�MDTUDTW�JxTDCc�[OX�CZF�jqghyPDQRRS�IOEVKFo�DH�DT�CZF�KOb�t\�XJTWF̂z{������|�}�~����������������������������������������O�DT̀FHCDWJCF�CZF�DT�NFTIF�O[�PDQRRS�DOTH�OT�jqgh�JWWXFWJCDOTL�HJEVKFH�O[��h�t\�jqgh�bFXF�DTINMJCFU�[OX��g�Z�DT�CZF�JMHFTIF�OX�VXFHFTIF�O[�DTIXFJHDTW�IOTIFTCXJGCDOTH�O[�PDQRRS�JIFCJCF̂�pF�XFHNKCDTW�p��INX̀FH�JXF�HZObT�DT�iDŴ�rL�JTU�CZF��XEJoL��C���L�JTU�j�VJXJEFCFXH�OMCJDTFU�[XOE��CCDTW�CZF�INX̀FH�CO�_Ŷ�Q�S�JXF�HZObT�DT��JMKF��̂�iOX�HNMGHCODIZDOEFCXDI�PDQRRS�jqgh�XJCDOHL�CZF�PDQRRS�DOTH�

������������DTUDTW�INX̀FH�[OX�PDQRRSyjq�IOEVKFoFHL�UFXD̀FU�[XOE�CZF�P\]�UJCJ�DT�iDŴ��j�JTU�CZF�ln�UJCJ�DT�iDŴ�sjLlL�XFHVFICD̀FKĉ�pF�P\]�JTU�ln�HDWTJK�DTCFTHDCDFH�JXF�WD̀FT�JH�CZF�XJCDO�MFCbFFT�CZF�DTCFTHDCc�bDCZ�JUUFU�PDQRRS�DOTH�XFKJCD̀F�CO�CZF�DTCFTHDCc�MF[OXF�JUUDCDOT�O[�PDQRRS�DOTHL�D̂F̂�R�Rĥ�jVVJXFTC�MDTUDTW�JxTDCDFH�bFXF�OMCJDTFU�Mc��CCDTW�_Ŷ�Q�S�CO�CZF�INX̀FĤ�Q�k�S�P\]�IXOHHVFJe�DTCFTHDCc�̀H�PDQRRS�IOTIFTCXJCDOT�[OX�CZXFF�O[�CZF�IXOHHVFJeH�XFHDUNFH�DT�iDŴ��jL�D̂F̂�[OX�wg�t\�jqgh�DT��h�E\�HOUDNE�VZOHVZJCF�MNaFXL�V��v̂s�JC�r��l̂�Q�L�S�ln�DTCFTHDCc�JC��hw�TE�̀H�PDQRRS�IOTIFTCXJCDOT�[OX�CZF�ln�UJCJ�DT�iDŴ�sjLlL�D̂F̂�[OX��h�t\�jqgh�Q�S�JTU�r�t\�jqQgkghS�Q�S�DT��h�E\�VZOHVZJCF�MNaFXL�V��v̂s�JC��r��l̂
�����������p��eDTFCDI�CDEF�INX̀FH�[OX�JWWXFWJCDOT�O[��h�t\�jqghL�DT��h�E\�HOUDNE�VZOHVZJCF�MNaFXL�V��v̂gL�COWFCZFX�bDCZ�UDaFXFTC�IOTIFTCXJCDOTH�O[�PDQRRS�JIFCJCF��h�t\�QMKJIeSL���t\�QXFUSL��̂r�t\�QJdNXF�MKNFSL�r�t\�QEJWFTCJSL�v̂r�t\�QWXFFTSL��h�t\�QTJ̀c�MKNFSL��h�t\�QcFKKObSL�JTU�rh�t\�QOXJTWFŜ�pF�HOKDU�KDTFH�HZOb�INX̀FH��CCFU�bDCZ�_Ŷ�Q�S�CO�CZF�p��UJCJ�HFCĤ
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CDEF�GEFH�IJK�LMNO�PQQRKQPISEH�TSHKISUC�SH�P�UEHUKHIRPISEHVGKWKHGKHI�XPHHKRY�ZK�PQQRKQPISEH�JPD[VISXK��\I]̂_̀�SHURKPCKC�FSIJ�SHURKPCSHQ�aS\bb̀�UEHUKHIRPISEHCc�SYKY�[REX�PREdHG�e�J�FSIJEdI�aS\bb̀�SEHC�IE�EfKR�]g�J�FSIJ�]O�hi�aS\bb̀�SEHCY�ZK�XPjSXdX�PQQRKQPISEH�RPIK��RXPj�CJEFC�HE�CkCIKXPISU�UJPHQK�FSIJ�SHURKPCSHQ�aS\bb̀�UEHUKHIRPVISEHc�SHCIKPG�SI�ldUIdPIKC�PREdHG�OYm��Jn]�IE�]��Jn]�\oPpDK�_̀Y�ZK�KHGVWESHI�Zo�ldERKCUKHUK�SHIKHCSISKC�\WPRPXKIKR�qLr�SH�stY�_̀�QKHKRPDDk�GKURKPCK�FSIJ�SHURKPCSHQ�aS\bb̀�UEHUKHIRPISEHC�\uSQY�v̀c�CdQQKCISHQ�IJPI�DKCC�PXkDESG�XPIKVRSPD�\ZoVpSHGSHQ�PQQRKQPIKC̀�SC�[ERXKG�FJKH�aS\bb̀�SEHC�PRK�WRKCKHIY�wIJKR�KjWDPHPISEHC�PRK�JEFKfKR�WECCSpDKc�CdUJ�PC�pSHGSHQ�UEXWKISISEH�pKIFKKH�Zo�XEDKUdDKC�PHG�aS\bb̀�SEHCc�ER�[ERXPISEH�E[�fKRk�DPRQK�LM�PQQRKQPIKC�IJPI�XPk�pDEUT�IJK�IRPHCXSIIKG�DSQJIc�ER�CSXWDk�WRKUSWSIPIK�EdI�E[�IJK�CEDdISEHY�uER�IJK�CPXWDKC�FSIJ�JSQJ�aS\bb̀�UEHUKHIRPISEHCc�SYKY�_O�hi�PHG�vO�hic�PpEfK�IJK�CIESUJSEXKIRSU�aS\bb̀xLMNO�RPISEc�IJK�Zo�UdRfKC�yRCI�SHURKPCK�pdI�IJKH�GKURKPCK�pPUT�IEFPRGC�IJK�CIPRISHQ�fPDdK�\uSQY�v̀Y�wdR�pKCI�KjWDPHPISEH�[ER�IJSC�dHdCdPD�pKJPfSEdR�SC�[ERXPISEH�E[�DPRQK�CPXWDKC�IJPI�WRKUSWSIPIKc�IJKRKpk�KzKUISfKDk�RKGdUSHQ�IJK�LMNO�UEHUKHIRPISEH�SH�IJK�CPXWDKY�bI�FPC�HEI�WECCSpDK�IE�yI�stY�\_̀�IE�IJKCK�GPIP�UdRfKCY{|}��~������������ �������������� ��������~�������������{������������� ��oE�[dRIJKR�UJPRPUIKRVS�K�IJK�SHldKHUK�E[�aS\bb̀�SEHC�EH�LMNO�ypRSD�XERWJEDEQkc�Lui�SXPQKC�FKRK�RKUERGKG�EH�LMNO�PQQRKQPIKC�[ERXKG�P�KR�_N�J�SHUdpPISEH�SH�IJK�WRKCKHUK�PHG�IJK�PpCKHUK�E[�aS\bb̀�\uSQY��̀Y��SIJEdI�aS\bb̀�PUKIPIKc�]O�hi�LMNO�[ERXKG�IkWSUPD�PXkDESG�ypRSDC�FSIJ�PH�PWWPRKHI�JKSQJI�PREdHG�N�v�HX�\uSQY�_L̀c�FJSUJ�SC�SH�DSHK�FSIJ�WRKfSEdCDk�WdpDSCJKG�FERT�EH�LM�ypRSDC�[ERXKG�SH�fSIRE]O��]OmY�L�CSXSDPR�PWWPRKHI�JKSQJI�FPC�EpCKRfKG�SH�IJK�WRKCKHUK�E[�]�hi�aS\bb̀�SEHC�\uSQY���̀Y�ZK�WRKCKHUK�E[�]O�hi�aS\bb̀�SEHCc�SYKY�P�]x]�aS\bb̀xLMNO�RPISEc�CSQHSyUPHIDk�RKGdUKC�ypRSD�[ERXPISEHx�EHDk�EUUPCSEHPD�fKRk�CJERI�LMNO�ypRSD�[RPQXKHIC�FKRK�EpCKRfKGc�FJSUJ�GSCWDPk�IJK�CPXK�JKSQJI�PC�IJK�ypRSDC�[ERXKG�pk�LMNO�PDEHK�\uSQY���̀Y�bH�IJK�WRKCKHUK�E[�vO�hi�aS\bb̀�SEHC�HE�ypRSDC�FKRK�WRKCKHIc�pdI�SHCIKPG�PXERWJEdC�UDdXWC�E[�LMNO�PQQRKQPIKC�FSIJ�fPRSPpDK�JKSQJIC�PREdHG�]g�HX�\uSQY���̀Y�ZKCK�RKCdDIC�PRK�UEHCSCIKHI�FSIJ�IJK�UEHUKHIRPISEHVGKWKHGKHI�KzKUIC�E[�aS\bb̀�PUKIPIK�EH�IJK�LMNO�PQQRKQPISEH�WREUKCC�EpCKRfKG�FSIJ�IJK�Zo�XKPCdRKXKHIC�\uSQY�v̀Y���������������������� ����{���������~������~��������L�s�PHPDkCSC�FPC�dCKG�IE�SHfKCISQPIK�IJK�KzKUI�E[�aS\bb̀�SEHC�EH�IJK�[ERXPISEH�E[�LMN_�EDSQEXKRCc�dCSHQ�P�WRKfSEdCDk�WdpDSCJKG�WREIEUED�[ER�[ERXPISEH�E[�CIPpDK�PHG�JEXEQKHKEdC�LMN_�EDSQEXKRC�IEQKIJKR�FSIJ������GKIKRQKHIe]ce_Y��JSDK�XECI�E[�IJK�UdRRKHI�CIdGk�SHfKCISVQPIKC�fPRSPHIC�E[�IJK�LMNO�WKWISGKc�EDSQEXKRC�E[�LMNO�PRK�HEI�CIPpDK�PHG�IJKRK[ERK�HEI�CdSIPpDK�XEGKD�CkCIKXCY�ZdCc��s�VWdRSyKG�XEHEXKRSU�CEDdISEHC�E[�CkHIJKISU�LMN_�WKWISGKC�FKRK�XSjKG�FSIJ�DEF�UEHUKHIRPISEHC�E[����c�SYKYc�pKDEF�IJK�URSISUPD�XSUKDDK�UEHUKHIRPISEHY�bHUdpPISEH�E[�LMN_�FSIJ�OY_������\�Ym�Xi �̀DKPGC�IE�[ERXPVISEH�E[�XECIDk�IKIRPXKRSU�EDSQEXKRC�\LMwOY_����̀c�FJSDK�SHUdpPISEH�FSIJ�OYOv������\]Y��Xi �̀WREGdUKC�DPRQKR�EDSQEXKRC�WRKGEXSHPHIDk�GEGKUPXKRC�\LMwOYOv����̀e]�\uSQY��c�DPHKC�_�PHG��̀Y�uSQdRK���PDCE�CJEFC�IJK�KzKUI�E[�GSzKRKHI�aS\bb̀�UEHUKHIRPISEHC�EH�EDSQEXKR�[ERXPISEHY�bH�IJK�PpCKHUK�E[�aS\bb̀�SEHCc�IJK�LMwOYOv�����\ PHK�_̀�PHG�LMwOY_�����\ PHK��̀�EDSQEXKRC�PRK�IJK�GEXSHPISHQ�CWKUSKC�SH�IJKSR�RKCWKUISfK�DPHKCY��SIJ�SHURKPCSHQ�aS\bb̀�UEHUKHIRPISEHc�IJK�pPHG�SHIKHCSIk�[ER�IJK�XP¡ER�EDSQEXKRSU�CIRdUIdRK�GKUDSHKC�SH�pEIJ�UPCKCc�FJSDK�CXKPRC�IEFPRGC�JSQJKR�XEDKUdDPR�FKSQJIC�PWWKPR�\uSQY��c� PHKC�g�v�PHG���m̀Y�uERXPISEH�E[�LMwOYOv�����SC�DPRQKDk�GSCVRdWIKG�FJKH�aS\bb̀�SEHC�PRK�WRKCKHI�PI�vOO�¢i�UEHUKHIRPISEH�\LMN_xaS\bb̀�XEDPR�RPISE�E[�]xv̀c�FJSDK�IJK�CXKPR�KjIKHGC�EfKR�PDXECI�IJK�KHISRK�DKHQIJ�E[�IJK�DPHK�\uSQY��c� PHK�v̀Y�L�CSXSDPRc�pdI�DKCC�GRPCISU�KzKUI�SC�EpCKRfKG�[ER�IJK�CXPDDKR�LMwOYOv�����\uSQY��c� PHK�m̀Y�uER�pEIJ�IkWKC�E[����VCIPpSDS�KG�EDSQEXKRCc�aS\bb̀�SEH�UEHUKHIRPVISEHC�PpEfK�£�]OO�¢i�GSCRdWI�EDSQEXKR�[ERXPISEH�PHG�XERK�JKIKREQKHKEdC�LMN_�EDSQEXKRSU�CEDdISEHC�UEHIPSHSHQ�DPRQKR�EDSQEXKRC�PRK�WREGdUKGY�L�CSXSDPR�CXKPRSHQ�KzKUI�E[�aS\bb̀�SEHC�EH�IJK�[ERXPISEH�E[����VCIPpSDS�KG�LMN_�EDSQEXKRC�FPC�EpCKRfKG�PDCE�pk����V�L�s�KjWKRSXKHICY�ZKCK�RKCdDIC�PRK�CJEFH�PHG�GSCUdCCKG�SH�IJK�CdWWDKVXKHIPRk�SH[ERXPISEH�\uSQY��g̀Y|¤��� ������ ��������{���������~�� ����~�¥����������� ������������������ ��uob¦�CWKUIRECUEWk�SC�P�WEFKR[dD�IKUJHStdK�[ER�CIdGkSHQ�IJK�CKUEHGPRk�CIRdUIdRK�E[��WREIKSHC]]O�]]�c�PHG�UPH�pK�dCKG�IE�UJPRPUIKRS�K�IJK�pPUTpEHK�UEH[ERXPISEH�[ER�GSzKRKHI�PQQRKQPISEH�CIPIKC�E[�PXkDESG�WREIKSHCc�SHUDdGSHQ�LM��WKWISGKC]]��]]mY�§KRKc�IJK�KzKUIC�E[�aS\bb̀�SEHC�EH�IJK�CKUEHGPRk�CIRdUIdRKC�E[�pEIJ�LMwOYOv�����PHG�LMwOY_�����EDSQEXKRC�FKRK�CIdGSKG�FSIJ�IRPHCXSCCSEH�XEGK�uob¦�CWKUIRECUEWkc�dCSHQ�P���_wVpPCKG�pdzKRY�ZK�RKCdDIC�PRK�WRKCKHIKG�SH�uSQY�e�PC�CKUVEHG�GKRSfPISfKC�E[�b¦�PpCERWISEH�CWKUIRPc�FJKRK�HKQPISfK�pPHGC�SHGSUPIK�IJK�UEXWEHKHI�pPHGC�E[�IJK�PpCERWISEH�CWKUIRPY�ZK�RKCWKUISfK�PpCERpPHUK�CWKUIRP�PRK�CJEFH�SH�uSQY��N�E[�IJK��dWWDKXKHIPRk�bH[ERXPISEHYuER�pEIJ�IkWKC�E[�LMN_�EDSQEXKRCc�IFE�pPHGC�PRK�RKCEDfKG�SH�IJK�PXSGK�b�RKQSEH�\SYKYc�]�OO�]�OO��UXn]̀x�P�JSQJ�SHIKHCSIkc�DEF�FPfKHdXpKR�pPHG�PREdHG�]�gO��UXn]�\IJK�XPSH�pPHG�[ER�MVCJKKI�CIRdUIdRK̀c�PHG�P�DEF�SHIKHCSIkc�JSQJ�FPfKHdXpKR�pPHG�PI�]�ev��UXn]Y�ZSC�WPIIKRH�FSIJ�P�CWDSI�GEdpDKVpPHG�SH�IJK�PXSGK�b�RKQSEH�SC�REdISHKDk�

©̈ª«¬�­®���PRPXKIKRC��RXPjc��I]̂_c�PHG�L�[ER�PQQRKQPISEH�E[�]O�hi�LMNO�SH�IJK�WRKCKHUK�E[�GSzKRKHI�UEHUKHIRPISEHC�E[�aS\bb̀�PUKIPIKY�ZK�WPRPXKIKRC�FKRK�EpIPSHKG�[REX�CSQXESGPD�UdRfKVyIISHQ�\stY�_̀�IE�IJK�Zo�UdRfKC�CJEFH�SH�uSQY�vY°̄±²²³ �́µ¶ ·�µ¶ ­®̧�µ¶ �̧µ¶ ¹®̧�µ¶ ·́�µ¶ ­́�µ¶ ¸́�µ¶RXPj��ºJn]» OYm��¼�OY__ ]YOe�¼�OYg� OYee�¼�OYgN ]YO�¼�OYNv ]YO_�¼�OYev OYm��¼�OYve ĤP ĤPI]̂_�ºJ» eYg�¼�]Yv ]OY_�¼�OYg ]]Ye�¼�]Y_ ]]Y_�¼�OY� ]_Yv�¼�OYv ]gYv�¼�]YN ĤP ĤPL N]]v�¼�Ng� _m���¼�_ge _Oev�¼�v�v ]NNm�¼�NeO ]v]]�¼�]g_ ]eOg�¼�NN_ ĤP ĤP
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CDEFGHIJIH�KF�GEHGCKLGMI�DN�LOI�KELGPQKJKRRIR�SPFOIIL��FLJTCLTJIUUVWUUXWUYZ[�\OIE�]Ĝ__̀�KCILKLI�GF�GELJDHTCIH�HTJGEa�LOI�bScY�DRGaDdIJ�NDJdKLGDE�JIKCLGDEFW�LOI�dKGE�eKEH�GF�FRGaOLRf�HDgEPFOGhIHi�NDJ�bSjZ[Zklmnm�̂oGa[�XW�TQQIJ�JDg̀�NJDd�UpYq[Y��CdrU�GE�LOI�KeFIECI�DN�]Ĝ__̀�KCILKLI�LD�UpYX[Z��CdrU�KL�kZZ�st�DN�]Ĝ__̀�KCILKLI�̂LOI�OGaOIFL�CDECIELJKLGDÈW�KEH�NDJ�bSjZ[Ylmnm�̂oGa[�XW�RDgIJ�JDg̀�NJDd�UpuZ[U�LD�UpYq[p��CdrU�TQDE�KHHGLGDE�DN�]Ĝ__̀�KCILKLI�TQ�LD�kZZ�st[�vI�HDgEFOGh�GF�FdKRRIJ�NDJ�LOI�DRGaDdIJF�QJIQKJIH�KL�LOI�OGaOIJ�mnm�CDECIELJKLGDEW�GEHGCKLGEa�LOKL�LOIf�KJI�RIFF�FIEFGLGMI�LD�]Ĝ__̀PGEHTCIH�IwICLF�DE�LOI�DRGaDdIJ�CDENDJdKLGDE[�vI�FQICLJKR�COKEaIF�DeFIJMIH�gGLO�]Ĝ__̀�KJI�GE�GELIJIFLGEa�CDELJKFL�LD�LOI�KeFIECI�DN�FQICLJKR�IwICLF�TQDE�KHHGLGDE�DN�xĜ_̀��GDEFUYU[�vI�HDgEPFOGh�GF�dKGERf�DeFIJMIH�GE�LOI�QJIFIECI�DN�]Ĝ__̀�CDECIELJKLGDEF�eILgIIE�UZ�KEH�UZZ�stW�gOGCO�KaJIIF�gGLO�LOI�eGEHGEa�KyEGLGIF�IFLGdKLIH�NJDd�LOI�zn�KEH�]t{�JIFTRLF[�nILKGRIH�KEKRfFGF�DN�LOI�FQICLJK�GE�oGa[�X�FODgF�LOKL�LOI�FOGhF�GE�eKEH�QDFGLGDE�KJI�KFFDCGKLIH�gGLO�K�gGHIEGEa�DN�LOI�dKGE�SPFOIIL�eKEH�DE�GLF�RDg�gKMIETdeIJ�FGHIW�GEHGCKLGEa�K�OGaOIJ�KeTEHKECI�DN�RKJaIJ��DRGaDdIJFXY[�tDFL�DN�LOGF�gGHIEGEa�DCCTJF�eILgIIE�UZ�KEH�UZZ�st�]Ĝ__̀[�_L�NTJLOIJ�GECJIKFIF�eILgIIE�UZZ�KEH�kZZ�st�]Ĝ__̀W�gOGCO�CDJJIRKLIF�gGLO�LOI�KQQIKJKECI�DN�K�OGaO�dDRICTRKJ�gIGaOL�FdIKJ�DE�LOI�|]P}b~��aIR�̂oGa[�V̀[jTJ�QJIMGDTF�FLTHf�DE�LOI�_{�COKJKCLIJG�KLGDE�DN�bScY�DRGaDdIJF�OKF�JIMIKRIH�K�JIRKLGDEFOGQ�eILgIIE�DRGaDdIJ�FG�I�KEH�QDFGLGDE�DN�LOI�dKGE�eKEH�GE�LOI�KdGHI�_��JIaGDEXY[�bCCDJHGEa�LD�LOIFI��EHGEaFW�LOI�HDgEFOGh�DN�LOI�dKGE�_{�eKEH�GF�KFFDCGKLIH�gGLO�KE�GECJIKFI�GE�KMIJKaI�DRGaDdIJ�FG�I�KEH�K�CDECDdGLKEL�I�LIEFGDE�DN�LOIGJ�SPFOIIL�FLJTCLTJI[��DgIMIJW�LOI�]Ĝ__̀PGEHTCIH�FG�I�COKEaI�GF�JKLOIJ�dDHIFL[�vI�eKEH�QDFGLGDE�DN�bSjZ[Ylmnm�KL�LOI�OGaOIFL�]Ĝ__̀�GDE�CDECIELJKLGDE�GF�FLGRR�OGaOIJ�LOKE�LOI�bSjZ[Zklmnm�eKEH�QDFGLGDE�GE�LOI�KeFIECI�DN�]Ĝ__̀�GDEFW�GEHGCKLGEa�LOKL�LOI�DRGaDdIJF�CDELKGE�RIFF�LOKE�LgIRMI�QIQLGHIF[�bRFDW�LOI�eKEH�QDFGLGDE�DN�bSjZ[Zklmnm�KL�kZZ��t�]Ĝ__̀�CDECIELJKLGDE�GF�CDEFGHIJKeRf�OGaOIJ�LOKE�LOKL�DN�DRGaDdIJF�NDJdIH�GE�LOI�KeFIECI�DN�mnm�̂UpYu[U��CdrÙW�

������������DQ�JDgi�bot�GdKaIF�DN�LOI�KaaJIaKLGDE�QJDHTCLF�DeLKGEIH�KhIJ�GECTeKLGDE�DN�UZ��t�bScZ�QIQLGHIF�NDJ�Yc�O�LDaILOIJ�gGLO�IGLOIJ�ZW�UW�UZW�DJ�kZ��t�]Ĝ__̀�KCILKLI[�|DLLDd�JDgi�{IQJIFIELKLGMI�bot�CJDFFPFICLGDEF�DN�JIFQICLGMIRf�bScZ�KdfRDGH��eJGRF�̂�W�̀�KEH�bScZ�TEFLJTCLTJIH�KaaJIaKLIF�̂�W�̀W�CDJJIFQDEHGEa�LD�LOI�CDRDJIH�RGEIF�FODgE�GE�LOI�bot�GdKaIF[
������������wICLF�DN�]Ĝ__̀�GDEF�DE�NDJdKLGDE�DN�mnmPFLKeGRG�IH�bScY�DRGaDdIJF�̂bSjZ[Zklmnm�KEH�bSjZ[Ylmnm̀�FLTHGIH�ef�|]P}b~�[�xKEI�Ui�tDEDdIJF��xKEIF�Y�ki�bSjZ[Zklmnm�DRGaDdIJF�gGLO�JIFQICLGMIRf�ZW�UZW�UZZW�KEH�kZZ��t�]Ĝ__̀�GDEF��xKEIF�p�qi�bSjZ[Ylmnm�DRGaDdIJF�gGLO�JIFQICLGMIRf�ZW�UZW�UZZW�KEH�kZZ��t�]Ĝ__̀�GDEF[
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CDEFD�DGH�GI�GJKLGMK�NOPKFQPGL�CKEMDR�OS�T�UVV�WXG�GFFOLHEIM�RO�YKZRKLI��[PORREIM\]̂�_QZ̀�RDK�HONEIGIR�abZDKKR�FOIRGEIEIM�OPEMONKL�ZcKFEKZ�OS�daeV̂VfghXh�ZKKN�RO�[K�ZNGPPKL�RDGI�T�UVV�WXĜ_K�EIRKLcLKRGREOI�OS�RDK�FQLLKIR�ij�LKZQPRZ�EZ�EI�MOOH�GMLKKNKIR�CERD�RDK�LKZQPRZ�SLON�RDK�MKP�KPKFRLOcDOLKZEZ�KkcKLENKIRZ̀�cGLREFQPGLPl�CERD�RDK�mnbodpq�HGRG�rsEM̂�tû�mORD�ij�GIH�odpq�LKZQPRZ�EIHEFGRK�RDGR�GHHEREOI�OS�nEriiu�EOIZ�GccKGLZ�RO�EIRKLSKLK�CERD�RDK�hXhbEIHQFKH�FOIJKLZEOI�OS�dav]�NOIONKLZ�EIRO�DONOMKIKOQZ�GIH�ZRG[PK�OPEMONKLEF�ZRLQFRQLKZ̀�EIZRKGH�SGJOLEIM�SOLNGREOI�OS�PGLMKL�GIH�NOLK�HEJKLZK�rDKRKLOMKIKOQZu�OPEMONKL�cOcQPGREOIẐw�xyyz{��|}��|�|��~�� ���������������sPQOLKZFKIFK�NKGZQLKNKIRZ�CKLK�FGLLEKH�OQR�RO�EIJKZREMGRK�ES�[EIHEIM�OS�nEriiu�EOIZ�FOQPH�EIHQFK�SOLNGREOI�OS�FOJGPKIR�HERlLOZEIK�FLOZZPEIWZ�EI�da�cKcREHKZ̀�ZENEPGL�RO�CDGR�DGZ�[KKI�O[ZKLJKH�SOL��Qriiu��EOIZU]]�U]f̂�sPQOLKZFKIFK�KNEZZEOI�ZcKFRLG�SOL�davV�cKcREHKZ�EIFQ[GRKH�OJKL�RENK�CERD�OL�CERDOQR�nEriiu�GFKRGRK�GLK�ZDOCI�EI�sEM̂��̂_K�FOIRLOP�ZGNcPK�CERDOQR�GHHKH�nEriiu�EOIZ̀�CDEFD�FOIRGEIKH�fV����qX�d�RO�KIZQLK�IO�SLKK�NKRGP�EOIZ�CKLK�cLKZKIR̀�HEZcPGlKH�JELRQGPPl�EHKIREFGP�ZcKFRLG�[KSOLK�GIH�G�KL���D�OS�EIFQ[GREOI�rsEM̂��dû�_EZ�EZ�EI�ZRGLW�FOIRLGZR�RO�RDK�ZGNcPK�CERD�UVV����nEriiu�EOIZ�GHHKH̀�CDKLK�RCO�PGLMK�IKC�cKGWZ�GLOQIH�vUV�IN�GIH�v�f�IN�SOLNKH�HQLEIM�RDK�EIFQ[GREOI�RENK�rsEM̂��mû�_K�cKGW�GLOQIH�vUV�IN�EZ�SLON��HERlLOZEIKU]�̀�CDEPK�RDK�cKGW�GLOQIH�v�f�IN�PEWKPl�EZ�SLON�G�HE�KLKIR�[QR�LKPGRKH�ZlZRKǸ�ZQFD�GZ��KkFENKLZU]t̂�_KZK�LKZQPRZ�GLK�IOR�ZQLcLEZbEIM̀�GZ�IEFWKP�EZ�WIOCI�RO�[K�JKLl�LKHOkbGFREJK̂�mORD�RDK�nEriu�nEriiu�GIH�nEriiu�nEriiiu�LKHOk�cGELZ�FOQPH�[K�

������������LGIZNEZZEOI�s�ij�HGRG�SOL�ZlIRDKREF�daeV̂VfghXh�rQccKL�LOCu�GIH�ZlIRDKREF�daeV̂]ghXh�rPOCKL�LOCu�SOLNKH�EI�RDK�cLKZKIFK�OS�HE�KLKIR�FOIFKIRLGREOIZ�OS�nEriiu�EOIẐ�_K�ZcKFRLG�ZDOC�LGC�HGRG�CERDOQR�IOLNGPE�GREOÎ��K���hKFOIH�HKLEJGREJKZ�OS�ij�G[ZOL[GIFK�ZcKFRLG�EI�RDK�GNEHK�i�LGIMK�rUtVV�U�VV��FN�Uu�GR��KLO�nEriiu�rLKHu��U����nEriiu�rOLGIMKu��UV����nEriiu�rMLKKIu��UVV����nEriiu�r[PQKu��fVV����nEriiu�rJEOPKRû�_K�[PGFW�ZcKFRLQN�EZ�SOL�dav]�NOIONKLẐ�jEMDR��XKcKIHKIFK�OI�nEriiu�EOI�FOIFKIRLGREOI�SOL�RDK�cOZEREOI�rEI��FN�Uu�OS�RDK�NGEI�GNEHK�i�[GIĤ�sOL�G�NOLK�FPKGL�cLKZKIRGREOÌ�RDK�HGRG�cOEIR�GR�U����CGZ�ONERRKĤ
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CDEFGEHI�CD�JHDHKLMCDJ�MNH�FOPJHD�KLICQLGR�KHSTCKHI�UFK�ICMPKFRCDH��UFKVLMCFDWXYZ�[M�RNFTGI�\H�DFMHI�MNLM�]HL̂�_HL̂R�LKFTDI�̀Wa�DV�LDI�̀bc�DV�LKH�_KHRHDM�CD�\FMN�RLV_GHR�LGKHLIP�LM�MCVH�dHKF�efCJZ�ghZ�iCR�RNF]R�MNLM�RFVH�ICMPKFRCDH�QKFRRjGCD̂R�NLEH�\HHD�JHDHKLMHI�HEHD�\HUFKH�MNH�HO_HKCVHDM�]LR�CDCMCLMHIk�]NCQN�CR�QFDRCRMHDM�]CMN�_KHECFTR�KH_FKMR�RMLMCDJ�MNLM�lm�_H_MCIHR�QLD�CDITQH�FOCILMCEH�RMKHRR�FD�MNHCK�F]Dk�HR_HQCLGGP�CD�RFVH]NLM�LJJKHJLMHI��RMLMHRWXgkWbaZn� �o  ���pCQ̂HG�CR�L�]HGGĵDF]D�DHTKFMFOCQLDMk�\TM�CMR�KFGH�CD�DHTKFIHJHDHKLMCEH�ICRHLRHR�KHVLCDR��TDQGHLK̀̀Z�qHEHKLG�RMTIjCHR�NLEH�CDEHRMCJLMHI�MNH�_FRRC\GH�HrHQMR�FU�MKLDRCMCFD�VHMLGR�RTQN�LR�sT�LDI�tD�CD�lu�DHTKF_LMNFGFJPk�]CMN�LD�HV_NLRCR�FD�CDMHKLQMCFDR�]CMN�MNH�LVPGFCIjUFKVCDJ�lm��_H_MCIHRXgvbXZ�wH�MNHKHUFKH�CDMHK_KHM�FTK�QTKKHDM�KHRTGMR�FD�lm�CDMHKLQMCFDR�]CMN�pCe[[h�CFDR�VLCDGP�CD�MNH�GCJNM�FU�HLKGCHK�]FK̂�FD�lm�\CDICDJ�MF�sTe[[h�LDI�tDe[[h�CFDRZ�� �xo�y �������z��x��{��|�}�~������� ������������x� ���TK�p���KHRTGMR�RNF]�MNLM�HSTCVFGLK�LVFTDMR�FU�pCe[[h�CFDR�ICR_GLP�KHRCITHjR_HQC�Q�\CDICDJ�MF�MNH�pjMHKVCDLG�RHJVHDM�FU�MNH�lm̀a�_H_MCIH�efCJZ�WhZ�iCR�CR�CD�GCDH�]CMN�HLKGCHK�RMTICHR�RNF]CDJ�MNLM�pCe[[h�CFDR�QLD�\CDI�pjMHKVCDLG�lm��UKLJVHDMR̀cv̀�Z�iH�Xu�W�jWbsj�q�s�p���ILML�efCJZ�Xh�RTJJHRM�MNLM�MNH�MNKHH�NCRMCICDH�KHRCITHR��CR�k��CRWbk�LDI��CRẀ�LKH�CDEFGEHI�LR�\CDICDJ�GCJLDIRk�_FRRC\GP�MFJHMNHK�]CMN�MNH��PKWa�KHRCITHZ��KHECFTR�]FK̂�NLR�HRML\GCRNHI�MNH�VHMLGj\CDICDJ�QL_LQCMP�FU�MNH��PK�_NHDFG��KCDJWbWk�LDI�CD�lm�_H_MCIHR�MNH��PKWa�KHRCITH�RHHVR�MF�\H�CDEFGEHI�CD�\CDICDJ�MF��\e[�h��CFDRbYZ�iH�]HL̂HK�pCe[[h�lm̀a�CDMHKLQMCFDR�F\RHKEHI�LM�GF]�_��efCJZ�Wh�UTKMNHK�RT__FKM�MNH�NCRMCICDHR�\HCDJ�\CDICDJ�GCJLDIRk�LR�MNHRH�KHRCITHR�\HQFVH�_KFMFDLMHI�LM�GF]�_��LDI�MNHKHUFKH�GHRR�_KFDH�MF�CDMHKLQM�]CMN��QLMCFDRgXkWa�kWbXZ�iH�su�R_HQMKFRQF_P�VHLRTKHVHDMR�LGRF�RT__FKM�MNH�NCRMCICDHR�\HCDJ�CDEFGEHI�LR�\CDICDJ�GCJLDIR��LIICMCFD�FU�pCe[[h�CFDR�CDITQHR�RMKTQMTKLG�QNLDJHR�CD�lm̀a�_H_MCIHRk�\TM�DFM�CD�lm̀aepF�CRh�VTMLDM�_H_MCIHR�efCJZ�bhZ�iCR�CDICQLMHR�MNLM�pCe[[h�CFDR�IF�DFM�\CDI�lm�_H_MCIHR�]NHD�MNH��CR�KHRCITHR�LKH�L\RHDMk�]NCQN�CR�DFM�RTK_KCRCDJk�JCEHD�MNLM�pCe[[h�CFDR�LKH�̂DF]D�MF�\CDI��CR�KHRCITHR�RTQN�LR�MNFRH�CD�_KFMHCD��CRjMLJRWbbZ�iTRk�pCe[[h�CFDR�RHHV�MF�\HGFDJ�MF�L�ULVCGP�FU�VHMLG�CFDR�MNLM�QFFKICDLMH�MF�MNH�lm�pjMHKVCDLG�RHJVHDM�VLCDGP�\P�MNH��CR�KHRCITHRk��TRM�GĈH�lJe[hk�sTe[[hk�fHe[[hk��Je[[hk��De[[hk�tDe[[hk�LDI�_FRRC\GP��\e[�h��CFDRXakb�kbYk̀ak̀�kcXkcbkgXkWb̀kWbcZ�iH�HOLQM�\CDIjCDJ�QFFKICDLMCFD�QFTGI�DFM�\H�IHMHKVCDHI�UKFV�FTK�VHLRTKHVHDMRk�LDI�CM�CR�_FRRC\GH�MNLM�VTGMC_GH�LGMHKDLMCDJ�\CDICDJ�QFDUFKVLMCFDR�HOCRMk�LR�NLR�\HHD�RNF]D�UFK�sTe[[h��CFDRWb�ZlQQFKICDJ�MF�MNH�[KECDJjwCGGCLVR��RHKCHRWb�k�MNH�\CDICDJ�L�DCMCHR�FU�QHKMLCD�ICELGHDM�VHMLG�CFDR�MF�_H_MCIHR�LDI�_KFMHCDR�RNFTGI�UFGGF]�MNH�FKIHK��De[[h���fHe[[h���sFe[[h���pCe[[h���sTe[[h���tDe[[hZ��HMLG�\CDICDJ�L�DCMCHR�LKH�NF]HEHK�DFMFKCFTRGP�IC�QTGM�MF�STLDMCUPk�LR�MNHP�MHDI�MF�ELKP�\FMN�]CMN�MNH�HO_HKCVHDMLG�QFDICMCFDR�e\TrHKk�MHV_HKLMTKHh�LDI�MNH�HV_GFPHI�VHLRTKHVHDM��MHQNDCSTHWbYZ�fFK�HOLV_GHk�\CDICDJ�L�DCMCHR�ELKPCDJ�\P�RHEHKLG�FKIHKR�FU�VLJDCMTIH�NLEH�_KHECFTRGP�\HHD�KH_FKMHI�UFK�MNH�lm�sTe[[h�QFV_GHOk�]CMN�L�QFDRHDRTR�ELGTH�CD�MNH�GF]�D��KHJCFD�UFK�\TrHKjQFKKHQMHI��L�DCMPWbYZ�[D�FTK�HLKGCHK�RMTICHRk�]H�NLEH�KH_FKMHI�L__LKHDM�eDFM�\TrHKjQFKKHQMHIh���u�ELGTHR�LKFTDI�cavWaa����UFK��De[[h�CFDR�CD�_NFR_NLMH�\TrHKk�_���Zbcb�k�LKFTDI�WvWa����UFK�tDe[[h�CFDR�CD�_NFR_NLMH�FK��H_HR�\TrHKk�_���ZX̀ak�LDI�LKFTDI�aZc�v�XZc����UFK�sTe[[h�CFDR�CD�_NFR_NLMH�FK��H_HR�\TrHKk�_���ZXv_���Zbc̀akg�kWa�Z�FMN�MNH�su�LDI�MNH�p���VHLRTKHVHDMR�RTJJHRM�LD�L�DCMP�CD�MNH�GF]����KLDJH�UFK�pCe[[h�\CDICDJ�MF�lm�_H_MCIHR�efCJZ�̀hk�CZHZ�]HL̂HK�MNLD�sTe[[h�CFDRk�RMKFDJHK�MNLD��De[[h�CFDRk�LDI�_HKNL_R�RFVH]NLM�RCVCGLK�MF�tDe[[h�\CDICDJ�L�DCMPk�]NCQN�]FTGI�\H�QFDRCRMHDM�]CMN�MNH�[KECDJjwCGGCLVR�RHKCHRZ�lR�MNH�pCe[[h�CFDR�\CDI�MF�MNH�pjMHKVCDLG�lm�RHJVHDMk�MNH�\CDICDJ�L�DCMP�RNFTGI�\H�KLMNHK�MNH�RLVH�UFK�lm̀a�LDI�lm̀X�_H_MCIHRk�LDI�LGRF�UFK�RNFKMHK�lm�EHKRCFDR�RTQN�LR�lmeWvXYh�LDI�lmeWvW�hZ�iH�su�VHLRTKHVHDMR�CDICQLMH�MNLM�MNH�pCe[[h�\CDICDJ�L�DCMP�MF�MNH�MKTDQLMHI�lmèv̀ah�_H_MCIH�CR�RCVCGLK�MFk�FK�HEHD�RFVH]NLM�]HL̂HK�MNLDk�MNH�L�DCMP�MF�MNH�UTGGjGHDJMN�lm̀a�_H_MCIH�efCJRZ�b�LDI�̀hZ�iCR�CR�TDHO_HQMHIk�LR�MNH�lmèv̀ah�_H_MCIH�NLR�\HHD�KH_FKMHI�MF�QFDMLCD�LD�pjMHKVCDLG�\CDICDJ�VFMCU�MNLM�RT__FRHIGP�_KFECIHR�EHKP�RMKFDJ�\CDICDJ�MF�sTe[[h�LDI�pCe[[h��CFDRWbgk�CZHZ�_FRRC\GP�U��L�DCMP�UFK�sTe[[h��CFDRẀaZ��CDICDJ�FU�VHMLG�CFDR�MF�MKTDQLMHI�lm�ELKCLDMR�CR�\CFGFJCQLGGP�KHGHELDM�LR�RTQN�ELKCjLDMRk�LDI�HR_HQCLGGP�lmèv̀Xhk�LKH�L\TDILDM�CD�LVPGFCI�_GLSTHR�UKFV�\FMN�NHLGMNP�LDI�lu�\KLCD��MCRRTHRẀWvẀ Z̀����� ��|�}�~������� ������� ��o��o�����x��{{��{�������qCVCGLK�MF�HZJZ�lJe[hk�sTe[[hk��Je[[hk�LDI�tDe[[h��CFDRbgk̀akcXkcbk�pCe[[h�CFDR�KHMLKI�lm̀a�LVPGFCI�UFKVLMCFD�CD�L�QFDQHDMKLMCFDjIH_HDIHDM�VLDDHK�\P�ICKHQMjCDJ�MNH�LJJKHJLMCFD�_LMN]LPR�MF]LKIR�DFDj�\KCGGLK�LVFK_NFTR�LJJKHJLMHR�LR�IHVFDRMKLMHI�\FMN�\P�i���TFjKHRQHDQH�LDI�lf��CVLJCDJ�efCJRZ�c�LDI��hZ�lGKHLIP�LM�L�W�W�pCe[[h�lm�KLMCFk�lm̀a��\KCGGLMCFD�L__HLKR�MF�\H�QFVj

��� ¡¢�£¤��fGTFKHRQHDQH�R_HQMKL�FU�Wa����lm̀a�CD�Xa�V���¥q�\TrHKk�_���Zbk�CDQT\LMHI�MFJHMNHK�]CMN�ca����¥u�l�e¦h�FK�]CMN�Waa����pCe[[h�LQHMLMH�e§hZ��GLQ̂�GCDḦ a�N©�KHI�GCDḦ ��NZ



��������	
��
���������������������� �!����������
�
���	�����	��!� "##$%&''()*+),-'�.+�./0'%��1203.4/3422.�31

555�6789:;�<�=>?<@;68@A@<:;B�:8?>CDEFEDG�HIJHKHFELM�NHO�OPCCQRFO�ESRDHER�OFPLHEO�RECQRFHIT�FJSF�UHVWWX�HQIO�YSI�HIZPEIYE�CRQFEHI��STTRETSFHQI[\]M�^E�JS_E�CRE_HQPODG�OJQ̀I�FJSF�DQ̀�aIVWWX�YQIYEIFRSFHQIO�HILPYE�S�aIVWWXbKQPIL�OFRPYFPRE�FJSF�CRE_EIFO�FJE�cd�CECFHLEO�eRQf�eQRfHIT�FJE�dbJSHRCHI�REgPHREL�eQR��hKRHDDSFHQI[ij\kM�cF�JHTJER�aIVWWX�YQIYEIFRSFHQIO�dbOJEEF�OFRPYbFPRE�̀SO��HILPYELilj�OHfHDSR�FQ�QPR�YPRREIF�QKOER_SFHQIO�̀HFJ�mn�OCEYFRQOYQCG�FJSF�UHVWWX�HQIO�HILPYE�dbOJEEF�OFRPYFPRE�HI�cd\k�SIL�cdV\o\kX�CECFHLEO�VpHTM�qnjpXM�cd�STTRETSFHQI�HO�CRQfQFEL�KG�FJE�LHREYF�EDEYFRQOFSFHY�ErEYF�Qe�KHILHIT�YSFHQIO�FQ�FJE�SIHQIHY�cd�CECFHLEOj�FJEREKG�RELPYHIT�RECPDOHQI�KEF̀EEI�FJE�cd��CECFHLEO\kM�sH_EI�FJSF�UHVWWX�SIL�aIVWWX�HQIO�JS_E�OHfHDSR�YJSRTE�SIL�KHILHIT�DHTSILOj�FJEG�DHtEDG�SrEYF�cd�STTRETSFHQI�SIL�hKRHDDSFHQI�_HS�OHfHDSR�fEYJSIHOfOMcDFJQPTJ�cd�hKRHDOj�OPYJ�SO�FJQOE�OJQ̀I�HI�pHTM�ucjvj�SRE�FJE�EIL�CRQLPYFO�Qe�cd�STTRETSFHQIj�HIFERfELHbSFE�STTRETSFEO�tIQ̀I�SO�OQDPKDE�QDHTQfERO�SRE�IQ̀�TEIERSDDG�YQIOHLEREL�FQ�KE�FJE�fSHI�FQwHY�OCEYHEO�HI�cn��CSFJQDQTG[\uj[\xM�NE�FQwHY�fEYJSIHOfO�SRE�PIYDESRj�KPF�fSG�HI_QD_E�fEfKRSIE��LHORPCFHQIqkj�SO�OQfE�OFPLHEO�JS_E�RECQRFEL�FJSF�cd�QDHTQfERO�YSI�eQRf�fEfKRSIEbOCSIIHIT�yCQREOz�FJSF�YSI�HILPYE�DEStSTE�Qe�EMTM�mSVWWX��HQIO[\{M�WIFEREOFHITDGj�QFJER�OFPLHEO�JS_E�RECQRFEL�FJSF�FJHO�JSRfePD�mSVWWX�DEStSTE�YSI�KE�HIJHKHFEL�KG�JHOFHLHIEbSOOQYHSFHIT�YQfCQPILOj�OPYJ�SO�HfHLS|QDEj�aIVWWXj�SIL�UHVWWX��HQIO\[j[\iM�vEYSPOE�mPVWWXj�aIVWWXj�SIL�QFJER�LH_SDEIF�HQIO�JS_E�KEEI�OJQ̀I�FQ�SrEYF�FJE�OFRPYFPREj�OFSKHDHFGj�SIL}QR�FQwHYHFG�Qe�cd��QDHTQfERO[\io[]lj�HF�HO�̀QRFJ�IQFHIT�FJSF�KQFJ�QPR�p~W��VpHTOM�{�SIL��lX�SIL�mn�REOPDFO�VpHTOM�q�SIL��[X�OJQ̀�FJSF�UHVWWX�HQIO�HILPYE�OFRPYFPRSD�YJSITEO�HI�KQFJ�cd�QDHTQfERO�SIL�cd�fQIQfEROM�NHO�HO�HI�DHIE�̀HFJ�ESRDHER�OFPLHEO�OJQ̀HIT�FJSF�KQFJ��n�bOFSKHDH|EL�cd\l��QDHTQfERO{[j[]qj[]\j�SIL��n��fHYEDDEbKQPIL�cd��fQIQfERO][jiu�YQIFSHI�OPReSYEbEwCQOEL�UbFERfHIH�̀JHYJ�fStEO�HF�CQOOHKDE�eQR�FJE�UbFERfHISD��uj��[qj�SIL��[\�REOHLPEO�FQ�HIFERSYF�̀HFJ�fEFSD�HQIOM�̂E�OCEYPDSFE�FJSF�UHVWWX�HQIO�SrEYF�cd�QDHTQfER�OFRPYFPRE�HI�OHfHDSR�̀SGO�SO�mPVWWX�SIL�aIVWWX�HQIO�LQj�E_EI�FJQPTJ�FJE�EwSYF�fEYJSIHOfO�SRE�IQF�ePDDG��PILEROFQQLqkM�cLLHFHQI�Qe�UHVWWX�HQIO�RELPYEO�FJE�HIFEIOHFG�Qe�FJE�U���YRQOOCEStO�eQR�fQIQfERHY�cd\k�CECFHLEO�HI�RSILQf�YQHD�OFRPYFPRE�VpHTM�[Xj�OJQ̀HIT�FJSF�FJHO�YQIeQRfSFHQI�KEYQfEO�DEOO�CQCPDSFELM�vPF�IQ�IÈ�U���YRQOOCEStO�SCCESR�VpHTM�[Xj�̀JHYJ�OJQ̀O�FJSF�FJE�UHVWWX�HQIO�LQ�IQF�KHIL�FQ�eQRf�S�OHITDE�̀EDDbLEhIEL�UHVWWX�cd�YQfCDEwM�WIOFESLj�S�RSITE�Qe�JEFERQTEIEQPO�dbOJEEFbYQIFSHIHIT�OFRPYFPREO�SRE�HILPYELj�̀JHYJ�fQOF�DHtEDG�EwHOF�HI�LHrEREIF�OFSTEO�Qe�STTRETSFHQIM�NEG�YSI�KE�QKOER_EL�HI�mn�SIL�p~W��OCEYFRSj�KPF�IQF�HI�U����OCEYFRSilji\M����� �������������� ������������� ���������������UHVWWX�HQIO�fSG�SrEYF�FJE�cd�STTRETSFHQI�CRQYEOOEO�SDOQ�_HS�eQRfSFHQI�Qe�RESYFH_E�QwGTEI�OCEYHEO�V���XM�UHYtED�HO�̀EDD�tIQ̀I�SO�S�RELQwbSYFH_E�fEFSD�FJSF�YSI�SLQCF�S�̀HLE�RSITE�Qe�QwHLSFHQI�OFSFEOj�HMEMj�eRQf���[�FQ����\[]]M�̂JHDE�FJHO�YSI�KE�POEePDDG�EfCDQGEL�HI�EITHIEERbHIT�YQIFEwFO�OPYJ�SO�HI�UHomL�KSFFERHEOj�HI�KHQDQTHYSD�OGOFEfO�HF�fESIO�FJSF�UH�YSI�HILPYE�QwHLSFH_E�OFREOOj�SIL�FJHO�fSG�KE�QIE�Qe�FJE�fSHI�fEYJSIHOfO�Qe�UH��FQwHYHFGuiM��PR�EwCERHfEIFO�OJQ̀�FJSF�SLLHFHQI�Qe�UHVWWX�HQIO�HIHFHSFEO�eQRfSFHQI�Qe�cd\k�LHFGRQOHIE�YRQOObDHItO�VpHTM�iXj�̀JHYJ�HO�S�YQffQI�����ErEYFM��SRDHER�OFPLHEO�JS_E�OJQ̀I�FJSF�KQPIL�RELQwbSYFH_E�mP�HQIO�YSI�HIHFHSFE�LHFGRQOHIE�eQRfSFHQIj�KQFJ�HI�cd�SIL�QFJER�CECFHLEO�SIL��CRQFEHIOiuj[llo[l]j[]lj[]uj[]xM�WF�HO�FJEREeQRE�IQF�OPRCRHOHIT�FJSF�S�OHfHDSR�ErEYF�HO�QKOER_EL�eQR�UHVWWX�HQIOj�EOCEYHSDDG�SO�FJE�U���REOPDFO�HILHYSFE�FJSF�~GR[k�HO�QIE�Qe�FJE�UHVWWX�KHILHIT�DHTSILO�VpHTM�lXM�cO�̀F�cd�CECFHLEO�QIDG�YQIbFSHI�QIE�~GR�REOHLPEj�HMEM�~GR[kj�LHFGRQOHIE�eQRfSFHQI�fPOF�HI_QD_E�F̀Q�cd�CECFHLEOj�̀JHYJ�FJEI�YQfKHIE�HIFQ�S�YQ_SDEIFDG�DHItEL�LHfERM��PYJ�LHFGRQOHIEbDHItEL�cd�LHfERO�SRE�Qe�KHQDQTHYSD�OHTIHhYSIYEj�SO�FJEG�JS_E�KEEI�eQPIL�HI�SfGDQHL�CDSgPEO�HI�cn��KRSHIO[]{M�cO�FJEOE�CDSgPEO�YQIFSHI�EDE_SFEL�DE_EDO�Qe�KQPIL�RELQwbSYFH_E�mP�SIL�pE��HQIOlujlxj�HF�HO�DHtEDG�FJSF�FJE�cd�LHFGRQOHIE�DHItO�QKOER_EL�HI�cn�CSFHEIFO�SRE�TEIERSFEL�KG�fEFSDbHILPYEL����M�vEYSPOE�LHfERH|SFHQI�HO�FJE�hROF�OFEC�FQ̀SRLO�CECFHLE�STTRETSFHQIj�LHFGRQOHIE�eQRfSFHQI�HI�cd�CECFHLEO�HO�YDESRDG�S�CRQYEOO�FJSF�HIZPEIYEO�STTRETSFHQIM�WI�_HFRQ�OFPLHEO�JS_E�OJQ̀I�FJSF�LHFGRQOHIEbDHItEL�cd�LHfERO�PILERTQ�RSCHL�STTRETSFHQI�HIFQ�QDHTQfERO�FJSF�SRE�OFSKDEj�OQDPKDEj�SIL��IEPRQFQwHY[]iM������ ��� ^E�JERE�OJQ̀�eQR�FJE�hROF�FHfE�FJSF�UHVWWX�HQIO�KHIL�FQ�FJE�UbFERfHISD�OETfEIF�Qe�KHQDQTHYSDDG�REDE_SIF�VHMEMj�ePDDbDEITFJX�cd�CECFHLEOM�NE�UHVWWX�KHILHIT�S�IHFG�HO�HI�FJE�DQ̀����RSITEj�̀HFJ�FJE�FJREE�UbFERfHISD��HO�REOHLPEO�SIL�CQOOHKDG�~GR[k�HI_QD_EL�SO�KHILHIT�DHTSILOM�cF�EgPHfQDSR�SfQPIFOj�UHVWWX�HQIO�HfCELE�cd�hKRHDDSFHQI�KG�LHREYFHIT�FJE�STTRETSFHQI�FQ̀SRLO�SfQRCJQPO�STTRETSFEOM�NE�RELQwbSYFH_E�UHVWWX�HQIO�HILPYE�LHFGRQOHIE�YRQOObDHItO�_HS�RELQw�YJEfHOFRGj�FJEREKG�YRESFHIT�YQ_SDEIF�cd�LHfEROM�UHVWWX�HQIO�HILPYE�OFRPYFPRSD�SDFERSFHQIO�HI�cd�fQIQfEROj�KQFJ�HI�SgPEQPO�KPrER�VeQRfSFHQI�Qe�KEFS�OJEEFOX�SIL�HI�fEfKRSIEbfHfHYtHIT��n��fHYEDDEO�VDHtEDG�eQRfSFHQI�Qe�YQHDbYQHD�JEDHwXj�SIL�SrEYF�SDOQ�cd�QDHTQfERH|SFHQIM�cDFJQPTJ�UHVWWX�KHILHIT�FQ�cd�HO�OQfÈJSF�ÈStER�FJSI�mPVWWX�KHILHITj�FJE�F̀Q�fEFSD�HQIO�HILPYE�OHfHDSR�ErEYFO�QI�cd�OFRPYFPRE�SIL�STTRETSFHQIM��wCQbOPRE�FQ�OFQYJHQfEFRHY�SfQPIFO�Qe�UHVWWX�HQIO�HILPYEO�eQRfSFHQI�Qe�JEFERQTEIEQPO�cd�QDHTQfEROj�̀JHYJ�YSI�KE�QKOER_EL�̀HFJ�mn�SIL�W��KPF�IQF�U���OCEYFRQOYQCGM�NEOE�QDHTQfEROj�̀JHYJ�SRE�HI�S�LGISfHY�EgPHDHKRHPf�̀HFJ�cd�fQIQfEROj�fSG�KE�HfCQRFSIF�YQIFRHKPFQRO�FQ�cn�KRSHI�CSFJQDQTGM�����������������cDD�LSFS�TEIERSFEL�QR�SISDGOEL�LPRHIT�FJHO�OFPLG�SRE�HIYDPLEL�HI�FJHO�CPKDHOJEL�SRFHYDE�VSIL�HFO�OPCCDEfEIFSRG�HIeQRfSFHQI�hDEOXM�NE�RS̀�LSFS�eQR�FJE�OCEYFRQOYQCG�fESOPREfEIFO�SRE�S_SHDSKDE�eRQf�FJE�YQRREOCQILHIT�SPFJQR�QI�RESOQISKDE�REgPEOFM�� �¡¢�£¤�¥¦�§�̈©�ª«�¬�­®­­̄�°  �̈©�£¤�¥¦�±�«¬²³¬́�­®­¦��������� �[M�µRHIYEj��M�¶·�̧¹º�̂QRDL�cD|JEHfER��ECQRF�lk[]»NE�sDQKSD�WfCSYF�Qe�nEfEIFHS�VcD|JEHfER¼O�nHOESOE�WIFERISFHQISD�VcnWXj�½QILQIj�¾¿j�lk[]XM
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555�6789:;�<�=>?<@;68@A@<:;B�:8?>�CDCE�FGHIJKKLIM�NE�OP�QRS�TUJVUWX�ULIK�YUKZ[\]�̂G\_�UIJGH\̀JULI�̂UJV�\X][LUYabGJ\�cdef�ZGZJUYGK�\IY�V\gG�XUILH�GhG̀JK�LI�JVGUH�\iiHGi\JULIE�jkPQ�lmnkompS�qnRS�rsM�CtuvCwuE�VJJZKxyy�YLUE�LHiy�CzE�C{|{{y�\bZE�DzDz}�~�u|�cDzDCfE�CDDE�dĴLLYM��E��E�OP�QRS��LZZGH�XGYU\JGK�YUJ]HLKUIG�̀HLKKa[UI_UIi�L��d[�VGUXGH�K�\X][LUYaeE�lmnkoOpm�P�����M�~tzv~t{E�VJJZKxyy�YLUE�LHiy�CzE�CzDCy�bUz|~�{{D��cDzz�fE�CD|E��LIiM��E�OP�QRS��LZZGH�ULIK�UIYẀG�YUJ]HLKUIGa[UI_GY�YUXGHK�UI�VWX\I�bWJ�ILJ�UI�XWHUIG�UK[GJ�\X][LUY�ZL[]ZGZJUYG�c�d��y\X][UIfE�lmnkoOpS�lmn�o��S��O�S��npp��S����M�~Dzv~D�E�VJJZKxyy�YLUE�LHiy�CzE�CzCty�E�bbH̀E�DzCuE�zCE�CDz�cDzCufE�CD�E��WM��EM�FLYGM��E��E����U[GKM��E��E��LZZGH�HGYL��̀]̀[UIi�UIVUbUJK�de��bHG��LHX\JULI�\IY�ZHLXLJGK��bHG��H\iXGIJ\JULIM�̂VU[G�iGIGH\JUIi�\�YUJ]HLKUIG�de�YUXGHE��kmS��O�S�sM�CtCuzE�VJJZKxyy�YLUE�LHiy�CzE�Cz|{y�K�C~u{a�zC{a�||u|~a~�cDzC{fE�CD~E��\� WG�M��E�OP�QRS��LZZGHM�YUJ]HLKUIG�̀HLKKa[UI_K�\IY�\X][LUYae�\iiHGi\JULIE�¡S�lmnRS�¢�n�£S��oOpS�¤�M�CDCwvCDDuE�VJJZKxyy�YLUE�LHiy�CzE�Czzwy�Kzzww~a�zCua�zCw|�at�cDzCufE�CDtE��WiiUIKM�¥E��EM�¦G[[Ka§IG̀VJM��E��EM��GJLHUGM�̈E�dEM�F\]IGKM��E�¦E���©LHZGM��E�ªE�«LHX\JULI�L��LaJ]HLKUIG�\IY�YUJ]HLKUIG�UI�ZHLJGUIK�YWHUIi�H\YUL[]JÙ�\IY�XGJ\[à\J\[]�GY�L�UY\JULIE�¡S�lmnRS��oOpS�¤rsM�CD|�CvCD|�w�cCuu|fE�CDwE�§G[GJUM�¥E�©G�G�̀UXGH�¬WLHGK̀GÌG�L��JH]ZJLZV\IM�J]HLKUIG�\IY�­ai[]̀GH\[YGV]YGa|aZVLKZV\JG�YGV]YHLiGI\KGE�®̄l��°OPPS�±M�D{zvD{DE�VJJZKxyy�YLUE�LHiy�CzE�CzCty�zzC�a�~wu|cwzf�{zC{Ca{�cCuwzfE�CD{E�²U[bGHX\IIM��EM��\UXLIM�NEM��LVGIM��E����G]GHKJGUIM��E�ªGYL��̀VGXUKJH]�L��IÙ_G[�̀LXZ[G�GK�UI�\ WGLWK�KL[WJULIKE��oOpS��O³S����M�DtzuvDtD~E�VJJZKxyy�YLUE�LHiy�CzE�CzDCy�̀Hz|z�wCw��cDzz~fE�CDuE��\HHUKM��E�NEM��GIK[G]M�§EM�FWJJGH�G[YM��E�dEM�TGGY[GM�ªE�dE����\HIG]M��E��E��UHG̀J�GgUYGÌG�L��L�UY\JUgG�UI�WH]�ZHLYẀGY�b]�JVG�d[�VGUXGH�K�ea\X][LUY�ZGZJUYG�cCv�zf�UI�̀W[JWHGY�VUZZL̀\XZ\[�IGWHLIKE�̄́ �S�µO��nRS����M�Cu|vDzDE�VJJZKxyy�YLUE�LHiy�CzE�CzCty�zzC�a��{{tcu~f�uzz�CaC�cCuu~fE�C|zE��GIUIUM��E�OP�QRS��GIGH\JULI�L��HG\̀JUgG�L�]iGI�KZG̀UGK�b]�e�\X][LUY��bHU[K�\IY�L[UiLXGHK�UIgL[gGK�YUhGHGIJ�UIJH\yG�JH\̀G[[W[\H�Z\JV̂\]KE�jpm�n�jkm¶���sM�CCzCvCCztE�VJJZKxyy�YLUE�LHiy�CzE�Czzwy�KzzwDta�zzua�z|Cuaw�cDzCzfE�C|CE��VUX\�\_UM�·EM�·\�UX\M�¥E���·\X\ẀVUM�̧E��HLZGHJUGK�L��JVG�UIYL[G�HUIi�UI�XGJ\[�̀LXZ[G�GKE�d�̀LXZ\HUKLI�̂UJV�JVG�ZVGIL[�HUIiE�¡S�¢�n�£S�lmnkoOpS���sM�Cz~vCC~E�VJJZKxyy�YLUE�LHiy�CzE�CzCty�E��UILH�ibULE�DzC~E�z|E�zzC�cDzC~fE�C|DE�²V\IiM��EM��\KG]M�̈E���TGGM��E��E�ªGKUYW\[�KJHẀJWHG�UI�JVG�d[�VGUXGH�K�YUKG\KG�ZGZJUYGx��HLbUIi�JVG�LHUiUI�L��\�̀GIJH\[�V]YHLZVLbÙ�[̀WKJGHE�®nR¶S�¹O�S��M��C|v�DDE�VJJZKxyy�YLUE�LHiy�CzE�CzCty��C|~ua�zDw{cu{f�zzz~�at�cCuu{fE�C||E�§IG̀VJM��EM�ªÙ_[UIM��EM�NbGH[GM�dE�̈E���NHIKJM�FE�̧[UiLVUKaJ\iKx��G̀V\IUKXK�L��bUIYUIi�JL��̈UDºä¥d�KWH�\̀GKE�¡S�»nRS��Okn£�mPS�¤¤M�DwzvDwuE�VJJZKxyy�YLUE�LHiy�CzE�CzzDy��XHE�u�C�cDzzufE�C|�E�FLWKG�H\aN[�\H\VM�«EM�FU�\IUM��EM��LZZG[M�·EM�«\[[GHM��E����WHG\WM��E��HLIc��f�bUIYUIi�JL�\X][LUYaeM�JVG�d[�VGUXGH�K�ZGZJUYGE�¢�n�£S��oOpS���M�uzD�vuz|zE�VJJZKxyy�YLUE�LHiy�CzE�CzDCy�ÙDzC�D||b�cDzCCfE�C|~E�«\[[GHM��E����WHG\WM��E�FULUILHi\IÙ�̀VGXUKJH]�L��̀LZZGH�\IY��UÌ�ULIK�̀LLHYUI\JGY�JL�\X][LUYae�ZGZJUYGE�¹QRPn��¼�Q��S�VJJZKxyy�YLUE�LHiy�CzE�Cz|uy�b{C||�u{_�cDzzufE�C|tE�«\[[GHM��E��LZZGH�\IY��UÌ�bUIYUIi�JL�\X][LUYaex��LLHYUI\JULIM�Y]I\XÙKM�\iiHGi\JULIM�HG\̀JUgUJ]�\IY�XGJ\[aULI�JH\IK�GHE��oOp½lmn�oOp���M�D{|wvD{�~E�VJJZKxyy�YLUE�LHiy�CzE�CzzDy�̀bÙE�Dzzuz�z|DC�cDzzufE�C|wE��HgUIiM��E��E�̈E��E���¦U[[U\XKM�ªE��E��E�©G�KJ\bU[UJ]�L��JH\IKUJULIaXGJ\[�̀LXZ[G�GKE�¡S��oOpS��nkS�|CuDv|DCz�cCu~|fE�C|{E�d[UGKM�FE�OP�QRS��Wc��f�\¾IUJ]��LH�JVG�d[�VGUXGH�K�ZGZJUYGx�¥]HLKUIG�¬WLHGK̀GÌG�KJWYUGK�HGgUKUJGYE�j�QRS��oOpS�s�M�C~zCvC~z{E�VJJZKxyy�YLUE�LHiy�CzE�CzDCy�\̀|zD�tDuW�cDzC|fE�C|uE�F\Ha̧HM��EM��WHJUKM��EM�ª\LM�̈EM�F\XZLKM�̈E���T\WM�NE��V\H\̀JGHU�\JULI�L��JVG��LcDºf�\IY�̈UcDºf�bUIYUIi�\XUILa\̀UY�HGKUYWGK�L��JVG�̈aJGHXUIWK�L��VWX\I�\[bWXUIE�dI�UIKUiVJ�UIJL�JVG�XG̀V\IUKX�L��\�IĜ�\KK\]��LH�X]L̀\HYU\[�UK̀VGXU\E�̄��S�¡S�lmnkoOpS�¤rsM��Dv�wE�VJJZKxyy�YLUE�LHiy�CzE�Cz�ty�E�C�|Da�C|DwE�DzzCE�zC{�tE��cDzzCfE�C�zE��UJ\[M��E�OP�QRS�d��WÌJULI\[�HL[G��LH�de�UI�XGJ\[�VLXGLKJ\KUK¿�̈aJHWÌ\JULI�\IY�VUiVa\¾IUJ]�̀LZZGH�bUIYUIiE�j�£OÀS��oOpS�¢�PS�̄¶S�̄�£RS���M�Cz�tzvCz�t�E�VJJZKxyy�YLUE�LHiy�CzE�CzzDy�\IUGE�DzC~z�Dt���cDzC~fE�C�CE��\KJGHKM��E�TE�OP�QRS�dX][LUY�Z[\ WG�̀LHG�ZHLJGUI�UI�d[�VGUXGH�YUKG\KG�\IY��L̂I�K]IYHLXGE�q�nkS�µQPRS�jkQ¶S��kmS�Á�j�s¤M��D�~v�D�uE�VJJZKxyy�YLUE�LHiy�CzE�Czw|y�ZI\KE�{DE�CDE��D�~�cCu{~fE�C�DE��\KJGHKM��E�TE�OP�QRS�̈GWHLI\[�LHUiUI�L��\�̀GHGbH\[�\X][LUYx�̈GWHL�bHU[[\H]�J\Ii[GK�L��d[�VGUXGH�K�YUKG\KG�̀LIJ\UI�JVG�K\XG�ZHLJGUI�\K�JVG�\X][LUY�L��Z[\ WG�̀LHGK�\IY�b[LLY�gGKKG[KE�̄»lÂ�¡S��M�Dw~wvDwt|E�VJJZKxyy�YLUE�LHiy�CzE�CzzDy�E�C�tza�Dzw~E�Cu{~E�Jbz�z�zzE��cCu{~fE�C�|E�TĜUKM��E�OP�QRS�ÃW\IJU�̀\JULI�L��d[�VGUXGH�Z\JVL[Li]�UI�\iGUIi�\IY�YGXGIJU\x�diGaHG[\JGY�\̀ ẀXW[\JULI�L��\X][LUYaec�Df�ZGZJUYG�UI�g\K̀W[\H�YGXGIJU\E�µO��n�QPonRS�j��RS�µO��nÄmnRS��¤M�Cz|vCC{E�VJJZKxyy�YLUE�LHiy�CzE�CCCCy�E�C|t~a�DuuzE�DzztE�zztutE��cDzztfE�C��E��LHJG[UWKM�NE�OP�QRS��\KK�KZG̀JHLXGJHÙ�̀V\H\̀JGHU�\JULI�L��bH\UI�\X][LUY�e�UKL�LHX�KUiI\JWHGK�UI��\XU[U\[�\IY�KZLH\YÙ�d[�VGUXGH�K�YUKG\KGE�jkPQ�µO��n�QPonRS��¤�M�C{~vCu|E�VJJZKxyy�YLUE�LHiy�CzE�Czzwy�Kzz�zCa�zCza�ztuzaC�cDzCzfE�C�~E��GYbGHiM�·E��E�OP�QRS��]IGHiUKJÙ�GhG̀JK�L��XGJ\[aUIYẀGY�\iiHGi\JULI�L��VWX\I�KGHWX�\[bWXUIE��nRRnm¶�����ÅS�l�lmnm�PO�ÅQkO���±�M�w~Cvw~{E�VJJZKxyy�YLUE�LHiy�CzE�CzCty�E�̀L[KW�HÆE�DzC{E�CzE�ztC�cDzCufE�C�tE�TGGM��E��EM�̈\XM�NEM�TGGM��E��EM��\gG[UGhM��E��E���TUXM��E��E�¥L̂\HYK�\I�WIYGHKJ\IYUIi�L��\X][LUYae�L[UiLXGHKx��V\H\̀JGHU�\JULIM�JL�ÙUJ]�XG̀V\IUKXKM�\IY�UIVUbUJLHKE��oOpS��nkS��O³S��rM�|Czv|D|E�VJJZKxyy�YLUE�LHiy�CzE�Cz|uy�̀t̀Kz�zw|Ci�cDzCwfE�C�wE��GIiWZJ\M�ÇEM�̈U[KLIM�dE�̈E���§\]GYM�ªE�©G�HL[G�L��\X][LUYae�L[UiLXGHK�UI�JL�ÙUJ]M�ZHLZ\i\JULIM�\IY�UXXWILJVGH\Z]E�̄lmn½»O¶mkm�O�rM��Dv�uE�VJJZKxyy�YLUE�LHiy�CzE�CzCty�E�GbULXE�DzCtE�z|E�z|~�cDzCtfE�C�{E�FLYGM��E��EM�F\_GHM��E��E����U[GKM��E��E��LI�̀V\IIG[��LHX\JULI�b]�\X][LUYae�D�L[UiLXGHK�bWJ�ILJ�\X][LUYae�z�UI�̀G[[W[\H�XGXabH\IGKE�¡S�lmnRS��oOpS�¤È¤M�C�z�vC�C|E�VJJZKxyy�YLUE�LHiy�CzE�Czw�y��b̀E��CCtE�wtD~Dt�cDzCwfE�C�uE�§UXM��EM��LIM��E���§UXM�·E�̈�ª�KJWYUGK�L��JVG�ULI�̀V\IIG[a�LHXUIi�VWX\I�\X][LUYae�̂UJV��UÌ�ULI�̀LÌGIJH\JULIKE�»OpÄ�Q�O��VJJZKxyy�YLUE�LHiy�CzE�||uzy�XGXbH�\IGKC�CCCzw�uu�cDzDCfE�C~zE�TGGM��E��E�OP�QRS�²UÌ�ULI�H\ZUY[]�UIYẀGK�JL�ÙM�LhaZ\JV̂\]�\X][LUYae�L[UiLXGHK�YUKJUÌJ��HLX�\X][LUYae�YGHUgGY�YUhWKUb[G�[Ui\IYK�UI�d[�VGUXGH�K�YUKG\KGE��kmS��O�S�sM��wwDE�VJJZKxyy�YLUE�LHiy�CzE�Cz|{y�K�C~u{a�zC{a�D|CDDa��cDzC{fE�C~CE��\H\UM�§EM��GIiWZJ\M��EM��\VLLM�FE����\UJUM��E��G[G̀JUgG�YGKJ\bU[U�\JULI�L��KL[Wb[G�\X][LUY�e�L[UiLXGHK�b]�YUg\[GIJ�XGJ\[�ULIKE�lmnkoOpS�lmn�o��S��O�S��npp��S����M�DCzvDC~E�VJJZKxyy�YLUE�LHiy�CzE�CzCty�E�bbH̀E�DzztE�z�E�z~t�cDzztfE�C~DE�¦U[[U\XKM�¥E�TEM��GHZG[[M�TE��E���ÇHb\ÌM�FE��J\bU[U�\JULI�L��I\JUgG�\X][LUY�eaZHLJGUI�L[UiLXGHK�b]�̀LZZGH�\IY�V]YHLiGI�ZGHL�UYG�UIYẀGY�̀HLKKa[UI_UIi�L��WIXLYU�GY�ZHLJGUIK�c����Ç�fE�lmnkoOpS�lmn�o��S�jkPQS�¤�ÈÉ¤�ÈM�DzCtE�VJJZKxyy�YLUE�LHiy�CzE�CzCty�E�bb\Z\ZE�DzC~E�CDE�zzC�cC{t�fE�C~|E�·WM�TE�OP�QRS��JHẀJWH\[�̀V\H\̀JGHU�\JULI�L��\�KL[Wb[G�\X][LUY�eaZGZJUYG�L[UiLXGHE�lmnkoOpm�P����sM�C{wzvC{wwE�VJJZKxyy�YLUE�LHiy�CzE�CzDCy�bU{zD�z�tI�cDzzufE�C~�E��WM�TEM�TUWM��E����WLM�²E��JHẀJWH\[�UIKUiVJK�UIJL�de�D�L[UiLXGHK�WKUIi�KUJGaYUHG̀JGY�KZUI�[\bG[UIiE�¡S�lmnRS��oOpS�¤ssM�C{tw|vC{t{|E�VJJZKxyy�YLUE�LHiy�CzE�Czw�y��b̀E��CC|E��~ww|u�cDzC|fE�C~~E�̈ \iM�§E����V\_H\gLHJ]M�dE��LILg\[GIJM�JHUg\[GIJ�\IY�JGJH\g\[GIJ�IÙ_G[E��nn�¶S��oOpS��O³S���M�{wvC�w�cCu{zfE�C~tE��XUJVM��E��E�OP�QRS��LÌGIJH\JULI�YGZGIYGIJ���WDº�UIYẀGY�\iiHGi\JULI�\IY�YUJ]HLKUIG��LHX\JULI�L��JVG�d[�VGUXGH�K�YUKG\KG�\X][LUYae�ZGZJUYGE�lmnkoOpm�P����rM�D{{CvD{uCE�VJJZKxyy�YLUE�LHiy�CzE�CzDCy�bUztD�zutC�cDzzwfE�C~wE�¦\IiM��E�OP�QRS��GZJUYG�b\̀_bLIGàLZZGH�HUIi�KJHẀJWHGx�d�XL[G̀W[\H�UIKUiVJ�UIJL�̀LZZGHaUIYẀGY�\X][LUY�JL�ÙUJ]E��om�S�qo��S�lS���cCzfM�Cz{wzDE�VJJZKxyy�YLUE�LHiy�CzE�Cz{{y�Ctw�a�Cz~ty�\̀{uDz�cDzDDfE�C~{E�d[a�U[\[]M�·E�§E�OP�QRS�d�̀GIJH\[�HL[G��LH�YUJ]HLKUIG�̀HLKK[UI_UIi�L��dX][LUYae�UI�d[�VGUXGH�K�YUKG\KGE�jkPQ�µO��n�QPonRS��npp��S��M�{|E�VJJZKxyy�YLUE�LHiy�CzE�CC{ty�Dz~Ca�~utzaCa�{|�cDzC|fE�C~uE�§L_M�¦E��E�OP�QRS��]IJVGJÙ�YUJ]HLKUIGa[UI_GY�ea\X][LUY�YUXGHK��LHX�KJ\b[GM�KL[Wb[GM�IGWHLJL�Ù�L[UiLXGHKE��oOpS��kmS��M����uv��~��cDzC|fE
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�!�
 � � % !�
�!�
��3�% �%) ��� ��- ��)}- $� -$ 3Q 3$}��&'��3�%1�)�'+#+ �)$ ��� ��� �%$}�� ��Q ��� ��$ ��)}�&'����� ���) �%�3 ���% �$�%}� ��% ��- ��) %�)}�&'�����1�)�'+#+ ���- ���3 �3�� �%�$}% ���% %)�3 �3�Q �3�)}�&'

K>@>JB~�CN��BOEFGC�BICB AO�G<NCG<FE��CJB~IBOEF ���������������

���������������������������������������������� �¡¢£¤¥¢¦§̈©ª«¤����¬�­¬�®�̄R�®��;°;;



���������	��
���	�	
���
��������	��
����	���
�������
���	�
�����������
�
���������
����������������������	�	
��	�����������
��	�����
����	���
��� ��!"#� ���
�
�	���$����		���
��������%���
�� ����	
���
�������		�	
����	���
��� ��!"#����
�
�	��&�&�������	�����%'(�������	
���
����%���������������	������	��
�������������)��
���
���%
��	��*	����
���	��
���
�
��
���������	�
�+ ��,��
����	
���
����������	��� ���'(�����
�����
��������!"#����
�
�	��&�&�������	�!�	�%
��������	������
��	�
��
�
�����������
�	������	�	
��
��
�
�� ����
���� ����
������
	
���
���%����
�����
���������������	���	������

�-���

���
�����
������	��������������������������������	
���
�����.��
	��
���
*����������	�
���
���+%�������

����
����+%*�
����$����		���
�����������/%0���
��&�&�������	��������!%��%	�����

��123�����������
4����	������������#�	���
��	������	��
	
��

�����������	*��
	
������
�!"#����
�
�	�
���
���+�567689:;<=>9?@A<=>>BC9?DE=<FG:9=?6������	��������	������
	����������
��

�����	
���
�� ���������	����
��
���
�� ����
���� �������

�
���	������		(���)	��

HIJKLMNO��	���
��	�����
�
��
���	� ,�P2!"#���
����������
�
������2	�
������	���
�*�.���
��Q�%������
��
��
�����	����� ���2&�&�
�+R���!����+��,���%�����$����	*�.�������
�+R���/����+��,�0�����	
%	���
�����������
�
 ��!"#���*�.�� �����	�����	�*���)����	������%���2&�&
�
�����
��	�

�

�
��	�����	���!%�������������	�������	�����	%���������
�
���	�

�
��	
��	� �%S%,S%�S%��
��SP2���*���
%��
��������*���%����������%���������%��
����*�������	%��	���
����������
��
�
��
���	���$����	*�.��%	�������/%0�%
��
�.������	���
��	��������%����������
�
*�	�*
���
���
�����	������
	��
���SP2�

�
������ ���
�����	������
	��
���
������%�
�+R�������
�+��,����
HIJKLMTO������	��������		���	���
��� ,�P2!"#����
�
�	�����220&*�.��%�+R��%����*�
�
��
�,��P20��!�!�����
�,��P2���������
�
��/��/���)����U����
��
����U�#��

VAWAX@F9YGZ[@\<=>Y9@?Y@ ]\̂>6GY>6=<_̀YX@F?@\<= abcbdefgheijfkb

giilcmnnopjqpernstqstusndfcfgbvwbxepqyfttsytz{|{}~���~�������utuy�s��u�s��u�yy575�



����������	�
�����
��
���
�����������
�����
��
����
�����	�����������
���	������ ��
�!"�#$%&#$' 

�(���� ��
�)##*+���
���������,-�������������������)+����
�����
������
�
�
��#--./ 01+�������	�����������
�
��

��
����
���
���
����������������2����
�����
���
)+��������
������
�
�
��#--./��

2�
���
��)3�������
���������4�������
��������

��	����
��2���
���
�������

�
����$,����
���
���
�3�����5 )�����6�
��2�
���
7
���
�,#-
���
���
��	������2����
��#$'�#!-�
��������)+�����

�
���
�!"-
���
�
����
�

��
7�����������������������
����������
�������
����

����������
��������������
)+��������������
��2������
���

2���
���
���
�����������
���
�����2����
���������
7��
��������������
�
���
�����
������2������)89:9;<=>?@A?BCDEFGFHI?JK8LDGMHNOPQHPNCRGHBCBSTRCUGDGRE9V���

��	����2
��2�
�����������������������V(�W�X0 


�2���

�3���������

������
��
����3+�� 


�2��������� �����������
	�����
�����������Y��������

2���
��
��������������
���
)V��
�����,-����������
��������
���������������,$���������������������1��������
��������������
�������������
����
�
����
�������	��
���7)+����,$����������������
������������Y���
���
��
��
���
�����
����Z�
��1�����������*-&#--./����,$��������

�-&#---./����

2�
���
���
�����������
������
")$)+��V(�W�X0


�2����������
��
-)-"[�1��#)%�/ ���������

2�
���
����
�����������������
�������
��������/\ 
���
�""&5-71
���������3�����%��

�! )

+�����
��������������
����	�
������-)-"[�1��������7��2��
�
�
����	���,$ ��������

������
2
������
����������2����������2���2
������������
���������������)#!#�
��������
������Y���
���
��
��
���
�����

2�
���
���
��������6
���
����� ������������������	��)�
���
������

���
���V(�W�X0���
���
����
�����
���
��
�
��������
������Z������������
�����

����������������3�����%��

��,&5 )+�����������	��Y�����
���
�2	��2����
�
������������
��
��
���
�#-./ ��
������

2���
�)�
-)$[�1��5)'�/ ���
����,$�������������
/\
���
�#5&$-71

���������3�����%��

�% )+��������������
����	�
������-)$[�1����7��2��
�
�

�
�����
����
������
����)#!#�#!$W���
�
���
�����������������
��������
�����
���
��
���

2���
��
��
���
��#-�#--�

�#---./ 2��������������

����
�
����
7��
�����
�������
����

2���
��
��
���
�

���
7���
�������������
��
��
���
��
���
��
���
��
��2�����
���
������
������-)$[�1�����������3�����%��

��*&#- )+��������������
���
�������
�������-)$[�1����������
�����������1���
��
��
���
�����Y�������

2���
���������������	�

����
��2��
��
��
���
�����
��
�����
���������Y����
����
�������-)-"[�1�����������3�����% )89]9Q̂_̀TaObRPHFbHaÈ OcObRGBMRdO?JK8LDGMHNOPTRPebRePO9+������
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T�&�\�V"�������%$�"� �� '�ú$���$�%��û�\�V ���% üýþý����������ý

����þ�		
�����
	�������	��þ��ý��ý������������������������ !"�����#�$#�%�&P�%��'('Q



����������	�
���	��
�
���	��
�
��
���
���������������
����
����������
������	��
�������������� !�"� #$��#�"%&�'�()�)�()�*�(
	+,�-�+����	�+
	+��	+�+������+.(&�/�
	+0�1���	+����+���2*
	+)&'3�4��
���	��(3�/�(5�5�(,�)�(
	+,�-���	+����+���67*�4��
���	��(&�6�(8�)�(7�'�(7�8�(7�)�()�)�(
	+1�9���	+����+���937 
	+�����+�
��
��
���	�4��
���	��(3�/�(0�&�(5�5�(
	+,�-���	+����+����: 
	+;��
����	���4��
���	��(
	+
��
����
������+<���<
���	�����
	���
����=��>%9��
����
�+���

���������<�	��������	�?	
	��
��	��
���@�A�&�'�(5�5�(
	+,�-�

���

����+�
��	����)���,<�+�	&/�6�����
��������
	.(	�
�����	+�	��
�
	�B
���	�(�
+
	.
����	���+����	��������+.C�	������������	(
	
�.���(�
�	��
�
��
���	��+
�
C�	���<
���	�������
	���
���C�
�	���+������	������������
�������D�!E=FGHIJKLI=MN9���<�
O<
������
��+�.�

	���
�����3���	�
	*���

�����	�����7�)�@	��)*'�P�QA
	+��)�)�@	����RSA(�
�����7
�	��/�
��
��0��	+
���	��,-(�
�� ���T���3	�O����0��	+
���	@�
�U����

	��R�V�W�QA��&/(�
�����8
��

+*���

��0��	+
���	(���X��
V�

�	Y�	+Z����0��	+
���	��
&Y,*���

��(
	+���8

���	�O
2	��������277��

������

	����)�7�*�(�
�����,<�+���*���

�����	���(���,���O���� *����	
����	���(
	+���/

�	0��	+
���	�	,<�+�	��&�'�(
	+�
�����6
���	
�,���	����	�
��	)��
	+��7�8�@	�����[��[�/�,9W���WRPA�D\I]I\I=!IN@�A,������	�()�C:�,�
����
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	Introduction
	Alzheimer’s disease (AD) is one of the most prevalent neurodegenerative disorders and the most common form of dementia worldwide. Despite decades of research, many details about AD pathogenesis remain unclear. 
	Aggregation of the amyloid-β (Aβ) peptide is one of the hallmarks of AD, and is believed to cause neurotoxicity and synaptic dysfunction, leading to neuronal death and cognitive decline. Aβ aggregates are formed when monomeric Aβ peptides misfold and convert from a random coil structure into a β-pleated-sheet-rich structure, which is more prone to aggregation. The peptides assemble from monomers into oligomers, protofibrils and finally into a mature fibril exhibiting cross-β structure, where the β-strands run perpendicular to the fibril axis. 
	Several factors have been implicated in the aggregation mechanism and toxicity of Aβ. One such possible factor is interactions with metal ions. Metals such as copper, iron and zinc are abundant in the brain and are required in many physiological processes. Importantly, dysregulation of metal homeostasis has been linked to AD pathogenesis. Maintaining metal homeostasis in the body is crucial, as increased metal ion levels can generate reactive oxygen species (ROS), leading to increased oxidative stress damaging cellular components and contribute to neurodegeneration. In addition, metal ions may directly interact with the Aβ and affect its aggregation. 
	It is well known that the Aβ aggregation process is sensitive to environmental changes. Minor variations in temperature, pH, peptide concentration, agitation, etc. may have large effects on the aggregation rate and the morphology of the formed aggregates. Therefore, it is not surprising that binding of charged metal ions typically affects the aggregation pathway of the peptide. Metal ions have been shown to modulate peptide aggregation by promoting aggregation of monomeric peptides into fibrils, but also by stabilizing aggregates in the most toxic oligomeric states. Metals such as copper and nickel ions have in this thesis been shown to bind to the Aβ N-terminal, where histidines are implicated as binding residues. In contrast, metal compounds such as the uranyl ion have been shown to interact with the peptide without residue-specific binding, instead affecting the peptide via electrostatic interactions. 
	Although the Aβ peptide is the most prevalent component of amyloid plaques in AD brains, other proteins such as Apolipoprotein E (ApoE) may also be relevant for the AD pathogenesis. One isoform of the ApoE protein, ApoE4, is known to increase the risk for developing AD, up to four-fold in heterozygotic carriers and up to twelve-fold in homozygotic carriers. Another isoform, ApoE2, seems to protect against the disease. A further interesting aspect of the ApoE protein, in relation to AD and metals, is that carriers of the ApoE4 allele have been shown to be more susceptible to mercury toxicity. It has therefore been suggested that the ApoE protein may play a role in the clearance of mercury, and perhaps also the Aβ peptide.
	The aim of this study was to improve the understanding about the role of metal binding in AD pathology. A wide range of spectroscopic methods have been used to investigate the interactions between metal ions and AD related proteins. Although some metals in this study might not be required for biological function, they all occur in the environment and exposure is known to cause toxicity and interfere with normal neurological function. Obtained results widen our insight into the role of metal ions in AD pathology.
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	1.8 Therapeutic strategies for Alzheimer’s disease

	Understanding the basic properties of polypeptide chains is fundamental to comprehending how proteins achieve their diverse functions within biological systems. The primary structure of native proteins usually folds rapidly into a secondary structure, and then into a tertiary three-dimensional structure, largely affected by the properties of the amino acid residues and the surrounding environment to ensure functionality and achieve a state of lowest free energy. The secondary structure of a protein refers to the local folding patterns, where alpha helices and beta sheets are the two most common structures. Both are stabilized by hydrogen bonds between the backbone of the polypeptide chain(s). When a protein or a region of a protein does not form a stable, regular secondary structure, and instead exists in a flexible, disordered and irregular conformation, it is said to be in a random coil structure (Zorko, 2010).
	Folding of proteins is driven by various molecular interactions. Van der Waals forces are weak interactions that occur between closely packed atoms, and they help to stabilize folded structures. Disulfide bridges, typically formed by oxidation of cysteine residues, can covalently link distant parts of polypeptide sidechains and thereby further enhance structural stability. Salt bridges can stabilize the structure of a protein by interactions between two oppositely charged amino acids, often arginine or lysine binding to aspartic or glutamic acid. Hydrophobic effects are crucial for reducing the free energy of a system, and it is common that proteins form a hydrophobic core,where nonpolar hydrophobic residues are shielded from the aqueous, polar environment. 
	Factors such as mutations, translational errors, environmental stress, aging etc. may interfere with the protein folding process. This interference may yield misfolded proteins, which are characterized by deviations from their native, functional three-dimensional conformation. Although human cells have multiple control systems that screen for misfolded proteins, and attempt to correct or degrade them, these systems can sometimes fail. When this happens, misfolded proteins can aggregate, disrupt cellular processes and contribute to the pathology of disease.
	Neurodegenerative diseases are a group of conditions which mainly impact neurons in the brain. The most frequently occurring examples of such diseases are Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) and Amyotrophic lateral sclerosis (ALS). Although all neurodegenerative diseases are different in their specific features, they share several common pathological features, where progressive loss of neurons, synaptic dysfunction, and loss of synaptic connections are the most prominent (Ciurea et al., 2023; Hussain et al., 2018). As different diseases affect different areas of the brain, the symptoms will vary, although it is common to observe cognitive decline, motor dysfunction and behavioral changes in patients (Montero-Odasso et al., 2017; Trojsi et al., 2018). Many neurodegenerative diseases also have a long presymptomatic phase, when changes in the central nervous system (CNS) have started, but no symptoms are yet present in the patient. This makes it difficult to detect and treat the disease before substantial damage already has been made (Katsuno et al., 2018). Extensive research has been conducted for decades in the field of neurodegeneration, but the underlying mechanisms and many details of the pathogenic mechanisms are for most diseases still not understood.
	Many neurodegenerative diseases are categorized as proteinopathies, also known as protein conformational diseases. It is a class of diseases characterized by misfolding and aggregation of proteins, resulting in loss of function and/or toxic properties (Bayer, 2015; Noor et al., 2021). Proteinopathies primarily affect the CNS and manifest with a range of symptoms related to CNS dysfunction. Some proteinopathies involve multiple organs and peripheral tissues (Brito et al., 2023; Gertz, 2022; Sack, 2020), these will not be considered in this thesis.
	In neurodegenerative proteinopathies (henceforth only called proteinopathies), proteins undergo structural modifications that lead to self-association, elongation, and aggregation into fibrillar structures that can accumulate in the CNS. Molecular processes such as disruptions in protein clearance, post-translational modifications or increased protein production can be observed in several proteinopathies (Bayer, 2015; Ciccocioppo et al., 2020). Many of the proteinopathies are complex and involve more than one type of aggregating protein, which often complicates diagnosis and the development of effective therapies. List of neurodegenerative proteinopathies and related proteins is presented in Table 1. 
	In the mid-19th century, researchers first described iodine stainable brain deposits found during autopsies. It was therefore assumed that the deposits consisted of starch, and they were consequently named “amyloid” (derived from the Latin word ‘amylum’, meaning starch). When the deposits were further studied, a high nitrogen content was detected, which prompted a re-interpretation that resulted in a suggestion that the deposits to a large extent consisted of proteins (Cohen, 1986; Sipe & Cohen, 2000). 
	Today the deposits are called amyloid plaques, and they are known to play a significant role in the pathogenesis of the diseases grouped as amyloidosis (some of which are listed in table 1). The plaques originate from normally soluble monomeric proteins which misfold, aggregate and assemble into insoluble fibrillar structures. The fibrils adopt a characteristic cross-β sheet structure, where the individual β-sheets run perpendicular to the fibril axis (Figure 1). The fibrils are unbranched and can reach lengths of several µm, with a diameter of approximately 7-12 nm (Chiti & Dobson, 2017; Sunde et al., 1997). Formation of amyloid structures can be monitored directly by transmission electron microscopy or indirectly via dyes, such as Congo red or Thioflavin T (ThT) where the intensity of these dyes is generally considered to correspond to the amount of amyloid material present in the sample (Malmos et al., 2017; Qin et al., 2017).
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	Figure 1. Typical architecture of a cross-β structure. a) Side view of fibril structure composed of stacked β-sheets aligned perpendicular to the fibril axis. b) top view of a). c) Diffraction pattern of a typical amyloid fibril, where meridian ~4.7 Å corresponds to the regular spacing between β-strands within a β-sheet, and equator ~10 Å indicates the periodicity of β-sheets stacked on top of each other. By Morris and Serpell (2012), reprinted with permission from Springer Nature. 
	Table 1. List of proteinopathies, diseases and related proteins affecting the CNS. 
	Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the accumulation of proteinaceous aggregates in the brain. It is the most common form of dementia, with approximately 55 million cases worldwide (World Health Organization [WHO], 2023). The disease was first described by the German pathologist Alois Alzheimer in 1907 (Alzheimer, 1907). This article was later summarized and translated to English (Alzheimer et al., 1995). Dr. Alzheimer presented a case report of a woman who in her early 50’s started to show symptoms of dementia. After her death in 1906 (aged 55). Dr. Alzheimer performed the post-mortem analysis of an atrophic brain with previously undescribed neuropathological features and deposits. The deposits are today called amyloid plaques and neurofibrillary tangles (NFTs), and are typical features that are associated with AD (Alzheimer et al., 1995). NFTs consist of hyperphosphorylated aggregates of the microtubule associated Tau proteins, which are assembled into strands and deposited within nerve cells (Zempel & Mandelkow, 2014). The amyloid plaques are instead primarily built up from the amyloid-β (Aβ) peptides and are mainly encountered extracellularly (Y. Zhang et al., 2023), (Aβ is further described in section 1.5).
	A typical clinical presentation of AD starts with an asymptomatic period, where initial deposition of Aβ and NFTs starts the neuronal disruption, although the patient is not experiencing any symptoms. This period may last for many years or even decades (Jessen et al., 2022; Price & Morris, 1999). The first symptom of the disease is often mild memory loss, and at this stage are areas such as entorhinal cortex, hippocampus, cingulate cortex and parietotemporal cortex affected (Herholz et al., 2002; Hyman et al., 1984; Scheff & Price, 2001). As the disease progresses, language, reasoning and social behavior become affected. At a late stage, many brain areas do not function normally, and the progression of synaptic loss is highly correlated with the disease severity. The outcome is always fatal, even though the cause of death is usually not the disease itself, but rather secondary complications such as pneumonia, malnutrition, or heart failure (Alzheimers Association, 2023; Kukull et al., 1994; Terry et al., 1991).
	The risk of developing AD increases with age, and AD is most common in people over the age of 65 (Reitz et al., 2011). As global life expectancy increases (WHO, 2024), it is expected that AD prevalence will increase. The disease does not only cause a lot of individual suffering, but also a great economic challenge for society. In 2019, the global cost of AD was estimated to be approximately 1.3 billion US $ (Wimo et al., 2023), and this number will increase in relation with the increasing number of patients. 
	The disease is divided into two subtypes: familial and sporadic Alzheimer’s disease (fAD and sAD, respectively), where sAD is responsible for more than 95% of all cases (Chakrabarti et al., 2015; Reitz et al., 2011; van der Flier & Scheltens, 2005). The onset of the fAD usually occurs at an earlier age (age < 65 years), than sAD and numerous mutations in genes such as the amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) have been linked to fAD (Cai et al., 2015; Kelleher & Shen, 2017; Li et al., 2019). The mutations typical for fAD often result in increased Aβ production and affect the length of the peptides produced, often increasing the levels of more toxic and aggregation-prone Aβ variants. Unlike fAD, sAD does not follow a clear inheritance pattern. Instead sAD is thought to be influenced by a complex interplay of genetic, environmental and lifestyle factors, such as air pollutions (PM2.5, NO2, NO) (Wilker et al., 2023) pesticides (Yan et al., 2016), metals (Babic Leko et al., 2023; Bakulski et al., 2020), cigarette smoking (Cataldo et al., 2010; Wallin et al., 2017), diet (Agarwal et al., 2023), exercise (Meng et al., 2020), sleep (Sabia et al., 2021), and traumatic brain injury (TBI) (Mielke et al., 2022). Although the connections are not yet fully understood, several genetic risk factors have also been implicated in sAD and the primary genetic risk factor that has been identified is the apolipoprotein ε4 allele. It is, however, essential to note that carrying the apolipoprotein ε4 allele does not guarantee that an individual will develop the disease (further described in section 1.6). Mutations in genes involved in various biological processes such as the immune system, endocytosis and lipid transport may also be associated with the disease (De Roeck et al., 2019; Foster et al., 2019; Guerreiro & Hardy, 2014). 
	Understanding Alzheimer’s disease is a major challenge in current research and healthcare. During many decades of research, considerable progress has been made regarding the clarification of biochemical and molecular mechanisms involved in the progression of AD, some of which are presented below. 
	An early hypothesis presented in the late 1970’s and early 1980’s to explain AD pathogenesis was the cholinergic hypothesis (Bartus et al., 1982; Davies & Maloney, 1976). The hypothesis suggests that loss of the cholinergic neurons and decreased levels of acetylcholine (ACh) have a central role in the cognitive deficits observed in AD. This was based on observations of reduced cholinergic activity in the brains of individuals with AD, in combination with the clinical efficacy of acetylcholinesterase inhibitors. Acetylcholinesterase inhibitors increase the ACh levels present and can (temporarily) improve function in the cognitive system of some AD patients (Nordberg & Svensson, 1998). Today it is widely accepted that the cholinergic hypothesis is not the sole explanation for the cognitive decline in AD, although acetylcholinesterase inhibitors are currently used for symptom relief in AD (Vaz & Silvestre, 2020). 
	In the early 1990’s Hardy and Higgins (1992) first presented the amyloid cascade hypothesis, which suggests that the abnormal accumulation of Aβ in the brain is the initial cause of AD. It suggests that the peptide accumulation initiates a cascade of events that contributes to the progression of the disease. This was supported by the fact that individuals with Trisomy 21 (i.e. Downs syndrome) often develop AD at an early age, explained by the presence of an extra copy of the gene encoding Aβ precursor protein, located on chromosome 21 (Fortea et al., 2021; Strydom et al., 2018). Additionally, many mutations associated with fAD are associated with alterations in Aβ production, especially upregulation or shifting the production towards the more toxic peptide species (Selkoe, 2008). 
	There is currently an ongoing debate regarding the relevance of this hypothesis as it has been shown that Aβ content is not always correlated with the development and severity of AD and individuals may have a significant number of amyloid plaques in the brain, without showing symptoms of the disease (Aizenstein et al., 2008; Delaere et al., 1990; Dickson et al., 1992). Besides that, another argument against the hypothesis is the fact that therapies developed to target amyloid production, aggregation or clearance have failed to show significant effects (Ricciarelli & Fedele, 2017). The amyloid cascade hypothesis might not be the sole or complete explanation for the pathogenesis of AD, yet there is no doubt that Aβ is linked to the disease and that it plays a significant role in AD pathology. 
	The tau hypothesis states that abnormal hyperphosphorylation of Tau results in the formation of paired helical filaments (PHF-tau) and NFTs in AD (Iqbal et al., 2016; Kosik et al., 1986; Mohandas et al., 2009) which are highly toxic to neurons, disrupt microtubule stability, and as a result impair cellular transport, eventually leading to synaptic dysfunction and cell death (Gendreau & Hall, 2013; Kopeikina et al., 2012; Maccioni et al., 2010). The fact that the amount of NFTs generally correlates with the progression of the disease and that mutations in the tau-encoding gene (microtubule-associated protein tau, MAPT) lead to abnormal tau aggregation and neurodegeneration, are two arguments in favor of hypothesis that tau aggregates are the main toxic species in AD.
	The oligomeric hypothesis suggests that the smaller, soluble oligomers of Aβ are the most neurotoxic forms and therefore the primary cause of onset and progression of AD. The hypothesis arose during the late 1990s when the amyloid cascade hypothesis started to be questioned, and focus was shifted towards these smaller Aβ aggregates. The oligomers have been shown to interfere with synaptic signaling pathways, disrupt long-term potentiation, interact with cellular membranes and as a result cause leakage. This hypothesis is also supported by the observation that there is a good correlation between the levels of soluble Aβ oligomers, cognitive deficits and synaptic dysfunction (Cline et al., 2018; Ferreira & Klein, 2011). 
	The oligomeric species are very unstable, and therefore difficult to study. Many protocols are used for the preparation of oligomers in vitro, and as a result a lot of variations have been observed. These inconsistencies complicate the studies of oligomers, as their function, structure and toxicity may be largely affected by minor changes in the experimental setup. 
	The metal hypothesis argues that metal ion dysregulation plays a crucial role in AD. Particularly copper, iron and zinc have been suggested to contribute to AD pathogenesis. In early studies these metal ions showed interaction with the Aβ peptides and were found in elevated levels in amyloid plaques (Lovell et al., 1998; Miller et al., 2006). Metal homeostasis is important, and concentrations of metal ions must be tightly regulated to ensure proper cellular functioning and maintain essential processes such as redox balance and enzymatic activity (Alberts et al., 2008). However, patients with AD often display metal dyshomeostasis, which is considered to contribute to the aggregation of the Aβ peptide. Binding of metal ions can for example induce conformational changes in the peptide that facilitate aggregation. Metal ions are also known to contribute to oxidative stress by generating reactive oxygen species (ROS), which in turn interfere with biological processes, and potentially contribute to the disease. Additionally, metal ions affect Aβ production and the length of the peptide (by modulating APP cleavage) (De Benedictis et al., 2019; Maynard et al., 2005). It is worth noting that although metal dyshomeostasis in AD is widely accepted, it is not known if it is a cause of, or an effect of the disease. Furthermore, it is not clear if metal ions contribute to the formation of amyloid plaques in vivo, or if the ions bind to the already formed plaques. Therefore, the metals may cause secondary effects instead of contributing to the initial disease pathogenesis. In either way, once bound to the plaques, the metal ions may contribute to neuronal damage through ROS formation. There are still many gaps in the metal hypothesis, and it is probably not the sole cause of the disease, however, metal ions likely play an important role in disease progression (Aaseth et al., 2016; Bush, 2013; Bush & Tanzi, 2008; Chen et al., 2023).
	The functionality of the mitochondria has been recognized as a critical factor in AD. The mitochondria are considered the powerhouse of the cell and are essential for energy production, regulation of cellular metabolism, and maintenance of cellular health (Alberts et al., 2008). In AD brains, it has been shown that the mitochondrial dynamics is disturbed, resulting in a disruption of the morphology and functioning of the organelles. Neurons are highly energy-consuming cells, and mitochondrial dysfunction leads to decreased ATP production. Energy deficits may impair several cellular functions, including synaptic activity and plasticity, both of which are crucial processes for memory formation and cognitive functions (Cunnane et al., 2020). Mitochondria are also vital for neurotransmitter release in the presynaptic terminal, where they supply ATP, and also regulate intracellular calcium levels. In AD, this regulation is often disrupted, leading to elevated calcium levels which results in altered neuronal activity and may result in activation of cell death pathways (Guan et al., 2021). In addition, a dysfunctional mitochondrion may produce ROS and cause oxidative stress as a result of disturbances in the electron transport chain (Guo et al., 2013).
	Oxidative stress refers to an imbalance between the production of ROS and the ability to detoxify these harmful compounds and repair the resulting damage. Under normal physiological conditions, a balance between ROS production and neutralizing antioxidative processes allows the cell to function normally. An overproduction of ROS disturbs this balance and leads to oxidative stress in the cell. ROS are natural byproducts of the cellular metabolism, particularly within the mitochondria during aerobic respiration but are also produced by macrophages and neutrophils in the immune system (Checa & Aran, 2020). Increased ROS levels may damage cellular components, including lipids, proteins and DNA which could impair cellular functions, induce apoptosis or contribute to the pathogenesis of various diseases (Shields et al., 2021). A wide range of diseases have been associated with oxidative stress, including cardiovascular diseases, diabetes, cancer, and aging, but also neurodegenerative diseases like PD and AD (Knott et al., 2008; Ray et al., 2012; Reddy et al., 2011; Wang et al., 2009). The mitochondrial dysfunctions often observed in AD patients are likely part of a vicious cycle, where dysfunctional mitochondria-induced oxidative stress causes even further damage which may damage additional mitochondria. 
	Both Aβ and hyperphosphorylated Tau have been shown to interact with and affect the mitochondria negatively. Aβ can interfere with the electron transport chain, thereby further increasing ROS production and reducing the efficiency of ATP production (Bobba et al., 2013; Spuch et al., 2012). Hyperphosphorylated tau, on the other hand, has been shown to disrupt the distribution of mitochondria inside the cell, which naturally affects the cell function (Isei et al., 2024). The Aβ peptides can induce ROS by themselves, and disrupt cellular membranes caused by lipid peroxidation (Cenini et al., 2010; Cheignon et al., 2018; Harris et al., 1995). Moreover, Aβ peptides can induce ROS also through interactions with metal ions (extensively described in section 1.7).
	Increased oxidative stress furthermore increases the risk of mutations in the mitochondrial DNA, which further results in defective mitochondrial proteins and contributes to additional mitochondrial dysfunction and the pathogenesis of AD (Druzhyna et al., 2008). 
	Both Aβ aggregates and NFTs are thought to be able to activate an inflammatory response in the brain by activating glial cells (primarily microglia and astrocytes) (Hickman et al., 2018; Kim & Choi, 2015). Activated microglia release pro-inflammatory cytokines and chemokines, such as Interleukin-1, Interleukin-6 and tumor necrosis factor alpha, which in turn amplifies the inflammatory response by recruiting more immune cells (Gao et al., 2023). A chronic neuroinflammation may give rise to neuronal damage and further contributes to cognitive decline, and many inflammatory processes also lead to oxidative stress (Adamu et al., 2024; Mittal et al., 2014; W. Zhang et al., 2023).
	AD is a complex and multifactorial disease, and the pathology of the disease is likely an interplay of multiple factors and pathological processes. The hypotheses presented in this section all contribute with different aspects of pathophysiology, adding pieces to the puzzle of AD (Figure 2). 
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	Figure 2. Simplified scheme of factors contributing to the progression of Alzheimer’s disease. These (and many other) elements interact in a complex network, producing neuronal damage, synaptic loss, and cognitive decline.
	The 36-43 residues long amphipathic Aβ peptide is produced by enzymatic cleavage of the amyloid precursor protein, APP (Mawuenyega et al., 2013). Aβ was first described as a major component of the amyloid plaques found in the brains of AD patients in 1984 (Glenner & Wong, 1984). The Aβ peptide exists in different forms in humans, but also across various animal species. The variation in amino acid sequence affects how prone the peptides are to aggregate and thus, their possible contribution to AD pathology. In humans, the Aβ1-40 variant is the most common form of the peptide in the brain, whereas the Aβ1-42 variant (Figure 3) shows a greater propensity for aggregation and is therefore considered to be more toxic (Mori et al., 1992; Naslund et al., 1994). In murine species, three amino acids are substituted, compared to human wild type Aβ, i.e. R5G, Y10P, and H13R. Additionally, rodent Aβ is also known to be less aggregation-prone than human Aβ (Xu et al., 2015). The Aβ peptide exists in many other species where there are variations in sequence, propensity to aggregate and structure. Although many species can display human-like amyloid aggregates, only few species are showing AD-like symptoms (Chen & Zhang, 2022; Walker & Jucker, 2017). 
	Although it is mostly associated with the pathogenesis of AD, it is important to note that Aβ is also present in healthy brains. It has been suggested to be involved in cell survival, memory formation, neuronal communication, and plasticity (Puzzo et al., 2015; Soucek et al., 2003). Studies have shown that knocking out the gene and enzymes involved in Aβ production leads to a significant reduction in Aβ, but also results in various neurological deficits and developmental problems (Dawson et al., 1999; Plant et al., 2003; Zheng et al., 1995). Thus, Aβ seems to have an important biological role in the brain, but the details are unclear. 
	In an aqueous solution at physiological pH values, the monomeric Aβ peptide is negatively charged, intrinsically disordered and adopting a random coil conformation. In a membrane or membrane-mimicking environment, the peptide adopts an α-helical secondary structure. In a detergent micelle, the C-terminal and central part of the peptide localizes inside, while the N-terminal remains unstructured outside the micelle (Tiiman et al., 2016). Upon aggregation, the peptide folds into β-sheets, which enable formation of amyloid fibrils (Rambaran & Serpell, 2008). The N-terminal part of the Aβ peptide contains three histidine residues (H6, H13, H14), where the nitrogen in the imidazole ring can coordinate metal ions. The central and C-terminal segments of the peptide are hydrophobic and may interact with membranes or fold into hairpin conformation, likely required for aggregation (Figure 3) (Abelein et al., 2014). The Aβ1-42 peptide has two additional hydrophobic residues in the C-terminal (i.e. I41 and A42), making this variant less soluble in aqueous solution than Aβ1-40, but also contributing to its aggregation propensity. The presence of these additional hydrophobic amino acids residues alters the molecular structure and, stabilizes the intermolecular interactions which drive aggregation (Sgourakis et al., 2007). 
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	Figure 3. Amino acid sequence of Aβ1-42. Blue: Histidine residues, mainly uncharged at neutral pH and protonated below pH ~6. Red: acidic, negatively charged residues at neutral pH. Purple: Positively charged residues at neutral pH. Amino acids that can be involved in metal coordination are marked with * and hydrophobic regions are overlined. Adapted from: (Wärmländer et al., 2019).
	The Aβ peptide is produced by proteolytic cleavage of the amyloid precursor protein (APP) (Nunan & Small, 2000). APP is a transmembrane protein mainly located in the plasma membrane and is primarily expressed in neural tissues (O'Brien & Wong, 2011). The APP gene is in humans located on chromosome 21 (Korenberg et al., 1989; Patterson et al., 1988; Tosh et al., 2021) and is spliced into three variants of different lengths (APP770, APP751 and APP695), where the APP695 is the isoform most commonly found in the brain (Delport & Hewer, 2022). APP contains a region that encodes for the Aβ peptide, and whether Aβ is produced or not depends on the specific enzymes involved in the enzymatic cleavage of APP (O'Brien & Wong, 2011). Under normal conditions, APP primarily follows the non-amyloidogenic pathway (Figure 4), where alpha (α)-secretases such as Disintegrin and Metalloprotease 10 (ADAM10) cleave APP within the Aβ fragment, resulting in a soluble amyloid precursor protein-alpha (sAPPα) fragment of 612 amino acids that is released into the extracellular space (Chasseigneaux & Allinquant, 2012; De Strooper et al., 2010). This, while an 83-residue long carboxyl-terminal fragment alpha (CTFα) is released intracellularly (Chen et al., 2017). The sPPα fragment is important in the brain development, involved in the regulation and proliferation of neuronal stem cells (Coronel et al., 2019). It is also thought to have a role in processes such as memory formation and synaptic plasticity in the mature brain (Ishida et al., 1997). 
	The subsequent cleavage of the CTFα fragment is performed by the gamma (γ)-secretase, a protein complex containing among other subunits also PSEN1 or PSEN2 (De Strooper et al., 2012). This cleavage results in the APP intracellular C-terminal domain (AICD) and the small P3 peptide (~3 kDa). The exact roles of these intracellularly released fragments are not yet elucidated. As the P3 peptide seems to be rapidly degraded, it suggests that P3 has no significant pathological or even biological function (Zhang et al., 2011). 
	In the amyloidogenic pathway, APP is instead cleaved by beta (β)-secretase which cuts APP and leaves the Aβ fragment complete and attached to the CTFβ fragment. One of the most common β-secretases are the Beta-Site APP cleaving enzyme 1 (BACE1), which belongs to the pepsin family of proteases and requires acidic conditions for optimal enzymatic activity (Cole & Vassar, 2007; Haass et al., 1993). The γ-secretase then cleaves the CTFβ fragment, leaving the AICD and an Aβ monomer (Figure 4). The main difference between the two pathways is that the α-secretase in the non-amyloidogenic pathway cuts within the Aβ sequence, hindering its production, while the β-secretase in the amyloidogenic pathway cleaves outside the Aβ site, making the formation of Aβ peptides possible (Nathalie & Jean-Noel, 2008). 
	The native role of APP is currently under discussion, but the evolutionary conservation of its gene family suggests that it serves an important function (Tharp & Sarkar, 2013; Zheng & Koo, 2011). APP is known to be involved in cell adhesion, neuronal guidance, synapse formation, to act as cell surface receptor, regulate synapse formation, and influence cell division (Ejaz et al., 2020; Nhan et al., 2015). Its importance is further confirmed by the negative effects observed in APP knockout mice (Mazinani et al., 2020; Senechal et al., 2008; Zheng et al., 1995). Additionally, APP have shown to bind Cu ions and are suggested to be implicated in iron metabolism (Wild et al., 2017).
	Interestingly, it has been shown that the APP cleavage is not limited to the plasma membrane. APP can be transported into early endosomes by endocytosis, where β-secretase (especially BACE1) and γ-secretase, but less α-secretase is present. The lower pH in the early endosomes (approximately pH 6.5 (Hu et al., 2015)) promotes BACE1 cleavage, resulting in increased Aβ production. It has therefore been suggested that toxic Aβ may be produced intracellularly and then transported to the extracellular space (Fourriere et al., 2022; Iizuka et al., 1996; Skovronsky et al., 1998; Turner et al., 1996). 
	/
	Figure 4. Proteolytic cleavage of the APP by α-, β- or γ-secretase directs the protein into either the non-amyloidogenic or the amyloidogenic pathway. Adapted with permission from (Hampel et al., 2021). 
	The aggregation of Aβ is a complex and critical process in the pathogenesis of AD. The monomeric Aβ peptides undergo a series of structural changes and interactions which lead to the formation of aggregates and plaques in the brain. 
	To initiate aggregation, the Aβ peptides must exceed the critical aggregation concentration (CAC). While the CAC varies depending on the surrounding environment, it is estimated to be around 100 nM for Aβ1-40 under physiological conditions, and even less for the more aggregation-prone Aβ1-42 peptide (Brannstrom et al., 2014; Iljina et al., 2016). 
	The aggregation process can be divided into three stages (Figure 6). It begins with the lag phase, where monomers typically exist in a disordered state. As the concentration of Aβ peptides increases, some monomers undergo conformational changes and begin to associate with each other, forming small aggregates commonly known as oligomers during a process called primary nucleation. Once the critical threshold is reached, the aggregation process enters the transition into a rapid growth phase, called the elongation phase. Here, larger aggregates and fibrils are formed. During this phase, Aβ monomers are primarily added to existing fibril ends, leading to their elongation and growth. Finally, the aggregation process reaches the stationary phase, where a stable concentration of Aβ aggregates is reached. Although some fibrils may continue to grow, there will likely also be fragmentation of already formed structures and so-called secondary nucleation, resulting in a largely consistent aggregate concentration. 
	As mentioned in section 1.2.2.1, ThT fluorescence is a useful tool for monitoring the amyloid formation in a sample. ThT is a benzothiazole dye that contains a dimethylated benzothiazole ring connected to a dimethylamino benzyl ring via a single carbon-carbon bond (Figure 5). The single carbon-carbon bond makes rotation of the two rings possible which causes quenching of the fluorescence in unbound state. Upon binding to amyloid material, the free rotation is hindered and as a result the quenching is reduced. This results in a great increase in fluorescence intensity. Therefore, the measured ThT fluorescence intensity roughly corresponds to the amount of amyloid material present in the sample (Biancalana & Koide, 2010; Malmos et al., 2017; Qin et al., 2017). The intensities can be plotted against time and produce a sigmoidal curve from which parameters such as lag time, growth rate and half time for aggregation can be determined (Figure 6). One limitation of the ThT dye is that aggregation of 50-70 monomers is required for the fluorescence to increase. That means that other techniques are required to monitor the initial aggregation steps (Tiiman et al., 2015).
	/
	Figure 5. Chemical structure of Thioflavin T (ThT). A dimethylated benzothiazole ring connected to a dimethylamino benzyl ring by a single bond (denoted with arrows) which allows free rotation. Upon binding to amyloid material, the free rotation is hindered, and fluorescence can be detected.
	The aggregation process is very sensitive to environmental conditions and factors like pH, temperature and presence of metal ions or other small molecules may have a large impact on the aggregation process, influencing both the rate of aggregation and the structural characteristics of the resulting aggregates. The different conditions may alter the balance between different aggregation steps, potentially affecting the stability and toxicity of the aggregates. For example, metal ions such as zinc (II) and copper (II) have been shown to be able to accelerate the aggregation, and variations in pH changes the intrinsic charge of the peptide. This sensitivity makes studies of Aβ peptides complicated and explains why large variations can be observed in similar studies performed by different authors. 
	/
	Figure 6. Aggregation kinetics of Aβ peptides. (A) shows a typical sigmoidal curve obtained from in vitro experiments, where the aggregation has been monitored by following the change in ThT fluorescence. (B) processes that takes places during the peptide aggregation. Adapted with permission from (Thacker et al., 2023) and (Kumar & Walter, 2011)
	The aggregation of Aβ peptides is central to the pathology of AD and as previously discussed, the monomeric Aβ peptide is soluble and typically adopts a random coil in aqueous solution and alpha helical structure in a membrane or membrane mimetic environment. The monomeric peptide does not exhibit significant toxicity on its own, although its interaction with other cellular components is suggested to be able to exacerbate pathological conditions (Tamagno et al., 2018). Upon initiation of aggregation, the monomers go through a conformational change, taking on a β-sheet structure which allows them to interact and form insoluble fibrils, characteristic of amyloid plaques. According to the amyloid cascade hypothesis, the aggregation of Aβ was causally linked to explain the pathogenesis of AD and this was initially supported by studies of brain tissues (Mann et al., 1985). However, a few years later the hypothesis started to be debated (Kepp et al., 2023). Researchers observed that the number of amyloid plaques in the brain of AD patients did not consistently correlate with severity of the disease. Some individuals with significant amyloid plaque deposits exhibited only mild symptoms or even normal cognitive function (Ricciarelli & Fedele, 2017). The focus was then shifted to the pre-fibrillar states, as the levels of soluble Aβ aggregates in the CNS of AD patients seemed to correlate better with the pathology (Viola & Klein, 2015). The pre-fibrillar state ranges from dimers to aggregates of hundreds of peptides, i.e. oligomers to protofibrils (Khaled et al., 2023). 
	Aβ oligomers are small, prefibrillar, soluble aggregates that are currently considered to be the main toxic species in AD pathology (Cline et al., 2018; Lee et al., 2017; Walsh & Selkoe, 2004). Although they have been extensively studied for decades, no clear definition of their size has been stated, but it is common that dimers to dodecamers are considered oligomers, while larger and more fibrillar-like aggregates are called protofibrils (Cline et al., 2018; Sakono & Zako, 2010). Due to their instability, the secondary structure of the oligomers is not completely understood. They are thought to lack the highly ordered arrangements characteristic for mature fibrils and instead consist of mixed structures of β-sheets and random coil (Bitan et al., 2003; Ono et al., 2009). 
	Although the toxicity caused by oligomers is widely accepted, it is not yet completely understood how they exert their toxicity. For example, it has been suggested that the oligomers may have prion-like properties, meaning that they can be distributed between cells (Walker et al., 2016; Willbold et al., 2021). They are also thought to be able to disrupt cellular membranes, both intra- and extracellularly, thereby weakening membranes and inducing leakage. This may among other effects contribute to the Ca-dysregulation that is known to be associated with AD (Popugaeva et al., 2020; Serra-Batiste et al., 2016). Additionally, Aβ oligomers have been shown to bind to a variety of biomolecules, and thereby affect their natural function (Taniguchi et al., 2022; Wiatrak et al., 2021; Zhao et al., 2008). 
	Mature Aβ fibrils are the end product of the fibrillogenic pathway. The fibrils display an elongated morphology which can reach several µm, with a diameter of approximately 7-12 nm (Chiti & Dobson, 2017; Sunde et al., 1997). X-ray diffraction has shown that fibrils are unbranched structures composed of cross-β sheets (Figure 1), a structure which many amyloid fibrils have in common (Fandrich, 2012; Sunde et al., 1997). Cross-β sheet structures are composed of hydrogen bonded β-strands that are packed perpendicular to the fibril axis, creating highly ordered, stable aggregates that are resistant to proteolysis (Sabate & Ventura, 2013). The fibrils can aggregate into amyloid plaques, mainly through non-covalent interactions such as hydrogen bonding and hydrophobic interactions between fibrils. The plaques are mainly observed extracellularly (Jankovska et al., 2020). Although mature amyloid plaques are mainly composed of fibrils of the Aβ peptide, many other components are often also found within the plaques. Proteins such as Apolipoprotein E, proteoglycans, lipids and metal ions can also bind to the fibrils and might play a stabilizing role and might contribute to the plaque formation (Liao et al., 2004; McGeer et al., 1994; Stewart & Radford, 2017; Xiong et al., 2019). 
	As mentioned in section 1.3, Apolipoprotein E (ApoE) has been shown to be a protein involved in AD. ApoE is a glycoprotein composed of 299 amino acid residues with a molecular mass of ~34kDa. It is involved in the transport and metabolism of lipids and contributes to lipid homeostasis in the body. The protein is encoded by the ApoE gene, located on chromosome 19 (Liu et al., 2013; Moreno-Grau et al., 2018). In CNS ApoE is mainly produced by astrocytes and the production has been shown to increase upon injury to the brain, suggesting its involvement in the repair of the nervous system (Chen et al., 1997) as well as in inflammatory responses in the brain (Lynch et al., 2003; Vitek et al., 2009). 
	The protein exists in three isoforms (ApoE2, ApoE3 and ApoE4), where ApoE3 is the most common and considered the normal form (Huang & Mahley, 2014). Only a single amino acid residue distinguishes ApoE2 and ApoE4 from ApoE3 (Figure 7). In ApoE2 the arginine at position 158 is exchanged to a cysteine, and in ApoE4 the cysteine at position 112 is exchanged to an arginine (ApoE2: C112 and C158, ApoE3: C112 and R158, ApoE4: R112 and R158).
	The protein contains an N-terminal segment (residue 1-191) of mainly amphipathic alpha helices arranged in coiled-coils with the hydrophobic residues arranged in the protein’s interior, while the polar, charged and hydrophilic residues are located on the protein surface. The N-terminus can bind to low-density lipoprotein (LDL) receptors and is therefore important for binding of lipoproteins. The C-terminus (residue 216-299) is also composed of amphipathic helices, and it is involved in lipid binding (Raussens et al., 1998; Segrest et al., 1992; Strittmatter et al., 1993; Weisgraber, 1994; Wilson et al., 1991; Yamauchi et al., 2008). 
	It has been shown that carriers of ApoE-ε4 allele are more susceptible to both mercury intoxication and at greater risk of developing AD (Corder et al., 1993; Farrer et al., 1997; Godfrey et al., 2003; Kim et al., 2009; Manelli et al., 2007). In contrast, the ApoE-ε2 isoform is considered “protective” against AD (Li et al., 2020). The underlaying reason remain unknown, but as the -SH groups of cysteines are known to bind metals, including Hg (Ajsuvakova et al., 2020; Mesterhazy et al., 2018), it has been suggested that the ApoE protein may be involved in removal of Hg from tissue and that the lacking cysteines in ApoE4 would result in a reduced capacity for metal removal. At the same time, the binding of Hg ions to ApoE proteins has not been studied.
	/
	Figure 7. Structure of Apolipoprotein E (residues 23-162) showing a predominance of alpha helices. Residues 112 and 158 are marked in red and indicate where the three ApoE variants differ. Structure was determined by X-ray diffraction. PDB ID: 1B68, protein structure is visualized with Chimera version 1.18 (Pettersen et al., 2004).
	Genetic analyses have shown that carrying an ApoE ε4 allele not only increases the risk of developing AD, but it also lowers the mean age of clinical onset (Bertram et al., 2007; Corder et al., 1993; Genin et al., 2011; Mishra et al., 2018; Rebeck et al., 1993; Roses, 1996). It is estimated that the risk of developing the disease increases 4-fold for heterozygotic carriers of the ε4 allele, and up to 12-fold for homozygotic carriers (Mahley & Huang, 2012). Interestingly, carrying the ε2 allele seems to have a protective effect and reducing the risk of developing AD (Corder et al., 1994; Li et al., 2020).
	Exactly how the ApoE4 gene increases the risk of developing AD is not completely understood. It has been shown that compared to ApoE2 and ApoE3, the degradation and removal of Aβ from the brain are less effective in ApoE4 carriers, and ApoE4 can stabilize the Aβ peptide and to some extent increase the rate of its aggregation (Deane et al., 2008; Ma et al., 1994; Shackleton et al., 2019; Wisniewski et al., 1994). In a mice model, the ApoE4 isoform increased the half-life of Aβ peptides in the brain, and the ApoE4 mice also showed higher levels of amyloid-related gliosis, whereas ApoE3 reduced it (Liu et al., 2017). The ApoE4 isoform also increased Aβ production more than ApoE3 in cell cultures expressing APP (Ye et al., 2005).
	Besides the interactions between the ApoE protein and Aβ peptide, ApoE4 is also associated with an increased inflammatory response in the brain, and is able to increase the inflammatory response by affecting the activation of microglial cells (Fernandez et al., 2019; Ferrari-Souza et al., 2023; Lee et al., 2023).
	 The blood brain barrier (BBB) is a highly selective semi-permeable membrane between the blood and the brain and controls trafficking of compounds into the brain, and it prevents entries of potentially toxic molecules and pathogens. The ApoE4 protein has been associated with a reduced integrity of the BBB, which may have a crucial effect and result in a disrupted brain environment (Halliday et al., 2016; Jackson et al., 2022). The ApoE4 protein has also been shown to be less effective in lipid transport, which could negatively affect neuronal survival and plasticity (Yang et al., 2023).
	More than 80% of the periodic table of elements consists of metals, many of which are essential for biological processes and crucial for the normal functioning of the human body. Metals such as iron (Fe), calcium (Ca), zinc (Zn), copper (Cu), manganese (Mn) and magnesium (Mg), are involved in enzymatic functions, transport of oxygen, DNA synthesis, regulation of oxidative stress and neuronal signaling (Majorek et al., 2024). As many physiological processes are dependent on metals, their proper regulation and homeostasis are crucial for health as both excess and deficiencies may lead to a variety of disorders (Wang & Zhang, 2015). Metals can directly affect proteins by breaking salt bridges, causing oxidative stress, inducing protein denaturation, and in the case of proteinopathies like AD, affect the aggregation processes. In AD and several other proteinopathies, metal dyshomeostasis is implicated and thought to be involved in the disease’s progression, by inducing accumulation of peptides, increasing ROS production and impairing of biomolecular functions (Chen et al., 2023; Das et al., 2021). Already in the 1990’s researchers showed that Zn(II) ions could affect Aβ aggregation (Bush et al., 1994), and that AD brains display abnormal metal concentrations (Babic Leko et al., 2023; Wang et al., 2020). In addition, amyloid plaques have shown to contain elevated levels of Zn, Cu and Fe (~mM concentration) (Beauchemin & Kisilevsky, 1998; Faller & Hureau, 2009; Lovell et al., 1998; Miller et al., 2006). The disrupted metal homeostasis in AD is a commonly recognized problem, however, the details are not yet fully understood. The published literature about this subject further highlights the complexity, as publications in many cases show contradictory results with both increased and decreased concentrations of metal ions in AD brains (Babic Leko et al., 2023; Brewer, 2014; Cicero et al., 2017; Lovell et al., 1998; Squitti et al., 2014). 
	Iron, copper and to some extent other transition metals such as manganese and nickel can participate in Fenton-type reactions where reactive hydroxyl radicals are formed by interaction between metal ions and hydrogen peroxide in redox reactions. The reactions happen when the metal ions recycle between different redox states, react with hydrogen peroxide, and create hydroxyl radicals which are highly reactive and contribute to oxidative stress (Gao et al., 2022; Lloyd & Phillips, 1999)
	It is widely accepted that the metal homeostasis is disrupted in AD patients, but it is not yet elucidated whether the changes are a cause or an effect (or both) of the underlying pathology. Although it is not thought to be the sole cause of the disease, abnormal metal metabolism and homeostasis is believed to contribute to the disease’s progression by, among other things, affecting the aggregation of AD-related proteins and contributing to oxidative stress and neurotoxicity (Babic Leko et al., 2023; Huat et al., 2019; Islam et al., 2022).
	Metal binding to the Aβ peptide has been extensively studied for many years and the main focus has been on the most biologically relevant metals such as Cu, Ca, Zn and Fe, especially since these metals were found in elevated concentrations in amyloid plaques (Beauchemin & Kisilevsky, 1998; Lovell et al., 1998; Miller et al., 2006). The binding of metals ions to Aβ influences the net charge of the peptide, which affects the stability and conformations of peptide regions and may destabilize the secondary structures in the peptide. This destabilization may induce a shift towards more stable conformations such as β-sheets, which in turn could facilitate the aggregation of peptides into amyloid fibrils. Metal ions have in vitro been shown to stabilize soluble oligomers, which could enhance their neurotoxicity if it would happen in vivo (Gonzalez Diaz et al., 2024; Ryan et al., 2015; Williams et al., 2016). 
	Interestingly, the metal: peptide ratio plays an important role and affects the rate of aggregation and morphology of aggregates. For example, the sub-equimolar concentrations of Cu(II) ions push the aggregation towards ThT-active, larger aggregates, whereas supra-equimolar concentrations promote formation of smaller oligomers and amorphous aggregates (Jin et al., 2011; Pedersen et al., 2011; D. P. Smith et al., 2007).
	 The Aβ peptide lacks cysteine residues (Figure 3), which are typical metal binding residues, however, the Aβ N-terminus contains aspartic acids and glutamic acids (D1, E3, D7 and E11). These residues are negatively charged and are likely to bind positively charged metal ions. Additionally, the peptide contains three histidine residues (H6, H13 and H14) which through their imidazole ring can contribute to the coordination of metal ions under physiological conditions. Histidine residues have a pKa of ~6, which makes their metal binding properties sensitive to pH variations.
	Metal ions such as Ni(II), Cu(II), Pb(IV), Zn (II) have been shown to bind at specific sites on the Aβ peptide. This binding occurs in the N-terminal region by involving the His residues as binding ligands. The binding of metals to the Aβ peptide can also be non-specific, as in the case of uranyl, Mn(II) and Pb(II) ions. In these cases, it is proposed that the interactions occur via non-specific electrostatic interactions between negatively charged Aβ residues and the positively charged metal ions (Danielsson et al., 2007; Ghalebani et al., 2012; Wallin et al., 2016; Wallin et al., 2017). Copper is an essential trace element in the human body with several important roles. It is crucial for enzyme function, iron metabolism, the immune response and antioxidant defense (Council, 2000). In the brain and related neurological systems, Cu is a cofactor in several enzymes that are critical in production of neurotransmitters, in the electron transport chain, development and differentiation of neuronal cells and in antioxidant defense (D'Ambrosi & Rossi, 2015; Opazo et al., 2014; Zhiwu Zhu, 2000). The distribution of Cu ions varies in the brain, and areas such as hippocampus, cerebellum, subventricular zone and substantia nigra which are important for memory, motor control, neuronal generation and cognitive functions, have shown abnormal levels of Cu in AD patients (Bagheri et al., 2017; Fu et al., 2015; Magaki et al., 2007; Suryana et al., 2024). Gaier et al. (2013) explained that the levels of copper in synapses can change rapidly, as a result of neuronal activity and suggested that Cu is released to the synaptic cleft during neurotransmission. Interestingly, abnormal Cu homeostasis in the synapses has been linked to both Wilson’s disease and AD. 
	Cu is a redox-active metal that is known to participate in Fenton-like reactions, resulting in the formation of ROS, which as previously discussed is likely a key process in AD. It has also been discussed whether Cu ions accelerate or inhibit Aβ aggregation, as contradictory results have been published. Interestingly, it has been suggested that Zn(II) ions are able to compete with Cu(II) ions for Aβ binding, and this effect may attenuate the amount of harmful redox chemistry caused by Cu interactions (D. G. Smith et al., 2007). It seems most likely that the toxicity of Aβ:Cu complexes in cell cultures is higher, as compared to free copper ions (Faller & Hureau, 2009)
	The exact role of Cu in neurodegenerative diseases like AD, HD and PD is not yet understood, but the dysregulation indicates that it plays a role in pathology. It is well known that Cu ions are able to bind to Aβ with a high affinity, and although the exact binding affinity (KD-values) varies depending on experimental setup and conditions, it is widely accepted that the Cu(II) ions bind to Aβ with a KD value up to 0.1-1 nM (Alies et al., 2013; Conte-Daban et al., 2017; Young et al., 2014). 
	Metal binding to peptides and proteins can be studied by taking advantage of the intrinsic fluorescence in the aromatic amino acids, i.e. tyrosine, tryptophan and phenylalanine. The Aβ peptide contains one tyrosine residue (Y10), which is located in the N-terminus, in close proximity to the histidine residues at position 6,13 and 14. A decrease in fluorescence upon titration with a metal ion can therefore be assumed to reflect metal binding to the protein, resulting in quenching of the intrinsic fluorescence. Plotting the loss of intrinsic fluorescence against the concentration of added metal gives a binding curve, which can be fitted to e.g. the Morrison equation and an apparent binding affinity (KD-value) can be obtained (Kuzmic, 2015). The Aβ peptide also contains three phenylalanine residues, but as the intrinsic fluorescence from these residues is very weak it can be considered negligible in the presence of tyrosine or tryptophan residues.
	The amino terminal Cu(II)- and Ni(II) binding (ATCUN) motif is a metal binding site, located in the N-terminus of many proteins. It requires a histidine residue at third position. The ATCUN complex consists of a four-nitrogen square-planar coordination mode, with a bound metal ion located in the center. One nitrogen atom is provided by the N-terminal amine, two from the protein backbone peptide bonds and one from the imidazole ring of the histidine residue (Maiti et al., 2020; Sankararamakrishnan et al., 2005).
	Interestingly, truncated versions of the Aβ peptide have been found in amyloid plaques, especially Aβ4-42, but also Aβ 11-x, both in patients with AD and in people with trisomy 21(Liu et al., 2006; Masters et al., 1985; Portelius et al., 2010).
	As the Aβ peptide contains histidine residues at position 6, 13 and 14 (Figure 3), truncation into Aβ4-42 and Aβ 11-x puts a histidine residue in position three, forming ATCUN-motifs. The truncated Aβ peptides have been shown to bind Cu(II) ions several orders of magnitude stronger than the Aβ1-40/42 peptide (Barritt & Viles, 2015; Mital et al., 2015), potentially explaining the increased metal content that have been found within amyloid plaques. 
	Dityrosine is a dimeric form of the amino acid tyrosine and occurs when the two amino acids are linked together by a covalent bond between their aromatic rings. Dityrosine can be formed through both enzymatic and non-enzymatic processes, where in the latter case free radicals cause the oxidation of the tyrosine residue. A reactive tyrosyl radical is formed when the hydrogen of the hydroxyl group is removed. This process typically occurs under conditions of oxidative stress, where ROS can induce oxidation of tyrosine residues. Dityrosine crosslinks stabilize the structure of proteins/peptides. Although high levels of dityrosine often indicates oxidative stress and can act as a marker for some biochemical processes and pathological conditions, formation of dityrosine is in some processes thought to be required for proper biological function (Maina et al., 2023). The formation of dityrosine can be monitored in vitro, as it emits fluorescence around 350 nm (excited at 315 nm) (Radomska & Wolszczak, 2022).
	In the case of Aβ, the peptide contains one tyrosine residue at position 10 (Y10), which can participate in dityrosine formation. Cross-linking of Aβ peptides promotes the formation of aggregates and these will be more resistant to degradation and potentially making normally soluble aggregates insoluble. Dityrosine-linked Aβ peptides have also been shown to be present in amyloid plaques in human AD brain and CSF (Al-Hilaly et al., 2013). Barnham et al. (2004) concluded that in oligomers formed mainly from Aβ peptides where the Y10 residue were exchanged for an alanine (Y10A), showed less toxicity compared to the oligomers of WT peptide. It was therefore suggested that the toxicity of oligomers might be dependent on the cross-linking of Y10 residues. This conclusion is further supported by the fact that murine Aβ, which lacks the tyrosine residue at position 10 (Y10P) generally has less Aβ deposits in their brains. 
	It has been shown that some non-biologically essential metals are able to accumulate in the brain and contribute to neurotoxicity (Carmona et al., 2021; Ijomone et al., 2020). Understanding the interactions between AD related proteins and metals that are prevalent in industrial and environmental settings such as nickel (Ni), mercury (Hg) and uranium (U) is important, as they may affect the disease progression.
	The role of metal ions in AD has been discussed for decades, and as repeatedly mentioned in this thesis, it is still far from elucidated. Therefore, it is important to continue the studies to, if possible, reach a consensus if and how metals are involved in AD pathogenesis. 
	Mercury is a chemical element with the atomic number 80. It occurs in three forms: elemental/metallic (Hg), inorganic (including Hg(I), which typically occurs as diatomic Hg22+ and Hg(II)) and organic (such as methyl- or ethyl mercury, CH3Hg+ and C2H5Hg+, respectively). Humans are primarily exposed to Hg from industrial sources and through consumption of seafood. In 2021, the World Health Organization (WHO) placed mercury on the top ten list of “chemicals of major public health concern” and according to the Global Mercury Assessment 2018, the atmospheric Hg increased by 20% between 2010 and 2015, indicating a growing problem (UNEP, 2019; WHO, 2021).
	It is well known that Hg is a toxic metal with a wide range of adverse health effects, affecting organs such as the lungs, kidneys, brain and nervous system (Arrifano et al., 2018; Bernhoft, 2012; Rice et al., 2014). Methyl mercury and mercury vapor are especially toxic as they can cross membranes, including the BBB. They are also able to accumulate in the brain and disrupt cellular functions and components through the generation of ROS and oxidative stress, inhibit enzyme function, disrupt Ca homeostasis and as a result interfere with the release of neurotransmitters (Carvalho et al., 2019; Farina et al., 2013; Kerper et al., 1992; Paduraru et al., 2022; Roos et al., 2012). The neurotoxicity of organic mercury such as MeHg is not completely understood. However, important targets for MeHg are sulfhydryl groups, which are present in larger proteins but also in the amino acid cysteine. By modifying the state of the SH-groups, the protein function may become perturbed (Farina et al., 2013). 
	Nickel is a ferromagnetic metal that occurs naturally in the earth’s crust in many minerals. It is a common metal in the industrialized world and is used mainly in Ni-Cd batteries, stainless steel and coins. Ni is not an essential metal in humans, although it seems to be essential for some bacteria and plants (Eskew et al., 1983; Fischer et al., 2016). Nickel can be toxic for humans and may affect the cardiovascular system, have dermatological effects and be neurotoxic. The metal can reach the brain via the olfactory neurons in rats, and thereby circumvent the BBB (Henriksson et al., 1997). It contributes to neurotoxicity through ROS formation, inflammation and mitochondrial dysfunction. It also disrupts neurotransmitter systems, negatively affecting synaptic transmission and plasticity (He et al., 2011; Ijomone, 2021; Marchetti, 2014). One study showed that mice brains exposed to Ni nanoparticles exposed higher concentrations of both Aβ40 and Aβ42 than the controls (Kim et al., 2012). Although Ni is not the metal of primary focus in AD, it is a metal commonly occurring in the environment and as a result, many people are exposed and its potential contribution to neurogenerative processes should not be overlooked.
	Uranium is a metal with atomic number 92. It occurs in several isotopes, with uranium 238 being the most common. Depending on the chemical form, the toxicity of uranium varies. For example, natural uranium is very weakly radioactive, and its toxicity is primarily exerted through its chemical properties as a heavy metal. Enriched and depleted uranium is most commonly used as fuel in nuclear reactors and in military ammunition, respectively. Uranium is not a very common metal in the environment; however, uranium is a natural component of the earth’s crust and activities like mining, volcanoes or industrial work may lead to its release. Therefore, the primary way of uranium exposure is through contaminated soil or water. Uranium mainly affects kidneys and bones, where it can accumulate and cause damage. Its role in neurotoxicity is not very well studied, but it is known to induce ROS, disrupt neurotransmitter release and damage mitochondria. In animal studies, it has been shown that the memory of the uranium exposed animals is affected, and a chronic exposure to uranium can result in depression-like symptoms and sleep disturbances (Lestaevel et al., 2005; Vellingiri, 2023). In this thesis, the metallic oxycation uranyl has been studied, and although the U ion is bound to oxygen, uranium ion is dominant in the molecule. The uranyl ion is soluble in water, and it is the most common form of U found in nature.
	AD poses a significant challenge to both healthcare systems and researchers worldwide due to its complex pathology. Despite extensive research, where various aspects and molecular pathways of AD have been targeted, no effective disease-modifying treatment has yet been developed. 
	Traditionally, AD treatment has focused on symptom management rather than modifying the disease progression (Sheikh et al., 2023). As the cholinergic hypothesis suggest that a decrease in ACh is implicated in the cognitive decline, acetylcholinesterase inhibitors (such as Donepezil, Rivastigmine and Galantamine) have been developed and are used to treat mild to moderate AD by increasing levels of ACh (Annicchiarico et al., 2007). These drugs are often used in combination with NMDA receptor antagonists that can modulate the activity of glutamate which at high concentrations may cause neuronal damage (Hansen et al., 2008; Vaz & Silvestre, 2020). 
	Since the amyloid cascade hypothesis and the role of APP was proposed and widely accepted in the 1990s (Hardy & Higgins, 1992), a natural target for drug development has been the Aβ peptide. One strategy has been to target the secretases involved in the proteolytic cleavage of APP, to reduce the amount of Aβ produced. Initially the focus was on inhibiting the main β-secretase (BACE1), but early compounds of BACE1-inhibitors faced challenges with selectivity and exposed an insufficient clinical effect on cognitive and functional decline. In addition, when the amyloid cascade hypothesis started to be debated, many companies shifted their focus towards other targets, resulting in a reduction of BACE inhibitors in clinical trials (Bazzari & Bazzari, 2022; Cummings et al., 2024; Egan et al., 2018). Another strategy is to instead upregulate the α-secretase (particularly ADAM10) to promote the non-amyloidogenic pathway. This approach showed promising results in a pilot study back in 2014 (Endres et al., 2014) and today two α-secretase modulator drugs are in phase 2 clinical trials (Cummings et al., 2024; Endres & Deller, 2017).
	A problem with targeting the secretases for APP cleavage (α-,β- and γ-secretase) is that they have other important physiological functions and target also other substrates than APP. Therefore, their targeting may have some severe side effects (Hartmann et al., 2002; Hur, 2022). 
	In recent years, monoclonal antibodies (mAbs) have emerged as a leading and promising strategy in AD treatment as well as in other neurodegenerative diseases such as multiple sclerosis (Freeman & Zephir, 2024). The mAbs are designed to bind Aβ peptides at different stages of aggregation, facilitate their clearance from the brain and thereby might slow down disease progression. In 2021, the mAb Aducanumab was approved for AD treatment in the USA (U.S Food and Drug Administration, 2021). It is the first disease-modifying therapy that has been approved for AD treatment and was followed by the approval of Lecanemab in the USA in 2023 (U.S Food and Drug Administration, 2023). Additionally, several mAbs (Donanemab, Gantenerumab, Solanezumab etc.) are currently in clinical trials (Cummings et al., 2024). 
	Another type of drug for AD that has been suggested is the use of metal chelators. Metal chelators are chemical compounds that bind to metal ions and modulate the metal balance in the body. In AD, the chelators may play a role by affecting pathological processes related to metals, especially those that involve copper, zinc and iron. The principle of chelators is that they bind specifically and create complexes which redistribute metal ions or excrete them. In AD the aim would be to reduce or redistribute the levels of metal ions such as iron, copper and zinc which are most associated with aggregation of Aβ, oxidative stress, and also found in elevated levels in amyloid plaques. A few drugs have been suggested: Clioquinol and PBT2 bind specifically to Cu and Zn and have been shown to reduce number of Aβ aggregates and improve cognitive function in animal models. Additionally, iron and zinc chelators have also been tested (deferoxamine, deferasirox and TMEDA) to reduce the oxidative stress caused by the metal ions. However, none of the metal chelators mentioned above are available for the treatment of AD, as more studies are needed to ensure safety and minimize the side effects. Since the role of metals in AD is not yet fully understood, new insights are likely required before treatments with metal chelators can be used in AD (Budimir, 2011; Kenche & Barnham, 2011; Sharma et al., 2018). Additionally lipoic acid, which is a strong antioxidant that has been shown to have metal-chelating properties and have been suggested as a potential redistributor of copper in AD (Kirss et al., 2024). 
	2 Aims of the study
	During the last decades, the connection between Alzheimer’s disease and metals has been extensively studied. The aim of the current thesis has been to further examine the effect of metals on AD related proteins and peptides. 
	I. To investigate the interaction of inorganic mercury with different isoforms of the Apolipoprotein E protein and examine how the secondary structure of the protein is affected.
	II. To investigate the interactions between Ni(II) ions and Aβ peptides, focusing on the metal-binding properties, the effects on Aβ structure and aggregation. 
	III. To determine if different ATCUN motifs show different Cu(II)-binding affinities under the conditions of direct competition with HSA and elucidate whether truncated Aβ peptides with ATCUN motifs can compete with HSA for the binding of Cu(II) ions. 
	IV. To monitor the effects of uranyl ions on the structure and aggregation of different Aβ species. 
	3 Materials and methods
	Publication I: Mercury Ion Binding to Apolipoprotein E Variants ApoE2, ApoE3, and ApoE4: Similar Binding Affinities but Different Structure Induction Effects
	 Fluorescence measurements: titration of Hg ions to monitor changes in intrinsic tryptophan fluorescence. 
	 Circular dichroism: titration of Hg ions to ApoE variants to determine the effect on secondary structure. 
	Publication II: Residue-specific binding of Ni(II) ions influences the structure and aggregation of amyloid beta (Aβ) peptides
	 NMR spectroscopy: molecular details of Ni(II) binding to Aβ monomer and estimation of Ni binding affinity to Aβ.
	 Circular dichroism: monitoring change in secondary structure of Aβ upon addition of Ni(II) ions.
	 ThT fluorescence assay: effect of Ni(II) ions on kinetics of Aβ40 aggregation 
	 AFM imaging: characterization of morphology of Aβ40 aggregates. 
	 BN-PAGE analysis.
	 FTIR spectroscopy of Aβ oligomers.
	 Fluorescence microscopy: monitoring formation of dityrosine crosslinks.
	Publication III: Direct Competition of ATCUN Peptides with Human Serum Albumin for Copper(II) Ions Determined by LC-ICP MS
	  Competition of ATCUN Peptides with Human Serum Albumin for Cu(II) ions.
	 LCP-ICP MS analysis.
	 Data analysis for determination of relative dissociation constants. 
	Publication IV: Characterization of Uranyl (UO22) Ion Binding to Amyloid Beta (Aβ) Peptides: Effects on Aβ Structure and Aggregation
	 Monitoring of Aβ aggregation by ThT fluorescence.
	 TEM imaging of aggregated Aβ40 peptides.
	 NMR spectroscopy: binding of uranyl to Aβ40 monomers.
	 Fluorescence measurements to determine binding affinity of uranyl to Aβ via quenching of Tyr10 fluorescence.
	 Circular dichroism: monitoring changes in the secondary structure of Aβ upon addition of UO22 ions.
	 BN-PAGE analysis.
	 FTIR spectroscopy.
	4 Results
	Publication I: Mercury Ion Binding to Apolipoprotein E Variants ApoE2, ApoE3, and ApoE4: Similar Binding Affinities but Different Structure Induction Effects
	 Hg(II) ions have similar binding affinity to all three Apolipoprotein E variants ApoE2, ApoE3 and ApoE4, indicating that the cysteine residues in position 112 and 158 are not involved in binding of metal ions. 
	 Titration to the ApoE peptide with Hg(II) ions affects their secondary structure differently, the largest change can be observed in ApoE4.
	Publication II: Residue-specific binding of Ni (II) ions influences the structure and aggregation of amyloid beta (Abeta) peptides
	 Specific binding of Ni(II) ions to the N-terminal region of the Aβ40 peptide was observed at neutral pH (7.3) but not at acidic pH (5.1). In the presence of a membrane-mimicking system (SDS micelles), no effect was observed on the C-terminal, while the N-terminal was largely affected. 
	 Addition of Ni (II) ions to Aβ peptides in aqueous buffer reduces intensity while the shape of CD spectra remains unaffected. This suggests that Ni(II) ions induce precipitation and reduce Aβ in solution.
	 Ni(II) ions induce structural changes in Aβ40 WT and Aβ4-40 in aqueous buffer solution, indicating the transition of polyproline II helix structures into random coil structures.
	 In membrane mimicking environment the peptide takes an alpha helical structure. Titration of Ni(II) ions reduce the intensity at 208nm but not at 222nm, indicating an increase in superhelicity. 
	 The estimated dissociation constant for the Aβ40·Ni(II) complex is in the low µM range. 
	 At sub-stoichiometric Ni(II):Aβ40 ratios, the Ni(II) ions slow down the Aβ40 fibrillization kinetics in a concentration-dependent manner. 
	 Results of IR and PAGE studies indicate that the addition of Ni(II) ions appears to interfere with the SDS-induced conversion of Aβ42 monomers into homogenous and stable oligomeric structures, instead favoring the formation of larger and more heterogenous oligomer populations. 
	 Incubation of Aβ40 and Ni(II) ions induces formation of dityrosine crosslinks. 
	Publication III: Direct Competition of ATCUN Peptides with Human Serum Albumin for Copper(II) Ions Determined by LC-ICP MS
	 ATCUN and truncated Aβ peptides (Aβ4-16 and Aβ11-15) bind Cu(II) ions with an affinity similar to that for human serum albumin. 
	 Other ATCUN-containing peptides also have similar Cu(II)-binding affinities. 
	Publication IV: Characterization of Uranyl UO22+ Ion Binding to Amyloid Beta (Abeta) Peptides: Effects on Abeta Structure and Aggregation
	 UO22+ ions inhibit the formation of Aβ amyloid fibrils in a concentration-dependent manner, with complete inhibition at stoichiometric uranyl/Aβ40 ratios.
	 Uniformly distributed, concentration dependent intensity loss of amide-cross-peak intensity in NMR spectra occurs at both pH 7.3 and 5.1.
	 UO22+ ions bind with higher affinity to Aβ40 WT and Aβ40 NoHis at a lower pH.
	 A structural transition in Aβ from random coil to β-sheets occurs upon titration of UO22+ ions at pH 5.1. 
	 UO22+ ions are not able to induce dityrosine crosslinks under the experimental conditions used. 
	5 Discussion
	Alzheimer’s disease is characterized by progressive cognitive decline and memory impairment, with an inevitable fatal outcome. It is a challenging disorder that places a great emotional burden on the patients and their families as well as a significant economic burden on society. Despite extensive investigation over several decades, many details regarding the pathogenesis of AD are still unknown.
	The Aβ peptides are considered central to AD pathology and most likely play a critical role in the development and progression of the disease. Although the amyloid cascade hypothesis and the role of Aβ in AD pathogenesis is under debate, it is generally accepted that peptide plays an important role in AD pathogenesis. However, there is still disagreement about whether Aβ aggregation is the cause of the disease, or a consequence contributing to disease progression. It has been shown that the Aβ peptide exerts toxicity to cells during the aggregation process while preformed mature fibrillar aggregates show little or no toxicity (Krishtal et al., 2017). Therefore, understanding the aggregation process and the behavior of the Aβ peptide is crucial to understanding AD. Today, the oligomeric forms of Aβ are considered the most toxic species. Although the toxic mechanism is still unclear, it is believed to involve membrane disruption and induction of Ca-leakage (Wärmländer et al., 2019). Studying oligomeric Aβ species is therefore of great importance. However, as the oligomeric species are very unstable, their studies are complicated. To stabilize the oligomers detergents or fatty acids are often used (Vosough & Barth, 2021). Because there are many ways to prepare Aβ oligomers, there is also considerable variation in their reported properties, which makes it difficult to compare results and reach a consensus. It should be mentioned that Aβ peptides are in general extremely sensitive to variations in the experimental conditions. Factors such as pH, temperature, concentration, agitation, and access to surfaces or other interfaces may have large effects on the peptide’s behavior. It is imperative to consider this when performing experiments and comparing results. 
	Metal ions such as copper, zinc and iron have for a long time been implicated in AD pathology, although their exact role remains unclear. They have been shown to interact with the Aβ peptide, influence aggregation, and possibly also promote the formation of toxic oligomeric species. Redox-active metal ions are furthermore known to induce ROS, which may cause further cellular and molecular damage. It is not yet clear if metal dyshomeostasis is a cause or an effect of the disease. It is also not clear if the formation of large aggregates is formed as a result of metal ions influencing the Aβ-peptide, or if the already formed aggregates attract metal ions. Either way, the metal ions seem to be involved in the pathological processes of AD, and possibly exacerbate it.
	Metal binding to the Aβ peptide has been the focus in three of the papers in this thesis. Variants of the full length Aβ-peptide were the main focus in paper II and IV. Paper III instead focused on shorter, truncated segments of the peptide (Aβ4-16 and Aβ11-15), which have a histidine residue at the third position, thereby forming ATCUN-motifs (NH2-X-Z-H). ATCUN-motifs are known to bind certain metal ions with high affinity through square planar geometry coordination involving-terminal amino group, two adjacent peptide nitrogens, and nitrogen from the histidine residue at position three.
	The truncated, ATCUN motif-containing Aβ4-42 and Aβ11-42 peptide fragments have been found in high concentrations in plaques of AD brains (Liu et al., 2006; Naslund et al., 1994; Portelius et al., 2010). The ATCUN configurations likely allow high-affinity metal binding to these peptide fragments, thereby probably altering the metal-peptide interactions compared to the full-length peptide. Removal of the first three amino acids (Asp1, Ala2, Glu3) of the Aβ peptide furthermore reduces the overall negative charge of the peptide. It has been suggested that truncation of the N-terminal might increase the aggregation rate of the peptide, although the overall toxicity seems to be similar for Aβ4-x peptides and full-length peptides (Bouter et al., 2013; Pike et al., 1995; Wirths et al., 2019). The truncation also affects the conformation of the peptide. Aβ4-X peptides may have a stronger propensity to form β-sheets, due to the increased hydrophobicity (Karkisaval et al., 2020; Pike et al., 1995). In this thesis, structural studies have been performed on the Aβ4-40 peptide with CD spectroscopy. No significant structural differences between the truncated- and full-length peptides were observed with this method (Figure 3, paper II). It should be pointed out that CD measurements are not very exact, as they report on the average secondary structure content in the sample. The truncated Aβ4-16 peptide has been reported to bind Cu(II) ions with similar affinity than human serum albumin (HSA), where the latter normally binds a substantial amount of the body’s circulating copper in the body (Kirsipuu et al., 2020). Interestingly, we showed that short peptides with ATCUN motifs could not remove substantial amounts of Cu(II) ions from excess HSA in blood and CSF environments (Paper III). We also investigated the interactions between full-length Aβ peptides, nickel(II) and uranyl ions, respectively. Interestingly, both Ni(II) and UO22+ ions induce structural changes and inhibit the fibrillation pathway of the peptide, although through different mechanisms. The uranyl ions did not show residue-specific binding to Aβ. Instead, the observed interaction effects are likely caused by electrostatic interactions between the cationic uranyl ion and the anionic peptide. For the Ni(II) ion, on the other hand, we observed specific binding to N-terminal residues, especially histidines. This result shows that metal ions can affect the peptides via various modes of interaction. For example, when the peptide is in membrane-mimicking environments, the Aβ peptide typically adopts α-helical conformations. CD spectroscopy can then be used to measure the characteristic CD intensities at 208 nm and 222 nm, where the θ222/θ208 ratio reflects the amount of superhelicity in the sample (Barbar & Nyarko, 2014). A clear increase in superhelicity, i.e. α-helices wound around each other as coiled-coils, can be observed in the Aβ1-40 WT and Aβ4-40 samples when Ni(II) ions are added. The coiled-coil conformation might enhance peptide stability and could therefore influence the aggregation process (Lupas & Bassler, 2017). The uranyl ion did not show a similar induction of superhelicity, although a structural transition from random coil into β-sheet structure was observed for Aβ peptides in aqueous solution. This structural change is thought to promote the Aβ aggregation, although the Thioflavin T fluorescence curves and images from transmission electron microscopy show that uranyl ions inhibit the fibrillization of the peptide by directing it towards non-fibrillar, amorphous aggregates in a concentration-dependent manner. 
	The Ni(II) ions were found to induce dityrosine cross-links, which is a common effect of ROS action. Thus, Ni(II) ions may affect the Aβ aggregation processes not only through direct interactions with the peptide, but also through ROS formation. Dityrosine-linked Aβ dimers have been found in amyloid plaques in AD brains, most likely formed from ROS interactions, where the oxygen radicals might be created by the redox-active metal ions bound to the plaques (Berntsson et al., 2023; D. P. Smith et al., 2007; Williams et al., 2016). Since Ni(II) ions bind to the Aβ N-terminal segment, mainly via histidine residues, it is possible that these metal ions can induce aggregation by coordinating histidine residues from several peptides. This would also position the Y10 residues in close proximity, potentially facilitating the formation of dityrosine motifs. Aβ-dimers linked together via covalent dityrosine bonds are more stable and resistant to dissociation compared to other non-covalently linked Aβ dimers (Kok et al., 2013). 
	Although the Aβ peptide is in the primary focus of AD research, the Aβ peptide will probably not give us all the answers about the disease. Other proteins and biomolecules also play important roles in AD. For example, the lipoprotein ApoE has been found within the amyloid plaques of AD patients, and the ApoE4 isoform is today the main genetic risk factor for developing sAD (Corder et al., 1993; Liao et al., 2004; Mishra et al., 2018). Interestingly, ApoE has been suggested to be involved in the clearance of metal ions and/or Aβ peptides from the brain. This conclusion is supported by the facts that the carriers (homo-/heterozygotes) of the ApoE4 isoform are more susceptible to mercury toxicity and have a higher risk of developing AD. In paper I of this thesis, we studied the effect of mercury ions on ApoE by monitoring changes in the secondary structure of the protein, as well as determining the apparent binding affinity for Hg(II) ions. Earlier, it has been suggested that the ApoE4 isoform may be less effective in metal binding as this isoform lacks cysteine residues at positions 112 and 158. Interestingly, the binding affinities for Hg(II) ions turned out to be virtually the same for all three isoforms, showing that Cys112 and Cys158 are not involved in Hg (II)-binding. Yet, binding of Hg(II) ions affected the secondary structure of the ApoE variants differently - the superhelicity increased more in ApoE4 than in ApoE2 and ApoE3. A previous study has shown that the C-terminal ApoE segment has a propensity to form superhelices, stabilized by salt bridges, and our results may therefore be explained by structural changes in this segment (Choy et al., 2003). It should be mentioned that the three ApoE isoforms have different initial secondary structures, as the variations at position 112 and 158 affect the protein structure. For example, it has been suggested that interactions between Arg61 and Glu255 would pull the N- and C-terminal segments closer to each other. This interaction does not happen when Cys112 is present, due to interactions between Cys112 and Arg61. With this initial difference, it is reasonable that addition of Hg(II) ions induces different structural alterations in the different isoforms. It has furthermore been shown that when ApoE is in a lipid-free solution, then the C-terminal segment promotes tetramerization, as the hydrophobic residues are positioned in the center of the tetramer and become protected from the aqueous environment. Such structural effects could potentially also affect the metal-binding properties of the protein (Horn et al., 2023).
	This thesis adds new knowledge about the interactions AD-related proteins and peptides with metal ions, which provides new insights into the disease mechanism, and thereby helps to solve the large puzzle of Alzheimer’s disease.
	Conclusions
	I. All tree isoforms of Apolipoprotein E (ApoE2, ApoE3 and ApoE4) were found to bind mercury ions with similar binding affinities. Yet, the Hg(II) ions induce different structural changes in the isoforms, with the largest changes in ApoE4. The changes observed are interpreted as increased superhelicity, due to the effects on the θ222/θ208 ratio in CD spectra. The results show that Hg binding is likely coordinated by other amino acids than Cys112 and Cys158, which are present in ApoE2 (Cys112 and Cys158) and ApoE3 (Cys112). Weaker Hg (II) binding was seen at pH 5, indicating that histidines are involved (i.e., His140 and His 299), although multiple binding sites are likely present. The binding affinity of Hg(I) ions is much weaker than that of divalent Hg(II) ions which suggests that the potentially harmful interactions between ApoE and Hg are happening in the oxidizing extracellular environment. 
	II. Ni(II) ions bind to the N-terminal segment of Aβ, with a binding affinity in the low µM range. The binding of Ni(II) ions affects the fibrillization process, and at equimolar amounts directs the aggregation away from fibrillar structures and towards amorphous aggregates. The bound Ni ions induce the formation of dityrosine cross-links via redox chemistry, therebycreating covalent Aβ dimers. Secondary structure alterations are observed upon the addition of Ni(II) ions, both in an aqueous environment and in a membrane-mimicking environment. Stochiometric amounts of Ni(II) ions promote the formation of heterogeneous Aβ oligomers. Since the oligomers are considered the most toxic species of Aβ aggregates, this might contribute to AD brain pathology.
	III. Cu ions bind to truncated ATCUN-containing Aβ peptides with similar affinity as to human serum albumin. The ATCUN motif-containing peptides do not remove substantial amounts of Cu(II) ions from excess human serum albumin in blood and CSF environments. 
	IV. Uranyl ions bind to the Aβ peptide via non-specific electrostatic interactions, with the strongest binding affinity observed at pH 5.1. Weaker binding was observed at physiological pH values, potentially explained by interference from His sidechains or by the presence of other uranyl species. The uranyl ions inhibit Aβ fibrillization already at sub-stochiometric concentrations and induce structural changes in both monomeric and oligomeric Aβ species.
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	Abstract
	Interaction of metal ions with peptides and proteins related to Alzheimer’s disease
	Alzheimer’s disease (AD) is the most common cause of dementia with approximately 55 million patients worldwide. The disease has been studied for decades, and although significant progress has been made, there are still many gaps in our knowledge. So far, no effective disease-modifying treatments have been developed, despite ongoing efforts. The underlying molecular mechanisms remain debated, but it is widely accepted that aggregation of the amyloid-β (Aβ) peptide is involved in the disease pathology.
	The Aβ peptide is known to self-assemble into aggregates, ranging from dimers to lots of peptides, with large amyloid plaques as the end-product. Many hypotheses have been proposed regarding the cause of the disease. One of them is the metal hypothesis, which argues that metal dysregulation plays a crucial role in AD pathology. Increased levels of Cu, Fe and Zn have been found in the amyloid plaques of AD brains; however, the mechanism of metal involvement remains to be elucidated. There are indications that some metals can affect the cleavage of the Aβ precursor protein, thereby increasing the Aβ production, particularly the more aggregation-prone Aβ variants. Additionally, it has been suggested that metal ions affect the aggregation pathway of the Aβ peptide, and to some extent stabilize toxic oligomeric species. A third possibility is that the metals are not actually involved in the aggregation. Instead, they might bind to already formed aggregates and contribute to the formation of harmful oxygen radicals.
	In this thesis, some effects of metal ions on AD-related proteins have been investigated. Significant work has previously been published on the most biologically relevant metals, such as Cu, Zn and Fe, although with a lot of variations in the results. We were able to show that the truncated Aβ peptides containing an ATCUN-motif have similar binding affinities to Cu(II) as the well-known Cu(II) binding protein human serum albumin (HSA). It can be concluded that the truncated Aβ variants with an ATCUN-motif are not able to remove substantial amounts of Cu(II) ions from HSA in blood or CFS and do likely not have a dominant role in the regulation of Cu(II) ions in these environments. 
	We also wanted to contribute to the field by investigating metals that are available in our environment, but which are not required for any biological processes in the human body. These studies can provide insights into the general mechanism of metal-induced peptide aggregation and toxicity. The selected metals are nickel, mercury, and uranium. 
	We show that both nickel and uranium can slow down the fibrillization kinetics and direct the aggregates towards amorphous structures. The Ni(II) ions bind specifically to the N-terminal, particularly to the His residues and were also shown to induce the formation of dityrosine crosslinks, which generates aggregates that are more stable and more resistant to dissociation. The uranyl ions on the other hand did not show specific binding and are instead thought to interact with the peptide through electrostatic interactions. Interestingly, the uranyl ions showed strongest binding at pH 5.1, which could be explained by interference of the His sidechains at neutral pH and by the chemical properties of the uranyl ions that might become hydrolyzed at low pH. Therefore, the presence of monomeric and dimeric hydroxyl species mixed with the uranyl ions might affect the binding. Both Ni(II) and uranyl ions were able to induce β-sheet formation in aqueous solution and thereby stabilizing and promoting aggregation of the peptide. 
	Although the Aβ peptide is of great interest, there are many other peptides and proteins that are involved in AD. The apolipoprotein ApoE occurs in three isoforms, where the ApoE4 has been shown to be the main genetic risk factor for developing sporadic AD. Interestingly, ApoE4 carriers have also been shown to be more susceptible to mercury toxicity. Therefore, it has been suggested that the ApoE protein might be involved in the clearance of Hg and/or Aβ peptides, and that the ApoE4 isoform might be less effective at this task.
	 We showed that the binding affinity for Hg(II) ions is largely the same for all three ApoE isoforms, but that a larger structural change can be observed for the ApoE4 isoform upon addition of Hg(II) ions. This indicates that the amino acid variations between the different isoforms are not directly involved in the binding of Hg(II) ions, but that the differences in structure induction might be connected to the ApoE-ε4 gene being a risk factor for mercury intoxication. 
	In this thesis, the studied peptides/proteins are different variants of amyloid-β, ApoE, and human serum albumin. Numerous biophysical methods, mainly spectroscopic and imaging techniques, have been used to characterize different aspects of the interactions between the selected metal ions and the protein/peptide variants. The focus has been to determine binding affinities, identify specific binding residues, and to monitor metal-induced effects on secondary structure and aggregation of selected peptides/proteins. The obtained results widen our insights into the role of metal ions in AD pathology, highlighting specific interactions that may influence the progression of the disease. 
	Lühikokkuvõte
	Metallioonide interaktsioonid Alzheimeri tõvega seotud peptiidide ja valkudega
	Alzheimeri tõbi (AD) on kõige levinum dementsuse põhjus, mõjutades umbes 55 miljonit inimest üle kogu maailma. Haigust on uuritud kümneid aastaid ja kuigi on tehtud märkimisväärseid edusamme, on meie teadmistes endiselt palju lünki. Vaatamata jätkuvatele pingutustele pole seni veel välja arendatud tõhusaid haigust muutvaid ravimeetodeid. Haiguse aluseks olevad molekulaarsed mehhanismid on endiselt vaieldavad, kuid on laialdaselt aktsepteeritud, et amüloidi-β (Aβ) peptiidi agregatsioon on seotud haiguse patoloogiaga.
	Aβ peptiid on tuntud oma võime poolest ise kokku koonduda agregaatideks, mis hõlmavad nii oligomeere, kui ka paljudest peptiididest koosnevaid amüloidseid naastusid. On pakutud välja mitmeid hüpoteese, mis käsitlevad haiguse põhjust. Üks neist on metallide hüpotees, mis väidab, et metallide düsregulatsioon mängib AD patoloogias olulist rolli. Näiteks Cu, Fe ja Zn, kõrgenenud kontsentratsioone on leitud AD ajus amüloidsetes naastudes, kuid metallide osaluse mehhanism on veel uurimisjärgus. On viiteid sellele, et mõned metallid võivad mõjutada Aβ eellasvalgu lõhustumist, suurendades rohkem agregatsioonile kalduvate Aβ peptiidide tootmist. Lisaks võivad metallioonid mõjutada Aβ peptiidi agregatsiooniteed ja osaliselt stabiliseerida toksilisi oligomeerseid vorme. Kolmanda võimaluse kohaselt ei osale metallid Aβ agregatsioonis, kuid selle asemel võivad nad seostuda juba moodustunud agregaatidega ja aidata kaasa kahjulike hapniku radikaalide tekkele.
	Käesolevas töös on uuritud mõningate metallioonide mõju AD-ga seotud valkudele. Varasemalt on teostatud mahukas töö bioloogiliselt kõige olulisemate metallide kohta, nagu Cu, Zn ja Fe, kuigi tulemused varieeruvad. Me suutsime näidata, et lühenenud Aβ peptiid, mis sisaldab ATCUN-motiivi, seondub Cu(II)-ioonidega sarnaselt tuntud Cu(II) siduva valgu - inimese seerumi albumiiniga (HSA). Võib järeldada, et lühenenud Aβ variandid, mis sisaldavad ATCUN-motiivi, ei suuda veres või tserebrospinaalvedelikus eemaldada Cu(II) ioone HSA-lt ja ei mängi tõenäoliselt domineerivat rolli Cu(II) ioonide regulatsioonis neis keskkondades.
	Soovisime samuti panustada valdkonda, uurides metalle, mis esinevad meie keskkonnas, kuid mis ei ole inimorganismi funktsioneerimiseks vajalikud. Need uuringud võivad anda täiendavat informatsiooni metallioonide poolt põhjustatud peptiidide agregatsiooni ja toksilisuse üldmehhanismide kohta. Valitud metallideks olid nikkel, elavhõbe ja uraan.
	Me näitasime, et nii nikkel(II), kui ka uranüülioonid suudavad aeglustada Aβ fibrilliseerumise kineetikat ja suunata protsessi amorfsete agregaatide tekke suunas. Ni(II) ioonid seonduvad spetsiifiliselt Aβ N-terminaalses osas paiknevate His-jääkidega, ning suudavad samuti indutseerida ditürosiini-ristsidemete moodustumist, mis tekitab stabiilsemaid ja dissotsiatsioonile vastupidavamaid agregaate. Uraanüülioonid seevastu ei näidanud spetsiifilist sidumist Aβ-ga, millest järeldub, et need ioonid mõjutavad peptiide elektrostaatiliste interaktsioonide kaudu. Uranüülioonid näitasid tugevaimat sidumist pH-l 5,1 juures, mida võiks selgitada His-külgahelate segava toimega neutraalses pH alas ja uraanüülioonide keemiliste omadustega, mis võivad madalal pH-l hüdrolüüsuda. Seetõttu võib monomeersete ja dimeersete hüdroksüülühendite ja  uraanüülioonide segu mõjutada seostumist. Nii Ni(II) kui ka uraanüülioonid suutsid indutseerida β-lehtstruktuuride moodustumist vesilahuses ja seeläbi stabiliseerida ja soodustada Aβ peptiidi agregatsiooni.
	Kuigi Aβ peptiid on oluline huviobjekt, on palju teisi peptiide ja valke, mis on seotud AD-ga. Apolipoproteiin ApoE esineb kolmes isovormis, kus ApoE4 on peamine geneetiline riskitegur sporaadilise AD tekkes. On huvitav märkida, et ApoE4 kandjate puhul on näidatud, et nad on ka tundlikumad elavhõbeda toksilisusele. Seetõttu on välja pakutud, et ApoE valk võib osaleda elavhõbeda ja/või Aβ peptiidide väljutamises organismist ning et ApoE4 isoform võib olla vähem efektiivne selle ülesande täitmisel. Näitasime, et elavhõbe (Hg(II)) ioonide sidumisafiinsus on kõigi kolme ApoE isoformi puhul küllalt sarnane, kuid Hg(II) ioonide lisamisel on ApoE4 isoformi puhul täheldatav suurem struktuuri muutus. See viitab sellele, et erinevate isoformide vahelised järjestuse variatsioonid ei osale otseselt Hg(II) ioonide sidumises, kuid struktuuri indutseerimise erinevused võivad olla seotud ApoE4 suurema elavhõbedamürgituse riskiteguriga.
	Käesolevas töös uuritud peptiidid/valgud on erinevad Aβ variandid, ApoE ja HSA. Erinevate metallioonide ja valgu/peptiidi variantide vaheliste interaktsioonide iseloomustamiseks on kasutatud mitmesuguseid biofüüsikalisi meetodeid. Fookus on olnud sidumisafiinsuste määramisel, spetsiifiliste sidumiskohtade tuvastamisel ning metallide poolt põhjustatud mõjude jälgimisel valkude/peptiidide sekundaarstruktuurile ja agregatsioonile. Saadud tulemused laiendavad meie arusaama metallioonide rollist AD patogeneesis, tuues esile spetsiifilised interaktsioonid, mis võivad mõjutada haiguse progresseerumist.
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