DOCTORAL THESIS

Interactions of Metal lons with
Peptides and Proteins Related
to Alzheimer’s Disease

Elina Berntsson

TALLINNA TEHNIKAULIKOOL
TALLINN UNIVERSITY OF TECHNOLOGY
TALLINN 2025



TALLINN UNIVERSITY OF TECHNOLOGY
DOCTORAL THESIS
5/2025

Interactions of Metal lons with Peptides
and Proteins Related to Alzheimer’s
Disease

ELINA BERNTSSON



TALLINN UNIVERSITY OF TECHNOLOGY

School of Science

Department of Chemistry and Biotechnology

This dissertation was accepted for the defense of the degree of Doctor of Philosophy in Gene
Technology on 20/12/2024

Supervisor: Prof. Peep Palumaa
Department of Chemistry and Biotechnology
Tallinn University of Technology
Tallinn, Estonia

Co-supervisors: PhD. Sebastian Warmlander
Cellpept Sweden AB
Stockholm, Sweden

PhD. MD. Per M Roos

Department of Clinical Neuroscience
Karolinska Institute

Stockholm, Sweden

Opponents: Prof. Jan Johansson
Department of Medicine
Karolinska Institute
Stockholm, Sweden

Prof. Ago Rinken
Institute of Chemistry
University of Tartu
Tartu, Estonia

Defence of the thesis: 31/01/2025, Tallinn

Declaration:

Hereby | declare that this doctoral thesis, my original investigation and achievement,
submitted for the doctoral degree at Tallinn University of Technology has not been submitted
for doctoral or equivalent academic degree.

Elina Berntsson

signature

Copyright: Elina Berntsson, 2025

ISSN 2585-6898 (publication)

ISBN 978-9916-80-246-5 (publication)

ISSN 2585-6901 (PDF)

ISBN 978-9916-80-247-2 (PDF)

DOl https://doi.org/10.23658/taltech.5/2025
Printed by EVG Print

Berntsson, E. (2025). Interactions of Metal lons with Peptides and Proteins Related to
Alzheimer’s Disease [TalTech Press]. https://doi.org/10.23658/taltech.5/2025


https://doi.org/10.23658/taltech.5/2025

TALLINNA TEHNIKAULIKOOL
DOKTORITOO
5/2025

Metallioonide interaktsioonid
Alzheimeri tovega seotud peptiidide ja
valkudega

ELINA BERNTSSON






Table of contents

(I do ] i TU1 o [ o= Y o o PSR UUPPPN 7
INEFOTUCTION .ttt sttt s e s bt e s baesbe e sbaesbeesbeesreeens 9
JAY o] o1 £ 2NV =Y d o o L3P UUTRRUPRROTPPRN 10
2 72T <=4 o113 Vo PRSP 11
1.1 FOIAING Of PrOtEINS ....eeiiiiieieeiiee ettt ettt e e s s e s s aaaeesrabeee s 11
O LeTU oo 1=y oY Y=Y = o o SR 11
1.2.1 ProteinOPathi@s....cceii i e 12
1.2.1.1 Amyloid formation .......cccuveiieeiiieceeeee e 12

1.3 AlZNEIMEI'S AISEASE ..uveiiiieriieeriiee ettt sbe e st e sbeesbeesbaesabeeeas 15
1.4 Molecular aspects of Alzheimer’s disease .......cccveeeeeeiciiiiieeiieiccceee e 16
1.4.1 The cholinergic hypothesis.......cccouviiiiiie e 16

1.4.2 Amyloid cascade hypothesis ........cccoccviieiciiie e 16

1.4.3 TaU MYPOTNESIS ..cccneiiei ettt et e e e er e e e naae s 17

1.4.4 The oligomeric hypothesis ......ccovviiiiiiiiiiiiie e 17

1.4.5 The metal hypothesis......cciviiiiiiiiiic e 17

1.4.6 Mitochondrial dysfunction and oxidative stress in Alzheimer’s disease ...... 18

1.4.7 Neuroinflammation in Alzheimer’s diSEase .......cccccvvvieeerriereiiiiiiieeeriiee e, 19

RN 21V (o] o I C U ST 19
1.5.1 GeNeration Of A ... 20

1.5.2 AEregation Of AB ... 22

1.5.3 Structure of AP @gEregates ......ccccvviveieirie et e et 24
1.5.3.1 AP OlIZOMEIS ceeeeeeiieeeeee ettt et e et e e e etr e e s s e e e s ttaeeennns 24

1.5.3.2 AR fibrils and PlaqUES......ccccuveeeeeiiiecciiee e 24

SN oo [T o] oo {=1 1 T SRR 25
1.6.1 Relevance of Apolipoprotein E in Alzheimer’s disease ........cccccuveeeeceveeernnnenn. 26

1.7 Metal ions in AlZheimer’'s diSEasE.....ccuvuiiiiriire it 27
1.7.1 Metal binding properties of AP peptides......ccccovieirieinieinieenieeneeneeeeene 27

1.7.2 ATCUN-MOTIT ..ttt e e e e e s tare e e e e e e s eavare e e e e e e e ennneees 29

1.7.3 Dityrosine formation .........coccuiieieciii e e e 29

1.7.4 Interactions of AP peptides with non-essential metals ..........ccccceeecvvvrennenn. 30

1.7 4.1 IMIEBICUIY ceeeeiiiieieteeeeeeeeeeeeeee e ee e e ee e e e et e e et e eeeeeeeeseeeeeeeeeeeeeeeeeseseseseeeeesaeeeees 30

L1.7.8.2 NICKEL. ettt e s eaae e e s ste e e sanes 30

1.7.4.3 UTQNiUM coeiieiieieeee ettt ettt e e e e e et e e e e e e e isr et e e e e e s eeanreeeeas 31

1.8 Therapeutic strategies for Alzheimer’s diSease........ccovvveveiriieeiiiiiieeiee e 31

2 AIMS OF T STUAY oo e e e e e et e e e e e e e e anraeeeas 33
3 Materials and MEthOAS .. ..oiviiiiiiiieee e 34
A RESUIES 1.ttt ettt s bt e sttt e st e e e st e e s bt e e s aabt e e e s bae e e s aataeesaaraeeesbaaeenan 35
O3 B 1Yol U Y o] o H ST PPR 37
(00T ol [0 o] o - OO RPN 40
2] FT =T o Tol T OSSP PPRRUPR 41
ACKNOWIEAGEMENTS ...ttt st s sae e saneesnee s 67



ADSTIACT ..o 68

LUNTKOKKUVBEE ..ot st 70
PN o] 01T e | PP URPPPRN 73
PUBTICATION |1ttt sttt 73
PUBTICAtION 1l ..ttt 83
PUBIICATION 1.t s e 105
PUBIICATION IV . e e e 115
CUTITICUIUM VI3 . ittt ettt saneeenee s 133
01T o] (T g =] Lo LU SRS 135



List of publications

The list of author’s publications, on the basis of which this thesis has been prepared:

Berntsson, E., Sardis, M., Noormagi, A., Jarvet, J., Roos, P. M., Tougu, V.,
Graslund, A., Palumaa, P., & Warmlander, S. (2022). Mercury lon Binding to
Apolipoprotein E Variants ApoE2, ApoE3, and ApoE4: Similar Binding Affinities but
Different Structure Induction Effects. ACS Omega, 7(33), 28924-28931.

Berntsson, E., Vosough, F., Svantesson, T., Pansieri, J., lashchishyn, I. A., Ostojic, L.,
Dong, X., Paul, S., Jarvet, J.,, Roos, P. M., Barth, A, Morozova-Roche, L. A,
Graslund, A., & Warmlander, S. (2023). Residue-specific binding of Ni(ll) ions
influences the structure and aggregation of amyloid beta (Abeta) peptides. Scientific
Reports, 13(1), 3341.

Noormagi, A., Golubeva, T., Berntsson, E., Warmlander, S., Tougu, V., & Palumaa, P.
(2023). Direct Competition of ATCUN Peptides with Human Serum Albumin for
Copper(ll) lons Determined by LC-ICP MS. ACS Omega, 8(37), 33912—-33919.

Berntsson, E., Vosough, F., Noormagi, A., Padari, K., Asplund, F., Gielnik, M., Paul, S.,
Jarvet, J., Téugu, V., Roos, P. M., Kozak, M., Graslund, A., Barth, A., Pooga, M.,
Palumaa, P., & Warmlinder, S. (2023). Characterization of Uranyl (UO2%*) lon Binding
to Amyloid Beta (Abeta) Peptides: Effects on Abeta Structure and Aggregation.
ACS Chem Neurosci, 14(15), 2618-2633.

Author’s contribution to the publications

Contribution to the papers in this thesis are:

The author performed and analyzed all the CD measurements and contributed to
the fluorescence studies as well as participated in the manuscript preparation and
writing.

The author contributed to the planning of the study, analysis of the data,
the preparation and the writing of the manuscript. Performed and analyzed the
NMR, CD and fluorescence studies.

The author participated in sample preparation, measurements and in the writing
process.

The author conducted and analyzed the NMR, CD and fluorescence studies and
contributed to the manuscript writing.



List of additional papers — not included in the thesis

Berntsson, E., Paul, S., Vosough, F., Sholts, S. B., Jarvet, J., Roos, P. M., Barth, A.,
Graslund, A., & Warmlander, S. (2021). Lithium ions display weak interaction with
amyloid-beta (Abeta) peptides and have minor effects on their aggregation. Acta
Biochimica Polonica, 68(2), 169-179.

Koski, L., Ronnevi, C., Berntsson, E., Warmlander, S., & Roos, P. M. (2021). Metals in ALS
TDP-43 Pathology. International Journal of Molecular Sciences, 22(22).

Paul, S., Jenistova, A., Vosough, F., Berntsson, E., Mérman, C., Jarvet, J., Graslund, A,
Warmlander, S., & Barth, A. (2023). (13)C- and (15)N-labeling of amyloid-beta and
inhibitory peptides to study their interaction via nanoscale infrared spectroscopy.
Commun Chem, 6(1), 163.

Koski, L., Berntsson, E., Vikstrom, M., Warmlander, S., & Roos, P. M. (2023). Metal ratios
as possible biomarkers for amyotrophic lateral sclerosis. J Trace Elem Med Biol, 78,
127163.

Warmlander, S., Lakela, A., Berntsson, E., Jarvet, J., Graslund, A., (2024). Secondary
structures of human calcitonin at different temperatures and in different membrane-
mimicking environments, characterized by circular dichroism (CD) spectroscopy.
Accepted for publication in ACS Omega.

Lakela, A., Berntsson, E., Vosough, F., Jarvet, J., Paul, S., Barth, A., Graslund, A., Roos, P.,
Warmlander, S. (2024). Molecular interactions, structural effects, and binding affinities
between silver ions (Ag*) and amyloid beta (AB) peptides. Accepted for publication in
Scientific Reports.



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-B (AB) peptide is one of the hallmarks of AD, and is
believed to cause neurotoxicity and synaptic dysfunction, leading to neuronal death and
cognitive decline. AP aggregates are formed when monomeric AR peptides misfold and
convert from a random coil structure into a B-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-p structure, where the
B-strands run perpendicular to the fibril axis.

Several factors have been implicated in the aggregation mechanism and toxicity of AB.
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 AP and affect its aggregation.

Itis well known that the AP 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 AB 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 AB 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 AB 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-19'™" 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 plagues originate from normally soluble monomeric
proteins which misfold, aggregate and assemble into insoluble fibrillar structures.
The fibrils adopt a characteristic cross-p sheet structure, where the individual B-sheets
run perpendicular to the fibril axis (Figure 1). The fibrils are unbranched and can
reach lengths of several um, 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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Meridian

10 A Equator

Figure 1. Typical architecture of a cross-8 structure. a) Side view of fibril structure composed of
stacked B-sheets aligned perpendicular to the fibril axis. b) top view of a). c) Diffraction pattern of
a typical amyloid fibril, where meridian ~4.7 A corresponds to the regular spacing between
B-strands within a 8-sheet, and equator ~10 A indicates the periodicity of 8-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 Diseases Proteins References
proteinopathies involved
Amyloidosis Alzheimer’s AB (Glenner & Wong, 1984;
disease, Qi & Ma, 2017; Selkoe,
Cerebral amyloid 2001)
angiopathy
Creutzfeldt-Jakob Prion protein | (Collinge et al., 2006;
disease, Kuru Sitammagari & Masood,
2024)
Type Il diabetes Amylin (Marzban et al., 2003)
TTR Amyloidosis Transthyretin | (Manganelli et al., 2022)
Synucleinopathies | Parkinsons a-synuclein (Ayers et al., 2022;
disease, Calabresi et al., 2023)
Dementia with
Lewy bodies,
Multiple system
atrophy
Tauopathies Alzheimer’s Tau protein (Hernandez & Avila,
disease, 2007; Medeiros et al.,
Frontotemporal 2011; Probst et al., 1996;
dementia, Zhang et al., 2020)
Corticobasal
degeneration,
Picks disease
TDP-43 Amyotrophic TDP-43 (Cairns et al., 2007;
proteinopathies lateral sclerosis, de Boer et al., 2020)
Frontotemporal
lobal
degeneration
Huntingtinopathy | Huntington’s Huntingtin (Byrne et al., 2018;
disease Zheng & Diamond, 2012)
FUS Amyotrophic FUS (Assoni et al., 2023;
Proteinopathies lateral sclerosis Kamelgarn et al., 2018)
SOoD1 Amyotrophic Superoxide (Berdynski et al., 2022;
Proteinopathies lateral sclerosis dismutase 1 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-B (AB) peptides and are mainly encountered
extracellularly (Y. Zhang et al., 2023), (AB is further described in section 1.5).

A typical clinical presentation of AD starts with an asymptomatic period, where initial
deposition of AR 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 AB production and
affect the length of the peptides produced, often increasing the levels of more toxic and
aggregation-prone AP 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 (PMz2.s, 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 €4 allele. It is, however, essential to note
that carrying the apolipoprotein €4 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 AB 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 AB 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 AR 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 AP 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 A 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 (lgbal 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 AR 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 AB 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 AB 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 AR 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 AB 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 AB 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 itis 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 AB and hyperphosphorylated Tau have been shown to interact with and affect
the mitochondria negatively. AR 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 AB 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, AB 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 AP 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.

1.5 Amyloid B

The 36-43 residues long amphipathic A peptide is produced by enzymatic cleavage of
the amyloid precursor protein, APP (Mawuenyega et al., 2013). Ap was first described as
a major component of the amyloid plaques found in the brains of AD patients in 1984
(Glenner & Wong, 1984). The AB 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 AB1-40 variant is the most common form of the peptide in the brain, whereas
the ABi.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 AB, i.e. R5G, Y10P, and
H13R. Additionally, rodent AB is also known to be less aggregation-prone than human AB
(Xu et al., 2015). The AP 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 AB 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 AB production leads to a significant reduction in AB, but also results in various
neurological deficits and developmental problems (Dawson et al., 1999; Plant et al.,
2003; Zheng et al., 1995). Thus, AR 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 AB peptide is
negatively charged, intrinsically disordered and adopting a random coil conformation. In
a membrane or membrane-mimicking environment, the peptide adopts an a-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 B-sheets, which enable
formation of amyloid fibrils (Rambaran & Serpell, 2008). The N-terminal part of the AB
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 ABi-42
peptide has two additional hydrophobic residues in the C-terminal (i.e. 141 and A42),
making this variant less soluble in aqueous solution than ABi-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).

DAEFRHDSGY, EVHHQKLVFF,AEDVGSNKGA_IIGLMVGGVV,JA

* *

Figure 3. Amino acid sequence of AB81.42. 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: (Wdrmlidnder et al., 2019).

1.5.1 Generation of AB

The AB 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 APPsgs), where the APPegs is the isoform most commonly found in the
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brain (Delport & Hewer, 2022). APP contains a region that encodes for the AB peptide,
and whether AB 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 (a)-secretases
such as Disintegrin and Metalloprotease 10 (ADAM10) cleave APP within the AR
fragment, resulting in a soluble amyloid precursor protein-alpha (sAPPa) 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 (CTFa) is released intracellularly (Chen et al., 2017). The sPPa 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 CTFa fragment is performed by the gamma
(y)-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 (B)-secretase which cuts
APP and leaves the AP fragment complete and attached to the CTFB fragment. One of
the most common B-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 y-secretase then cleaves
the CTFB fragment, leaving the AICD and an AB monomer (Figure 4). The main difference
between the two pathways is that the a-secretase in the non-amyloidogenic pathway
cuts within the AP sequence, hindering its production, while the B-secretase in the
amyloidogenic pathway cleaves outside the AP site, making the formation of AB 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
B-secretase (especially BACE1) and y-secretase, but less a-secretase is present. The lower
pH in the early endosomes (approximately pH 6.5 (Hu et al., 2015)) promotes BACE1
cleavage, resulting in increased AP production. It has therefore been suggested that toxic
AB may be produced intracellularly and then transported to the extracellular space
(Fourriere et al., 2022; lizuka et al., 1996; Skovronsky et al., 1998; Turner et al., 1996).
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Figure 4. Proteolytic cleavage of the APP by a-, 8- or y-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 AB

The aggregation of AB is a complex and critical process in the pathogenesis of AD.
The monomeric AB 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 AP 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 ABi-40 under physiological conditions, and even
less for the more aggregation-prone AB142 peptide (Brannstrom et al., 2014; lljina 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
AP 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,
AB 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 AP 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).
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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 (Il) 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 AB peptides complicated
and explains why large variations can be observed in similar studies performed by

different authors.
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Figure 6. Aggregation kinetics of A8 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 AB aggregates

The aggregation of AP peptides is central to the pathology of AD and as previously
discussed, the monomeric AB 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 B-sheet structure which
allows them to interact and form insoluble fibrils, characteristic of amyloid plaques.
According to the amyloid cascade hypothesis, the aggregation of AB 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 AB 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 AB oligomers

AB 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 B-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, AB 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 AB fibrils and plaques

Mature AB fibrils are the end product of the fibrillogenic pathway. The fibrils display an
elongated morphology which can reach several um, 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-B sheets (Figure 1), a structure which
many amyloid fibrils have in common (Fandrich, 2012; Sunde et al., 1997). Cross-B sheet
structures are composed of hydrogen bonded B-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 AB
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-£4 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-£2 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 €4 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 €4 allele, and up to 12-fold for homozygotic carriers (Mahley
& Huang, 2012). Interestingly, carrying the €2 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 AR from the brain are less effective in ApoE4 carriers, and ApoE4 can stabilize
the AB 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 A 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 AR production more than ApoE3 in cell cultures
expressing APP (Ye et al., 2005).

Besides the interactions between the ApoE protein and AB 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(ll) ions could affect AR 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 AB peptides

Metal binding to the AR 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 AR 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 B-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(ll) 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 AB peptide lacks cysteine residues (Figure 3), which are typical metal binding
residues, however, the AR 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(ll), Cu(ll), Pb(1V), Zn (1) have been shown to bind at specific sites
on the AP peptide. This binding occurs in the N-terminal region by involving the His
residues as binding ligands. The binding of metals to the AB peptide can also be
non-specific, as in the case of uranyl, Mn(Il) and Pb(ll) ions. In these cases, it is proposed
that the interactions occur via non-specific electrostatic interactions between negatively
charged AP residues and the positively charged metal ions (Danielsson et al., 2007;
Ghalebaniet al., 2012; Wallin et al., 2016; Wallin et al., 2017). Copper is an essential trace
elementin 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 AR aggregation,
as contradictory results have been published. Interestingly, it has been suggested that
Zn(ll) ions are able to compete with Cu(ll) ions for AB 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 AB:Cu complexes in cell cultures is
higher, as compared to free copper ions (Faller & Hureau, 2009)
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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 AR with a high affinity, and although the exact
binding affinity (Ko-values) varies depending on experimental setup and conditions, it is
widely accepted that the Cu(ll) ions bind to AR with a Ko 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 AB 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 (Kp-value) can be obtained (Kuzmic, 2015). The AR 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(ll)- and Ni(ll) 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 AR peptide have been found in amyloid
plaques, especially ABs.a2, but also AB 11x, 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 AB peptide contains histidine residues at position 6, 13 and 14 (Figure 3),
truncation into ABas42 and AP 11x puts a histidine residue in position three, forming
ATCUN-motifs. The truncated AB peptides have been shown to bind Cu(ll) ions several
orders of magnitude stronger than the ABi40/42 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 AB, the peptide contains one tyrosine residue at position 10 (Y10), which
can participate in dityrosine formation. Cross-linking of AB peptides promotes the
formation of aggregates and these will be more resistant to degradation and potentially
making normally soluble aggregates insoluble. Dityrosine-linked AP 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 AR
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 AB, which lacks the tyrosine
residue at position 10 (Y10P) generally has less AB deposits in their brains.

1.7.4 Interactions of AB 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; ljomone 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(l), which typically occurs as diatomic
Hg>?* and Hg(ll)) and organic (such as methyl- or ethyl mercury, CHsHg* and CHsHg"
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; ljomone, 2021; Marchetti, 2014). One study showed that mice
brains exposed to Ni nanoparticles exposed higher concentrations of both ABso and ABa42
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 AB 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 AP produced. Initially the focus was
on inhibiting the main B-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 a-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 a-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 (a-,B- and y-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 AR
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 AB, 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 AP 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.

Il. To investigate the interactions between Ni(ll) ions and AB peptides, focusing
on the metal-binding properties, the effects on AP structure and aggregation.

IIl. To determine if different ATCUN motifs show different Cu(ll)-binding
affinities under the conditions of direct competition with HSA and elucidate
whether truncated AP peptides with ATCUN motifs can compete with HSA
for the binding of Cu(ll) ions.

V. To monitor the effects of uranyl ions on the structure and aggregation of
different AB species.
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3 Materials and methods

Publication I: Mercury lon Binding to Apolipoprotein E Variants ApoE2, ApoE3, and
ApoE4: Similar Binding Affinities but Different Structure Induction Effects
e Fluorescence measurements: titration of Hg ions to monitor changes in
intrinsic tryptophan fluorescence.
e  (Circular dichroism: titration of Hg ions to ApoE variants to determine the
effect on secondary structure.

Publication II: Residue-specific binding of Ni(ll) ions influences the structure and
aggregation of amyloid beta (AB) peptides
e NMR spectroscopy: molecular details of Ni(ll) binding to AB monomer and
estimation of Ni binding affinity to AB.
e  Circular dichroism: monitoring change in secondary structure of AB upon
addition of Ni(ll) ions.
e ThT fluorescence assay: effect of Ni(ll) ions on kinetics of AB40 aggregation
e AFM imaging: characterization of morphology of AB40 aggregates.
e  BN-PAGE analysis.
e  FTIR spectroscopy of AB oligomers.
e  Fluorescence microscopy: monitoring formation of dityrosine crosslinks.

Publication IlI: Direct Competition of ATCUN Peptides with Human Serum Albumin for
Copper(ll) lons Determined by LC-ICP MS
e  Competition of ATCUN Peptides with Human Serum Albumin for Cu(ll) ions.
e  LCP-ICP MS analysis.
e Data analysis for determination of relative dissociation constants.

Publication IV: Characterization of Uranyl (UO2?) lon Binding to Amyloid Beta (AB) Peptides:
Effects on AP Structure and Aggregation
e  Monitoring of AB aggregation by ThT fluorescence.
e TEM imaging of aggregated AB40 peptides.
e NMR spectroscopy: binding of uranyl to AB40 monomers.
e  Fluorescence measurements to determine binding affinity of uranyl to AB via
quenching of Tyr10 fluorescence.
e  Circular dichroism: monitoring changes in the secondary structure of AR upon
addition of UO2? ions.
e  BN-PAGE analysis.
e  FTIR spectroscopy.
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4 Results

Publication I: Mercury lon Binding to Apolipoprotein E Variants ApoE2, ApoE3, and
ApoE4: Similar Binding Affinities but Different Structure Induction Effects

Hg(Il) 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(ll) ions affects their secondary
structure differently, the largest change can be observed in ApoE4.

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

Specific binding of Ni(ll) ions to the N-terminal region of the AB4o 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 (ll) ions to AB peptides in aqueous buffer reduces intensity
while the shape of CD spectra remains unaffected. This suggests that Ni(ll)
ions induce precipitation and reduce AB in solution.

Ni(ll) ions induce structural changes in ABao WT and ABa-a0 in aqueous buffer
solution, indicating the transition of polyproline Il helix structures into random
coil structures.

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

The estimated dissociation constant for the ABso-Ni(ll) complex is in the low
UM range.

At sub-stoichiometric Ni(ll):ABa4o ratios, the Ni(ll) ions slow down the
ABao fibrillization kinetics in a concentration-dependent manner.

Results of IR and PAGE studies indicate that the addition of Ni(ll) ions appears
to interfere with the SDS-induced conversion of ABs2 monomers into
homogenous and stable oligomeric structures, instead favoring the
formation of larger and more heterogenous oligomer populations.
Incubation of AB4o and Ni(ll) ions induces formation of dityrosine crosslinks.

Publication Ill: Direct Competition of ATCUN Peptides with Human Serum Albumin for
Copper(ll) lons Determined by LC-ICP MS

ATCUN and truncated AP peptides (ABa-16 and AB11-15) bind Cu(ll) ions with an
affinity similar to that for human serum albumin.
Other ATCUN-containing peptides also have similar Cu(ll)-binding affinities.
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Publication IV: Characterization of Uranyl UO2%* lon Binding to Amyloid Beta (Abeta)
Peptides: Effects on Abeta Structure and Aggregation

UO%* ions inhibit the formation of AB amyloid fibrils in a concentration-
dependent manner, with complete inhibition at stoichiometric
uranyl/ABaso ratios.

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

U0>%* ions bind with higher affinity to ABso WT and ABao NoHis at a lower pH.
A structural transition in AB from random coil to B-sheets occurs upon
titration of UO2** ions at pH 5.1.

UO,% 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 AP 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 AB 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 AB aggregation is the cause of the disease, or a
consequence contributing to disease progression. It has been shown that the AP 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 AR peptide is crucial to understanding AD.
Today, the oligomeric forms of AB 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 (Warmlander et al., 2019). Studying oligomeric AB 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 AB
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 AB
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 AR 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 AB-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 AR peptide has been the focus in three of the papers in this thesis.
Variants of the full length AB-peptide were the main focus in paper Il and IV. Paper Il
instead focused on shorter, truncated segments of the peptide (ABs-16 and AB11-15), 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 ABs-42 and AP11-42 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
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interactions compared to the full-length peptide. Removal of the first three amino acids
(Asp1, Ala2, Glu3) of the AB 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 ABax
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. ABsx peptides may
have a stronger propensity to form B-sheets, due to the increased hydrophobicity
(Karkisaval et al., 2020; Pike et al., 1995). In this thesis, structural studies have been
performed on the APs4o0 peptide with CD spectroscopy. No significant structural
differences between the truncated- and full-length peptides were observed with this
method (Figure 3, paper Il). 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 APas16 peptide has been reported to bind Cu(ll) 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(ll) ions from excess HSA in blood and CSF environments (Paper Ill).
We also investigated the interactions between full-length AB peptides, nickel(ll) and
uranyl ions, respectively. Interestingly, both Ni(ll) and UO2* 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 AB. Instead, the
observed interaction effects are likely caused by electrostatic interactions between the
cationic uranyl ion and the anionic peptide. For the Ni(ll) 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 AB peptide
typically adopts a-helical conformations. CD spectroscopy can then be used to measure
the characteristic CD intensities at 208 nm and 222 nm, where the 0222/820s ratio reflects
the amount of superhelicity in the sample (Barbar & Nyarko, 2014). A clear increase in
superhelicity, i.e. a-helices wound around each other as coiled-coils, can be observed in
the AB140 WT and ABas.40 samples when Ni(ll) 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 B-sheet structure was observed
for AB peptides in aqueous solution. This structural change is thought to promote the AB
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(ll) ions were found to induce dityrosine cross-links, which is a common effect
of ROS action. Thus, Ni(ll) ions may affect the AP aggregation processes not only through
direct interactions with the peptide, but also through ROS formation. Dityrosine-linked
AB 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(ll) ions bind to the AR 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. AB-dimers linked
together via covalent dityrosine bonds are more stable and resistant to dissociation
compared to other non-covalently linked AB dimers (Kok et al., 2013).

Although the AB peptide is in the primary focus of AD research, the AB 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 AB 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 | 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(ll) 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(lIl) ions turned out to be virtually the same for all three isoforms, showing
that Cys112 and Cys158 are not involved in Hg (ll)-binding. Yet, binding of Hg(ll) 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 Arg6l 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(ll) ions induces different
structural alterations in the different isoforms. It has furthermore been shown that when
ApotE 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 agqueous 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

All tree isoforms of Apolipoprotein E (ApoE2, ApoE3 and ApoE4) were found
to bind mercury ions with similar binding affinities. Yet, the Hg(ll) 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 0222/6208 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 (ll) 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(l) ions is much
weaker than that of divalent Hg(ll) ions which suggests that the potentially
harmful interactions between ApoE and Hg are happening in the oxidizing
extracellular environment.

Ni(ll) ions bind to the N-terminal segment of AB, with a binding affinity in
the low uM range. The binding of Ni(ll) 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 AB dimers. Secondary structure alterations are observed
upon the addition of Ni(ll) ions, both in an aqueous environment and in a
membrane-mimicking environment. Stochiometric amounts of Ni(ll) ions
promote the formation of heterogeneous AR oligomers. Since the oligomers
are considered the most toxic species of AP aggregates, this might contribute
to AD brain pathology.

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

Uranyl ions bind to the AR 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 AP fibrillization already at sub-stochiometric concentrations
and induce structural changes in both monomeric and oligomeric AB
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- (AB) peptide is involved in the disease pathology.

The AB peptide is known to self-assemble into aggregates, ranging from dimers to lots
of peptides, with large amyloid plagues 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 A precursor protein, thereby increasing the
AB production, particularly the more aggregation-prone AB variants. Additionally, it has
been suggested that metal ions affect the aggregation pathway of the AB 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 AP peptides containing an ATCUN-motif have
similar binding affinities to Cu(ll) as the well-known Cu(ll) binding protein human serum
albumin (HSA). It can be concluded that the truncated AP variants with an ATCUN-motif
are not able to remove substantial amounts of Cu(ll) ions from HSA in blood or CFS and
do likely not have a dominant role in the regulation of Cu(ll) 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(ll) 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(ll) and uranyl ions were able to induce
B-sheet formation in aqueous solution and thereby stabilizing and promoting
aggregation of the peptide.
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Although the AP 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 A peptides, and that the ApoE4 isoform might be
less effective at this task.

We showed that the binding affinity for Hg(ll) 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(ll) ions. This indicates that the amino acid variations between the
different isoforms are not directly involved in the binding of Hg(ll) ions, but that the
differences in structure induction might be connected to the ApoE-g4 gene being a risk
factor for mercury intoxication.

In this thesis, the studied peptides/proteins are different variants of amyloid-B, 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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Lihikokkuvote

Metallioonide interaktsioonid Alzheimeri tovega seotud
peptiidide ja valkudega

Alzheimeri tobi (AD) on ké&ige levinum dementsuse pdhjus, mdjutades umbes 55 miljonit
inimest Ule kogu maailma. Haigust on uuritud kiimneid aastaid ja kuigi on tehtud
markimisvaarseid edusamme, on meie teadmistes endiselt palju llinki. Vaatamata
jatkuvatele pingutustele pole seni veel valja arendatud tdhusaid haigust muutvaid
ravimeetodeid. Haiguse aluseks olevad molekulaarsed mehhanismid on endiselt
vaieldavad, kuid on laialdaselt aktsepteeritud, et amiiloidi-B (AB) peptiidi agregatsioon
on seotud haiguse patoloogiaga.

AB peptiid on tuntud oma vdime poolest ise kokku koonduda agregaatideks, mis
hélmavad nii oligomeere, kui ka paljudest peptiididest koosnevaid amiiloidseid
naastusid. On pakutud vélja mitmeid hiipoteese, mis kasitlevad haiguse pdhjust. Uks
neist on metallide hiipotees, mis vaidab, et metallide disregulatsioon mangib AD
patoloogias olulist rolli. Naiteks Cu, Fe ja Zn, kdrgenenud kontsentratsioone on leitud AD
ajus amuloidsetes naastudes, kuid metallide osaluse mehhanism on veel uurimisjargus.
On viiteid sellele, et moned metallid voivad mdjutada AP eellasvalgu IGhustumist,
suurendades rohkem agregatsioonile kalduvate AR peptiidide tootmist. Lisaks vGivad
metallioonid mdjutada AP peptiidi agregatsiooniteed ja osaliselt stabiliseerida toksilisi
oligomeerseid vorme. Kolmanda vdimaluse kohaselt ei osale metallid AP agregatsioonis,
kuid selle asemel v8ivad nad seostuda juba moodustunud agregaatidega ja aidata kaasa
kahjulike hapniku radikaalide tekkele.

Kdesolevas t66s on uuritud mdningate metallioonide mdju AD-ga seotud valkudele.
Varasemalt on teostatud mahukas t66 bioloogiliselt kdige olulisemate metallide kohta,
nagu Cu, Zn ja Fe, kuigi tulemused varieeruvad. Me suutsime ndidata, et lihenenud AB
peptiid, mis sisaldab ATCUN-motiivi, seondub Cu(ll)-ioonidega sarnaselt tuntud Cu(ll)
siduva valgu - inimese seerumi albumiiniga (HSA). VGib jareldada, et lihenenud AR
variandid, mis sisaldavad ATCUN-motiivi, ei suuda veres voi tserebrospinaalvedelikus
eemaldada Cu(ll) ioone HSA-It ja ei mangi tdendoliselt domineerivat rolli Cu(ll) ioonide
regulatsioonis neis keskkondades.

Soovisime samuti panustada valdkonda, uurides metalle, mis esinevad meie
keskkonnas, kuid mis ei ole inimorganismi funktsioneerimiseks vajalikud. Need uuringud
vOivad anda tdiendavat informatsiooni metallioonide poolt pdhjustatud peptiidide
agregatsiooni ja toksilisuse Gldmehhanismide kohta. Valitud metallideks olid nikkel,
elavhobe ja uraan.

Me naitasime, et nii nikkel(ll), kui ka uranlilioonid suudavad aeglustada AR
fibrilliseerumise kineetikat ja suunata protsessi amorfsete agregaatide tekke suunas.
Ni(ll) ioonid seonduvad spetsiifiliselt AB N-terminaalses osas paiknevate His-jadkidega,
ning suudavad samuti indutseerida ditirosiini-ristsidemete moodustumist, mis tekitab
stabiilsemaid ja dissotsiatsioonile vastupidavamaid agregaate. Uraaniiilioonid seevastu
ei naidanud spetsiifilist sidumist AB-ga, millest jareldub, et need ioonid mdjutavad
peptiide elektrostaatiliste interaktsioonide kaudu. Urantilioonid naitasid tugevaimat
sidumist pH-15,1 juures, mida v&iks selgitada His-killlgahelate segava toimega neutraalses
pH alas ja uraaniilioonide keemiliste omadustega, mis vdivad madalal pH-I
hidrolUlsuda. Seetdttu véib monomeersete ja dimeersete hidroksillihendite ja
uraaniilioonide segu mdjutada seostumist. Nii Ni(ll) kui ka uraaniddlioonid suutsid
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indutseerida B-lehtstruktuuride moodustumist vesilahuses ja seeldbi stabiliseerida ja
soodustada AP peptiidi agregatsiooni.

Kuigi AB 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 markida, et ApoE4 kandjate
puhul on néidatud, et nad on ka tundlikumad elavhdbeda toksilisusele. Seetdttu on valja
pakutud, et ApoE valk v3ib osaleda elavhdbeda ja/vGi AR peptiidide véljutamises
organismist ning et ApoE4 isoform vdib olla vahem efektiivne selle llesande taitmisel.
Néitasime, et elavhdbe (Hg(ll)) ioonide sidumisafiinsus on kdigi kolme ApoE isoformi
puhul kallalt sarnane, kuid Hg(ll) ioonide lisamisel on ApoE4 isoformi puhul taheldatav
suurem struktuuri muutus. See viitab sellele, et erinevate isoformide vahelised jarjestuse
variatsioonid ei osale otseselt Hg(ll) ioonide sidumises, kuid struktuuri indutseerimise
erinevused voivad olla seotud ApoE4 suurema elavhdbedamiirgituse riskiteguriga.

Kaesolevas to6s uuritud peptiidid/valgud on erinevad AB variandid, ApoE ja HSA.
Erinevate metallioonide ja valgu/peptiidi variantide vaheliste interaktsioonide
iseloomustamiseks on kasutatud mitmesuguseid bioftilisikalisi meetodeid. Fookus on
olnud sidumisafiinsuste maaramisel, spetsiifiliste sidumiskohtade tuvastamisel ning
metallide poolt p&hjustatud mdjude jalgimisel valkude/peptiidide sekundaarstruktuurile
ja agregatsioonile. Saadud tulemused laiendavad meie arusaama metallioonide rollist AD
patogeneesis, tuues esile spetsiifilised interaktsioonid, mis voivad mdjutada haiguse
progresseerumist.
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ABSTRACT: Mercury intoxication typically produces more severe outcomes in z 7

people with the APOE-£4 gene, which codes for the ApoE4 variant of apolipoprotein E Mercury ions have similar binding
E, compared to individuals with the APOE-¢2 and APOE-€3 genes. Why the APOE-¢4 g %% affinities to the ApoE2, ApoE3,
allele is a risk factor in mercury exposure remains unknown. One proposed possibility § and ApoE4 protein variants.
is that the ApoE protein could be involved in clearing of heavy metals, where the § 064

ApoE4 protein might perform this task worse than the ApoE2 and ApoE3 variants. <

Here, we used fluorescence and circular dichroism spectroscopies to characterize the £ 0.4

in vitro interactions of the three different ApoE variants with Hg(I) and Hg(II) ions. %

Hg(I) ions displayed weak binding to all ApoE variants and induced virtually no ¢ oz

structural changes. Thus, Hg(I) ions appear to have no biologically relevant

interactions with the ApoE protein. Hg(II) ions displayed stronger and very similar o . .

binding affinities for all three ApoE isoforms, with Ky, values of 4.6 M for ApoE2, 4.9 ° o« " f’:° " o w0
UM for ApoE3, and 4.3 uM for ApoE4. Binding of Hg(II) ions also induced changes e e

in ApoE superhelicity, that is, altered coil—coil interactions, which might modify the

protein function. As these structural changes were most pronounced in the ApoE4 protein, they could be related to the APOE-¢4
gene being a risk factor in mercury toxicity.

Downloaded via TALLINN TECHNICAL UNIV on August 25, 2022 at 06:30:58 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

1. INTRODUCTION

Mercury (Hg) is a toxic metal that contributes to severe and
permanent health problems and even cleath.]__4 According to
the Global Mercury Assessment 2018 report,” the estimated
global anthropogenic emission of mercury to the atmosphere
was approximately 20% higher in 2015 than in 2010. Most of
these emissions originate from industrial activities related to
mining and coal and oil combustion,” where Asia is responsible
for 49% of the total emissions, followed by South America
(18%) and Sub-Saharan Africa (16%). Hg is neurotoxic and
genotoxic and induces damage to organs such as the brain and
kidneys.“z'6 The different forms of Hg, that is, metallic,
inorganic such as Hg(I), and Hg(II) ions, and organometallic
complexes such as methyl-Hg and ethyl-Hg, have different
properties and toxicity profiles.”> Mercury vapor and organic
Hg readily pass through membranes such as the blood—brain—
barrier and the placental barrier, and thus become distributed
throughout the entire human body including the fetus.”™”
Developing neurites'® and growing organs seem to be
particularly susceptible to Hg damage, and Hg exposure is
therefore especially harmful for children and fetuses."'~'* The
molecular mechanisms underlying Hg toxicity remain un-
clear,'® but appear to include toxic molecular mimicry® and
blocking of antioxidants'” especially in the mitochondria."®

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

Interestingly, the susceptibility to Hg toxicity is influenced
by genetic factors.'”*® Notably, Hg exposure has been found to
produce more severe outcomes in people with the APOE-e4
gene, which codes for the ApoE4 version of the apolipoprotein
E protein, compared to individuals with the APOE-€2 and
APOE-€3 genes.(”lz_14'19'21_23 APOE-¢4 is also a genetic risk
factor for Alzheimer’s disease (AD),”"**>? and likely for other
proteinopathies as well,*>" while Hg exposure might be an
environmental risk factor for AD.****7** Why APOE-e4
carriers are more susceptible to both mercury intoxication
and AD remains unclear. A number of possible explanations
d,2536%7 including the possibility that the
ApoE protein might be involved in the clearance of Hg and/or

have been propose

of amyloid-f (AB) peptides,”"*”*® whose aggregation plays a

central role in AD pathology.*”*
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Figure 1. Primary structure of the apolipoprotein E3 protein. The ApoE2 (Cys112 and Cys158), ApoE3 (Cys112 and ArglS8), and ApoE4
(Arg112 and Arg158) variants differ in positions 112 and 158, marked in red. The regions known to adopt a-helix conformations are shown in blue

and green based on the information in Chen et al. 2011.%

Apolipoprotein E (ApoE) is a 299-residue-long (34 kDa)
glycoprotein (Figure 1) involved in lipid metabolism: it
transports lipid-soluble vitamins and lipids such as cholesterol
in the central nervous system, into the lymph system, and then
into the blood.*'~** In the brain, ApoE is mainly produced by
the astrocytes and microglial cells and interacts with ApoE
receptors.”** The three common variants of the ApoE protein
differ at residues 112 and 158, that is, ApoE2 (Cys112 and
Cys158), ApoE3 (Cys112 and Argl58), and ApoE4 (Argl12
and Argl58).”>* As the cysteine —SH groups are capable of
binding metal ions including Hg ions,>>* ™ it has been
speculated that the ApoE residues Cys112 and Cys158 might
bind Hg ions, which subsequently could be transported out
from the tissue.>"*>?%*% ApoE4 would then not be able to
perform this task very well as it has Arg instead of Cys residues
at positions 112 and 158 (Figure 1). Mercury would then
accumulate in the tissues of APOE-€4 individuals, which would
aggravate the toxic effects, which possibly could include Hg-
induced neurodegeneration and AD.® To the best of our
knowledge, no one has so far tested this hypothesis
experimentally. Here, we use the biophysical techniques
circular dichroism (CD) and fluorescence spectroscopy to
study in vitro the binding interactions between inorganic Hg(I)
and Hg(1I) ions and the three different ApoE protein variants.

2. MATERIALS AND METHODS

2.1. Reagents and Sample Preparation. Lyophilized
ApoE2, ApoE3, and ApoE4 protein variants were purchased
from AlexoTech AB (Umea, Sweden) and stored at —20 °C.
All proteins were produced recombinantly with an additional
methionine residue in position-1. The integrity of the proteins
was confirmed by MALDI-TOF mass spectrometry. Before
measurements, samples were dissolved in 10 mM NaOH
(prepared in Milli-Q water) according to the manufacturer’s
instructions and then allowed to equilibrate at 4 °C for at least
1 h. The concentration was initially determined by weight and
then confirmed by UV—vis spectroscopy. The samples were
then diluted in either sodium phosphate buffer or MES [2-(N-
morpholino)ethane sulfonic acid] buffer to a final buffer
concentration of 20 mM at pH 7.3 or pH 5.5.

2.2. Fluorescence Spectroscopy. The binding affinities
between Hg ions and ApoE variants were evaluated by
fluorescence measurements using a LS-55 fluorescence
spectrophotometer (PerkinElmer Inc., Waltham, MA, USA)
equipped with a magnetic stirrer. In order to study both Hg(I)
and Hg(II) ions, some measurements were carried out in the
presence of 1 mM of the reducing agent TCEP [tris(2-
carboxyethyl)phosphine], which reduces the Hg(II) ions from
the HgCl, salt to the Hg(I) form. Small aliquots of HgCl,

(stock concentrations of 1, 2, or 10 mM) were titrated to a
sample containing either 0.2 or 1.0 uM ApoE protein in 20
mM MES buffer, pH 7.3 or 5.5, at 25 °C, in quartz cuvettes
with a § mm path length. After each addition of HgCl,, the
solution was stirred for 30 s before recording fluorescence
emission spectra at 350 nm (excitation 276 nm). All titrations
were repeated 3 times. The measured tryptophan fluorescence
intensities were plotted against the concentration of Hg ions,
and dissociation constants (Kp,) were evaluated by fitting the
data curves to either eq 1 (the isotherm or hyperbolic equation
together with a Hill coefficient)™ or eq 2 (the Morrison
equation)®’

I=1,+ U = o) [Hgl"

Kp + [Hgl" (1)
I=1,+ M((K + [Hg] + [BS])
=1y 2[BS] D g
— (K + [Hg] + [BS])* — 4-[Hg][BS]) @)

Here, I is the initial fluorescence intensity with no added Hg
ions, I, is the steady-state intensity at the end of the titration,
[Hg] is the concentration of the added Hg ions, Kp is the
dissociation constant, n (in eq 1) is the Hill coefficient, and
[BS] (in eq 2) is the concentration of the binding sites, which
is equal to the protein concentration if the protein has a single
binding site. Adding a term for the fluorescence quenching
effect of free Hg ions appeared unnecessary.*”

2.3. CD Spectroscopy. CD spectra were recorded between
190 and 260 nm with a step size of 0.5 nm and S s per data
point at 20 °C using a Chirascan CD spectrometer from
Applied Photophysics, UK. Samples of 5 uM ApoE protein in
20 mM sodium phosphate buffer, pH 7.3, were measured in a
quartz cuvette with an optical path length of 2 mm. Sodium
phosphate buffer was used to avoid the interference of MES
buffer with the CD measurements. In order to study both
Hg(I) and Hg(II) ions, some measurements were carried out
in the presence of 1 mM of the reducing agent TCEP, which
reduces the Hg(II) ions from the HgCl, salt to the Hg(I) form.
After the initial measurement of ApoE alone, 1-2 uL HgCl,
was added in steps from stock concentrations of 1, 2, or 10
mM to produce final HgCl, concentrations of 2, 5, 40, and 80
puM. All titrations were repeated two or three times.

3. RESULTS AND DISCUSSION

3.1. Fluorescence Spectroscopy. To determine the
binding strength of Hg(I) and Hg(II) ions to the ApoE
isoforms, the quenching effect of the ions on the intrinsic
tryptophan fluorescence was monitored. ApoE contains seven
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Figure 2. Intrinsic ApoE tryptophan fluorescence upon titration with HgCl, recorded at 350 nm (excitation 276 nm) for 0.2 #M ApoE protein at
+25 °C in 20 mM MES buffer either at pH 7.3 or pH S.5. Black—ApoE2; red—ApoE3; blue—ApoE4; circles—pH 7.3; and squares—pH 5.5.
Fitting eq 1 to the titration data produces apparent dissociation constants (K*?).

tryptophan residues (Figure 1), which exhibit a strong
fluorescence signal at 350 nm when excited around 276 nm.
Titrating HgCl, to 0.2 uM protein samples at either pH 7.3
or pH 5.5 produced the binding curves shown in Figure 2.
Fitting eq 1 to the pH 7.3 curves yielded the dissociation
constants (Kp,) for Hg(II) binding shown in Table 1, that is,

Table 1. Apparent K, Values (Kp*?) in uM for the ApoE-
Hg(II) Complex Obtained by Fitting Eq 1 to the pH 7.3
Fluorescence Titration Curves Shown in Figure 2

titration 1 titration 2 titration 3 average Kp
ApoE2 4.54 + 0.29 4.33 + 0.36 S.00 + 0.44 4.62
ApoE3 4.65 £ 0.32 S.11 + 027 4.90 + 0.22 4.89
ApoE4 4.33 £ 0.3S 4.33 + 042 429 + 023 4.32

on average 4.62 uM for ApoE2, 4.89 uM for ApoE3, and 4.32
UM for ApoE4. The Hill coefficients (1 in eq 1) were all found
to be around 1, indicating little or no binding cooperativity.
The hyperbolic equation (i, eq 1) was used as the protein
concentration clearly was lower than the binding affinity of the
studied complex. Even though MES is a good buffer devised to
have minimal interactions with metal ions and other cations,”*
no corrections were made for potential interactions between
the buffer and the Hg(II) ions. Thus, the calculated Ky, values
in Table 1 should be considered as apparent, that is, K,*?. The
most important thing about these Kj,*" values is that they (and
the corresponding binding curves) are all very similar. We
therefore conclude that the Hg(II) ions are bound by the same
(or at least very similar) binding sites in all three ApoE variants
and that these binding sites do not involve as binding ligands
the residues 112 and 158, which vary between the protein
isoforms (Figure 1).

These conclusions clearly contradict the previously
suggested hypothesis that different binding affinities to

mercury ions could explain why the APOE-¢4 gene is a risk
factor in Hg intoxication but not the APOE-¢2 and APOE-£3
genes.6'21’7‘2'28’46'48 However, it cannot be ruled out that other
forms of mercury, such as organic methyl-Hg or ethyl-Hg,
could display different binding properties to the different ApoE
variants. Future studies might investigate the details of ApoE
binding to other forms of Hg than the inorganic ions studied
here.

The HgCl, titrations at pH 5.5 produced a much lower
reduction in Trp fluorescence intensity than the titrations at
pH 7.3 (Figure 2). This strongly indicates weaker binding of
Hg(II) ions at acidic pH, even though no Kj, values could be
derived from these curves. The main difference in the proteins
between pH 7.3 and pH 5.5 is protonation of His residues,
which have pK, values around 6.5.°* As His residues are
previously known to bind a range of metal ions, including
Hg(1I) ions,*” and as protonation of His residues lowers their
affinity for positively charged molecules, the different titration
results at pH 7.3 and pH 5.5 shown in Figure 2 strongly
suggest that His residues are involved in coordinating the
Hg(II) ions. As shown in Figure 1, the ApoE proteins have two
His residues, that is, His140 and His299.

Titrations with HgCl, at pH 7.3 were also carried out at a
slightly higher protein concentration, that is, 1.0 uM (Figure
3). As the protein concentration is now close to the binding
affinity, it is not appropriate to fit the binding curves with the
hyperbolic/isotherm eq 1. The data was instead fitted with eq
2, where the binding site concentration is included as one of
the fitted parameters. For the Hg(II) ion titrations, eq 2
produced average K, values around 4.2 (ApoE2), 4.1
(ApoE3), and 4.8 (ApoE4). These K, values are very close
to those obtained at 0.2 4M ApoE concentration (Figure 2 and
Table 1), thus confirming their accuracy. The fittings to eq 2
also produced binding site concentrations around 10 uM, for

all three proteins. Although this should be regarded as an
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Figure 3. Intrinsic ApoE tryptophan fluorescence upon titration with
HgCl, recorded at 350 nm (excitation 276 nm) for 1 uM ApoE
protein in 20 mM MES buffer, pH 7.3 at +25 °C. Black—ApoE2;
red—ApoE3; blue—ApoE4; circles—Hg(II) ions; and triangles—
Hg(I) ions (1 mM TCEP added). Fitting eq 2 to the titration data
produces apparent dissociation constants (Kp*?).

approximate number, it is clearly larger than the protein
concentration of 1 #M. This indicates that there are multiple
binding sites for Hg(II) ions on all three ApoE variants.

Adding 1 mM of the reducing agent TCEP reduces the Hg
ions to their monovalent Hg(I) state. As shown in Figure 3,
titrations with Hg(I) ions yield much lower Trp fluorescence
reduction than titrations with Hg(II) ions for all three ApoE
variants. It was not possible to fit a binding equation to the
Hg(I) data, but the binding of Hg(I) ions appears to be
weak—Tlikely in the millimolar range. It is however possible
that Hg(I) ions may not quench Trp fluorescence as efficiently
as Hg(II) ions, and the Hg(I) titration results should therefore
be interpreted with caution.

3.2. CD Spectroscopy. ApoE is previously known to be a
mainly a-helical protein in aqueous solutions.*”** This was
confirmed by our CD measurements, where all three ApoE
variants exhibit CD spectra with characteristic minima around
208 and 222 nm (Figure 4), which are typical for a-helical
secondary structures.”> Upon titration with Hg(II) ions, the
CD spectra gradually lost some intensity, although they
generally maintained a-helical shapes. These changes cannot
be explained by dilution of the sample, as the total increase in
volume during the titrations did not exceed 2%.

When titrated with Hg(II) ions, the three ApoE variants
showed different intensity losses for the 208 and 222 nm
minima (Figure 4 and Table 2). The [6,,,]/[65s] ratio in CD
spectra has previously been shown to reflect hydrophobic
coil—coil interactions of a-helical secondary structures, also
known as a-helical supercoiling or simply superhelicity.”***
The largest increase in the [6,,,]/[60ys] ratio, indicative of
increased helix supercoiling upon addition of Hg(II) ions, is
observed for the ApoE4 variant, which changes from 0.96 to
1.16 (Table 2). ApoE2 displays the smallest change, from 0.93
to 0.98, while ApoE3 increases from 0.99 to 1.13 (Table 2). A
careful investigation of the ApoE4 CD spectra furthermore
shows that the minima display small but clear changes during
the titration: in the presence of 80 uM Hg(II) ions, the minima
have moved from, respectively, 208.5 to 209.5 nm and from
221 to 222.5 nm (Figure 4(C1)), which is a further indication

of secondary structure alterations. All three repetitions of this
titration gave the same results. For the ApoE2 variant, no such
shifts were observed (Figure 4(Al)). These changes are in line
with our previous observations that metal ions can promote
protein supercoiling,*” and also with earlier reports that Hg(II)
ions can generally affect protein folding, misfolding, and
aggrt-zgation.éo_62 A previous study showed that the ApoE C-
terminal domain, which contains lipoprotein binding and
ApoE self-association sites, has an intrinsic propensity to form
coil-coiled interactions stabilized by salt bridges.”> Thus, it is
possible that the observed Hg(II)-induced structural changes
take place in the C-terminal domain. Future research should be
able to identify the exact location(s) of the Hg(II) binding
site(s), the nature of the structural changes, and if binding of
Hg(II) ions affects the protein’s function(s).

Titrations with monovalent Hg(I) ions, that is, with 1 mM
TCEP reducing agent added to the samples, produced much
smaller changes in the CD spectra (Figure 4), indicating
weaker ApoE binding affinity for Hg(I) ions than for Hg(II)
ions. These results are in line with those from the fluorescence
measurements (Figure 4), where Hg(I) ions for all three ApoE
variants produced much weaker Trp fluorescence reduction
than Hg(II) ions. However, it cannot be ruled out that the
monovalent Hg(I) ions might have different binding sites and/
or different binding configurations than Hg(II) ions and may
therefore not induce the same structural changes as Hg(II)
ions. Overall though, it appears that the Hg(I) interactions
with ApoE proteins are weak and of little biological relevance.
As 1 mM TCEP roughly corresponds to the reducing
environment inside human cells, our results suggest that
biologically relevant interactions between inorganic Hg ions
and ApoE proteins will not take place intracellularly, but rather
in the oxidizing extracellular environment, where the Hg ions
are in their divalent Hg(II) state.

It should be noted that already before addition of the HgCl,
salt, there are slight differences in the CD spectra and in
superhelicity between the three ApoE variants (Figure 4 and
Table 2), indicating different secondary structures. It has
previously been suggested that the ApoE variants could exhibit
different secondary structures due to the mutations in positions
112 and 158. Specifically, it has been proposed that the N- and
C-termini would be positioned closer to each other in ApoE4,
than in ApoE2 and ApoE3, due to the interaction between
Arg6l and Glu255 in ApoE4.°® Such an interaction is
considered unlikely in ApoE2 and ApoE3, where the Arg61l
residue is believed to interact with Cys112 and therefore be
unavailable for interactions with Glu2SS. Given the different
initial structures, it is not surprising that addition of Hg(II)
ions appears to induce somewhat different structural
alterations in the three variants.

4. CONCLUSIONS

Hg(1I) ions bind all three ApoE variants with approximately
the same binding affinity, around 4—$ uM (Figure 2 and Table
1). This indicates similar binding sites with similar binding
ligands in all protein variants. The residues that differ between
the variants, that is, Cys112 residues in ApoE2 and ApoE3 and
Cys158 in ApoE2, are therefore most likely not directly
involved in Hg(II) coordination. Instead, the weaker binding
to Hg(II) ions at acidic pH (Figure 2), where histidines are
protonated, suggests that the His140 and His299 residues
could be involved as Hg(II) binding ligands. Hg(II) binding

was found to be non-cooperative, with Hill coefficients around
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1, and multiple binding sites are likely present. Monovalent
Hg(1) ions display much weaker binding affinities to all three
ApoE variants, likely in the millimolar region (Figure 3), and
induce virtually no change in the ApoE secondary structure
(Figure 4). It therefore appears that the ApoE proteins do not
have biologically relevant interactions with Hg(I) ions, which
exist in reducing intracellular environments, but rather with
Hg(II) ions, which exist in oxidizing extracellular environ-

28928

ments. Bound Hg(II) ions induce minor but distinct structural
alterations in all ApoE protein variants, interpreted as increased
superhelicity and possibly located to the C-terminal domain,
which contains lipoprotein binding and ApoE self-association
sites and which has an intrinsic propensity to form coil-coiled
interactions. The structural alterations are most pronounced in
ApoE4 and least pronounced in ApoE2 (Figure 4). Thus, while
the Hg(1I) binding affinity is virtually the same for the three

https://doi.org/10.1021/acsomega.2c02254
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Table 2. Negative CD Signal Intensities [ X 1073] at 208 and 222 nm together with the Calculated [6,,,]/[60,s] Ratios

Derived from the CD Spectra Shown in Figure 3

ApoE2

ApoE3 ApoE4

Hg(11) (uM) 0 2 s 40 80 0
0at208 nm 184 181 179 170 152 17.3
fat222nm 170 16.8 16.8 16.0 149 17.1
[6022,1/[6205] 0.93 0.93 0.94 0.94 0.98 0.99

S 40 80 0 2 5 40 80
16.2 13.7 12.6 17.6 16.5 16.3 142 12.3
16.2 14.9 14.2 16.8 15.9 15.7 15.0 14.2

1.0 1.08 113 0.96 0.96 0.96 1.06 1.16

ApoE variants, the differences in structure induction between
the three ApoE variants might conceivably be connected to the
APOE-¢4 gene being a risk factor in mercury intoxication but
not the APOE-£2 and APOE-e3 genes. Future studies should
clarify the binding sites for Hg(II) ions in the ApoE protein,
the nature of the structural changes induced by the Hg(II)
ions, and how these changes may affect the protein’s
function(s).
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Residue-specific binding of Ni(ll)
ions influences the structure
and aggregation of amyloid beta
(AB) peptides

Elina Berntsson?*?, Faraz Vosough?, Teodor Svantesson?, Jonathan Pansieri?,
Igor A. lashchishyn?, Lucija Ostoji¢?, Xiaolin Dong?, Suman Paul?, Jiri Jarvet*,
Per M. Roos>®, Andreas Barth?, Ludmilla A. Morozova-Roche3, Astrid Graslund?! &
Sebastian K. T. S. Warmlander”"!

Alzheimer’s disease (AD) is the most common cause of dementia worldwide. AD brains display
deposits of insoluble amyloid plaques consisting mainly of aggregated amyloid-B (AB) peptides,
and A oligomers are likely a toxic species in AD pathology. AD patients display altered metal
homeostasis, and AD plaques show elevated concentrations of metals such as Cu, Fe, and Zn.

Yet, the metal chemistry in AD pathology remains unclear. Ni(ll) ions are known to interact with

A peptides, but the nature and effects of such interactions are unknown. Here, we use numerous
biophysical methods—mainly spectroscopy and imaging techniques—to characterize AB/Ni(ll)
interactions in vitro, for different Ap variants: AB(1-40), AB(1-40)(H6A, H13A, H14A), AB(4-40),
and AB(1-42). We show for the first time that Ni(ll) ions display specific binding to the N-terminal
segment of full-length AB monomers. Equimolar amounts of Ni(ll) ions retard Ap aggregation and
direct it towards non-structured aggregates. The His6, His13, and His14 residues are implicated as
binding ligands, and the Ni(ll)-AB binding affinity is in the low pM range. The redox-active Ni(ll) ions
induce formation of dityrosine cross-links via redox chemistry, thereby creating covalent Ap dimers.
In aqueous buffer Ni(ll) ions promote formation of beta sheet structure in AB monomers, while in a
membrane-mimicking environment (SDS micelles) coil-coil helix interactions appear to be induced.
For SDS-stabilized AB oligomers, Ni(ll) ions direct the oligomers towards larger sizes and more diverse
(heterogeneous) populations. All of these structural rearrangements may be relevant for the AR
aggregation processes that are involved in AD brain pathology.

Alzheimer’s disease (AD), the leading cause of dementia worldwide, is a progressive, irreversible, and currently
incurable chronic neurodegenerative disorder'~?, primarily manifesting as short-term memory loss. Pathological
hallmarks of AD include brain atrophy, with extensive brain deposits of amyloid plaques and neurofibrillary Tau
tangles occurring years before symptom manifestation®=>. The plaques, which consist mainly of amyloid-p (Ap)
peptides aggregated into insoluble fibrils®, display a characteristic cross-p structure at the core of their constituent
fibrils”®. The plaques are the end-product of an aggregation process involving formation of extra- and intracellular
intermediates such as neurotoxic A oligomers’~'*. The oligomeric aggregates may spread from neuron to neuron
via exosomes'>'%. However, the relationship between Af aggregation, neurodegenerative mechanisms, cogni-
tive decline, the proposed amyloid cascade hypothesis, and disease progression is not fully understood>!*!*!7.
The 36-43 residues long AP peptides found in the plaques are produced by enzymatic cleavage of the mem-
brane-binding amyloid-{ precursor protein, APP'®. In monomeric form, the Ap peptides are intrinsically dis-
ordered and soluble in water. The central and C-terminal segments are hydrophobic and may interact with
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membranes or fold into a hairpin conformation that likely is required for aggregation'. The negatively charged
N-terminal segment is hydrophilic and readily interacts with metal ions and other cationic molecules?*-%.

AD brains typically display altered metal homeostasis'”***, and AD plaques accumulate metals such as
calcium (Ca), copper (Cu), iron (Fe), and zinc (Zn)**?. Thus, dysregulated metal chemistry might be part of
the AD pathology process*~*. The precursor protein APP is known to bind Cu and Zn ions*, and a possible
physiological role of APP (and perhaps its fragments) might be to regulate the Cu(II) and Zn(II) concentrations
in the neuronal synaptic clefts, where these ions are released in their free form*®! and where Ap aggregation may
be initiated®. Metal ions such as Cu(II), Fe(II), Mn(II), Pb(IV) and Zn(II) have previously been shown to bind
to specific AP residues and modulate the A aggregation pathways?**>**~**, Binding of metal ions, and also of
other cationic molecules such as polyamines, has furthermore been reported to modulate and sometimes inhibit
AB toxicity?***!. However, it is unclear which possible metal interactions may be relevant for AD pathology, and
which exogenous or endogenous metal ions may participate in such interactions®-*2.

Nickel (Ni) is a common metal in the industrialized world, where it is used in e.g. stainless steel alloys, Ni-Cd
batteries, coins, and jewelry. As a result of low-level exposure, between 10 and 20% of all people have developed
some degree of contact allergy towards Ni*>**. It is therefore important to clarify the health effects of long-
term Ni exposure, including potential effects on neurodegenerative diseases*’. Some studies have demonstrated
specific binding between Ni(II) ions and N-terminal A fragments, with possible effects on A structure and
toxicity*"*>=". Yet, the interactions between pathologically relevant (i.e., full-length) Ap peptides and Ni ions
are poorly explored.

In this study, we use a range of biophysical spectroscopy and imaging techniques to investigate in vitro
interactions between Ni(II) ions and AP peptides, with a focus on characterizing binding properties and
effects on AP structure and aggregation. The different AP peptides studied include the pathologically relevant
AP(1-40), AP(4-40), and APB(1-42) variants, together with the AB(1-40)(H6A, H13A, H14A) mutant. Because
the AP peptides interact with membranes*, and as membrane-disruption is a possible toxicity mechanism
for AP oligomers®’, the measurements have been carried out in aqueous solution as well as in a membrane-
mimetic model consisting of micelles of the SDS (sodium dodecyl sulfate) detergent*. The results are compared
to previous studies of the effects of both different chemical environments and metal ion interactions on Ap
peptides?38:40:48-53,

Biological relevance of Ni and sources of exposure. Even though Ni function is limited in human
biology™, it has been suggested as an essential element in humans®, just as it is for many human-associated
bacteria® and possibly all higher plants*. Elevated Ni concentrations are however toxic to plants®®. In animals,
inadequate Ni amounts have shown adverse effects on nutrient absorption and metabolism*®*®. Due to the abun-
dance of Ni in many plant-based foods**®, Ni deficiency is unlikely to occur in humans, even though only some
10% of ingested Ni is absorbed®?. Ni concentrations in potable water vary between 2 and 13 mg/L with a WHO
limit of 70 mg/L, which is exceeded in Ni mining regions, where Ni concentrations of 200 mg/L have been
found®. Respiratory Ni exposure is related to Ni industries and fossil fuel combustion, which overall are the
main global sources of Ni emissions®*, and to cigarette smoking including e-cigarettes****. In addition to Ni-
Cd batteries, the main industrial uses of Ni is as a whitening agent in Cu alloys for e.g. coins and jewellery, which
may cause allergic contact dermatitis*®, and as a provider of corrosion resistance in steel alloys for e.g. surgical
tools, biomedical implants, and body piercings. One study of Ni-containing hip prosthetic devices found that
Ni blood concentration rose about twofold after metal-on-metal hip arthroplasty®. Ni is also present in some
formulations for dental amalgam fillings®.

The human health risks of Ni exposure are well-known and widespread, as Ni use and exposure has gradually
grown from human prehistory®” to modern times®. Ni is known to be haematotoxic, immunotoxic, neurotoxic,
genotoxic, reproductive toxic, pulmonary toxic, nephrotoxic, hepatotoxic and carcinogenic®®®. Other patho-
logical effects of Ni exposure in the occupational settings are rhinitis, asthma, nasal septum perforation, nasal
sinus cancer, and respiratory cancer’’. Ni can pass the placental barriers and accumulate in the fetus”". It can also
pass the blood-brain barrier, and brain accumulation can result from high levels of exposure**. Yet, most people
experience low exposure levels®, and the most common health effect is allergic reactions>*.

The neurotoxic properties of Ni are well documented, but data on Ni in neurodegenerative disorders are
scarce*. A case report of skin tissue Ni concentrations in a patient recovering from ALS after metal chelation
described a Ni concentration of 850 ug/kg’>. A 44 year old ALS patient died after 9 years of heavy metal exposure
in a nickel-cadmium battery factory’*. Increased blood Ni concentrations have been detected in multiple scle-
rosis (MS) patients’*, and soil Ni was found to be elevated in a Canadian MS cluster’*. Recent data also indicate
a possible contribution from Ni in the causation of neurodevelopmental dysfunctional states such as autism’®.

As a component of tobacco, cigarette smoke, and air pollution, Ni may contribute to environmental risk fac-
tors for AD. Mice exposed to a Ni nanoparticle model of air pollution showed doubled brain levels of Ap,, and
Ap,, within 24 h, even at a permissible limit of nickel hydroxide exposure according to occupational safety and
health standards’”’. Another study reported higher yet not statistically significantly elevated Ni concentrations
in post-mortem brain and ventricular fluid of AD patients (n=14), compared to healthy controls (n=15)*. A
recent study reported that Ni(II) ions interfered with aggregation of the Tau protein’.

Materials and methods

Samples and preparations. Ni(I) acetate and 2-(N-Morpholino)ethanesulfonic acid hydrate (MES)
buffer were purchased from Sigma (Sigma/Merck KGaA, Darmstadt, Germany). The SDS detergent was bought
from ICN Biomedicals Inc (USA). Sodium chloride and sodium hydroxide were purchased from Sigma-Aldrich
(St. Louis, MO, USA).
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Wild-type (wt) AP(1-42) peptides, abbreviated as AP,,, with the primary sequence
DAEFR;HDSGY ,EVHHQ,sKLVFF,,AEDVG,;SNKGA ; IIGLM;;VGGVV ,IA, were purchased synthetically
manufactured from JPT Peptide Technologies (Germany), while recombinantly produced A, peptides were
purchased from rPeptide LLC (USA). Recombinantly produced wild-type (wt) AB(1-40) peptides, abbrevi-
ated as AP, as well as N-terminal truncated AB(4-40) peptides, were purchased as lyophilized powder from
AlexoTech AB (Umes, Sweden). The AP, peptides were either unlabeled, uniformly '*N-labeled, or uniformly
13C,'>N-labeled. A recombinantly produced mutant version of Ap,,, where the three histidine residues H6, H13,
and H14 have been replaced with alanines, i.e. AB(1-40)(H6A, H13A, H14A) was also purchased from Alexo-
Tech AB. This mutant is here abbreviated as A,,(NoHis). All Ap variants were stored at — 80 °C until use, when
they were dissolved to monomeric form before the measurements. The AB,, and AB(4-40) peptides were then
dissolved in 10 mM NaOH to 100 uM concentration, and sonicated for 5 min in an ice-bath to dissolve possible
pre-formed aggregates. Finally, buffer was added to the peptide solutions. All preparation steps were performed
on ice, and the peptide concentrations were determined by weighing the dry powder and/or by NanoDrop
measurements of dissolved material.

Preparation of AB,, oligomers. Monomeric solutions of AB,, peptides were prepared via size exclusion
chromatography, according to the following procedure. First, lyophilized AB,, powder (1 mg) was dissolved
in pure dimethyl sulfoxide (DMSO; 250 pL). A solution of 5 mM NaOH (pH=12.3) was used to equilibrate a
Sephadex G-250 HiTrap desalting column (GE Healthcare, Uppsala), which was then washed with 10-15 mL
of 5 mM NaOD (pD =12.7)”. The Ap,;, solution in DMSO was added to the column, followed by 5 mM NaOD
(1.25 mL). Peptide fractions in 5 mM NaOD were then collected on ice at a flow rate of 1 mg/mL. Ten frac-
tions of 1 mL were collected in 1.5 mL low-binding reaction tubes. The Ap,, concentration in each fraction was
measured with a NanoDrop instrument (Eppendorf, Germany) at 280 nm, using a molar extinction coeflicient
of 1280 M™! ecm™ for the single tyrosine residue in the peptide®. Liquid nitrogen was used to flash-freeze the
fractions, which then were topped with argon gas, and stored at — 80 °C until use. Two well-defined sizes of
SDS-stabilized Ap,, oligomers—named according to the SDS concentration used: APOy sysps (approximately
dodecamers) and ABO yysps (approximately tetramers)—were prepared using an established protocol®! with the
following modifications: the preparations were carried out in D,0 without the original dilution step, and at a
fourfold lower peptide concentration®’. The reaction mixtures, consisting of 100 uM Ap,, peptide in phosphate
buffered saline (PBS) buffer containing either 0.05% SDS or 0.2% SDS, which corresponds to 1.7 mM and 6.9 mM
SDS, respectively, were incubated at 37 °C for 24 h together with 0-500 uM of Ni(II) acetate. Liquid nitrogen was
used to flash-freeze the prepared oligomer solutions, which then were stored at — 20 °C until further use. When
thawed at room temperature for experimental analyses, the oligomers were stable for several days.

NMR spectroscopy measurements of AB,, binding to Ni(ll) ions. 1D and 2D nuclear magnetic
resonance (NMR) spectra were recorded on Bruker Avance 500 and 700 MHz spectrometers equipped with
cryoprobes. First 42 uM and then 84 uM of Ni(II) acetate was added to 84 uM of monomeric Ap,, peptides,
either 1*C,N-double-labelled or '*N-mono-labelled, in 20 mM sodium phosphate buffer at pH 7.3 or pH 5.6
(90/10 H,0/D,0). During the titrations, 2D 'H,"’N-HSQC and 2D 'H,*C-HSQC spectra were recorded at 5 °C.
Measurements were also conducted in the presence of 50 mM SDS detergent, at 25 °C. As the critical micelle
concentration for SDS is 8.2 mM in water at 25 °C*, micelles have clearly formed under these conditions. SDS
micelles are simple membrane models suitable for NMR spectroscopy due to their small size, i.e. on average
62 molecules per micelle®. Thus, there is approximately 0.8 mM of SDS micelles in the sample, i.e., around
10x more micelles than AB,, peptides, which means that no micelle should harbour multiple Ap peptides. All
NMR data were processed and evaluated using the Topspin software (v. 3.2), employing already published HSQC
crosspeak assignments for A, in buffer®-* and in the presence of SDS micelles’'.

CD spectroscopy measurements of Ni(ll)-induced changes in AB secondary structure. Circu-
lar dichroism (CD) was carried out in a Chirascan CD spectrometer (Applied Photophysics Ltd., UK.) using a
2 mm quartz cuvette containing 600 pl of AB peptide in 20 mM phosphate buffer, pH 7.3. The studied Ap vari-
ants were A, (10 uM), AB4(NoHis) (10 uM), and AB(4-40) (5 uM).

Measurements were conducted either in buffer only or with added SDS micelles. CD spectra were recorded at
25 °C between 190 and 260 nm, using steps of 0.5 nm. After the first recorded spectrum, 50 mM SDS detergent
was added to some of the samples. Then, small volumes of Ni(II) acetate (2 mM and 10 mM stock solutions)
were titrated to each sample, in steps of 2 uM, 4 uM, 16 puM, 56 uM, 156 uM, 256 uM, and finally 512 uM. All
data was processed with an eight points smoothing filter (Savitsky-Golay) using the Chirascan Pro-Data v.4.4.1
software (Applied Photophysics Ltd., UK.).

Binding affinity of Ni(ll)-AB complexes. Binding affinities for Ni(II)-Ap complexes were estimated by

fitting NMR and CD titration data, respectively, to Eq. (1) (the Morrison equation®):
T=lIo+ 2200 o (ki + NIl + [4B]) — /(Ko + [N + [4B1)? — 4 [Ni] * [45] W
2% [AB]

This equation assumes a single metal binding site, where [Ap] is the peptide concentration, [Ni] is the concen-
tration of the titrated Ni(II) ions, I, is the initial signal intensity, I, is the steady-state (saturated) signal intensity
at the end of the titration series, and Kj, is the dissociation constant for the Ni(II)-Ap complex. As no corrections
for buffer conditions are done, the computed dissociation constants should be considered as apparent (K,).
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For the CD data, a binding curve was generated by plotting the CD intensity at 208 nm vs the Ni(II) concen-
tration. For the NMR data, binding curves were generated by plotting HSQC crosspeak intensities versus Ni(II)
concentration. The measured crosspeak intensities were normalized to the intensity of the V40 crosspeak for
each step of added Ni(II) ions.

AB,, aggregation kinetics monitored via ThT fluorescence measurements.  The kinetics of amy-
loid aggregation over time for Af,, peptides together with Ni(II) ions was monitored via measurements with
a 96-well plate reader (FLUOstar Omega) of the fluorescence signal of the dye Thioflavin T (ThT), a molecular
probe that displays strong fluorescence intensity when bound to amyloid material®**’. The samples contained 10
uM AB,, peptide, 10 mM sodium phosphate buffer, pH 7.4, 40 uM ThT dye, and 0, 1, 2.5, 5, 7.5, 10, 20, or 50 uM
of Ni(II) acetate. The peptide concentration was determined using a NanoDrop microvolume spectrophotom-
eter. Measurements were recorded at three-minute intervals for 24 h at 37 °C, with five replicate samples per con-
dition and excitation and emission wavelengths of 440 and 480 nm, respectively. The samples were continuously
shaken (orbital mode) between the measurements. To determine the maximum growth rate and the half-time of
AP aggregation, the resulting ThT fluorescence data were fitted to a sigmoidal curve using Eq. (2)*

A

F(t) = Fy +
O = ot e e (1 — t172)]

(2)

where F is the baseline fluorescence intensity, A is the total increase in fluorescence intensity, r,,,, is the maxi-
mum growth rate, and t;, is the time when half of the Ap monomers have aggregated.

Atomic force microscopy images of AB,, aggregates. Images of A, aggregates were recorded with
a BioScope Catalyst (Bruker Corp., USA) atomic force microscope (AFM), operating in peak force mode in
air and using MSLN and SLN cantilevers (Bruker Corp., USA). The scan rate was 0.51 Hz, with a resolution of
512 A ~512 pixels. Samples of 10 uM A, peptide were incubated for 24 h with either 0, 1, 10, or 50 uM Ni(II)
acetate, using the same conditions as in the ThT experiments described above. At the end of the procedure, 30 pL
samples were diluted in 30 uL Milli-Q water and then applied on freshly prepared mica substrates. After 20 min,
the mica substrates were washed three times with Milli-Q water and left to air-dry.

Blue native polyacrylamide gel electrophoresis of AB,, oligomers. The Ap,, oligomer samples
prepared with 0-500 uM Ni(II) acetate, as described in the materials section, were analyzed with blue native
polyacrylamide gel electrophoresis (BN-PAGE) using the Invitrogen electrophoresis system. First, 4-16% Bis—
Tris Novex gels (ThermoFisher Scientific, USA) were loaded with Ap,, oligomer samples (10 uL) in addition to
the Amersham High Molecular Weight Calibration Kit for native electrophoresis (GE Healthcare, USA). The gels
were run at 4 °C according to the Invitrogen instructions (ThermoFisher Scientific, USA). Staining was done
with the Pierce Silver Staining Kit (ThermoFisher Scientific, USA).

Infrared spectroscopy. Fourier-transformed infrared (FTIR) spectra of the Ap,;, oligomers prepared with
0-500 puM Ni(II) acetate, as described in the materials section, were recorded on a Tensor 37 FTIR spectrometer
(Bruker Optics, Germany) operating in transmission mode at room temperature and equipped with a liquid
nitrogen-cooled MeCdTe detector and a sample shutter. During the measurements, the instrument was continu-
ously purged with dry air. 8-10 pL of the 80 uM Ap,, oligomer samples were placed between two flat CaF, discs,
which were separated by a 50 um plastic spacer that had been covered with vacuum grease at the periphery.
The mounted IR cuvette was put in a holder inside the sample chamber, and was then allowed to sit for at least
20 min after the chamber lid was closed, to remove H,O vapor. FTIR spectra were recorded between 1900 and
800 cm™!, at a resolution of 2 cm™" and with 6 mm aperture. The IR intensity above 2200 cm™" was blocked with
a germanium filter, and that below 1500 cm™ with a cellulose membrane, to increase the light intensity in the
relevant spectral range’'. The OPUS 5.5 software was used for analysis and plotting of the spectra. Second deriva-
tives were computed with a smoothing factor of 17.

Fluorescence measurements of Ni(ll)-induced formation of dityrosine in AB,,. A Jobin Yvon
Horiba Fluorolog 3 fluorescence spectrometer (Longjumeau, France) was used to record fluorescence emission
spectra between 330 and 500 nm (excitation at 315 nm) at room temperature of 10 pM Ap,, peptide dissolved
in 20 mM MES buffer, pH 7.3. The samples were put in a quartz cuvette with 4 mm path length (volume 1 mL).
To investigate the effect of Ni(II) ions on dityrosine formation, one sample contained 100 uM Ni(II) acetate. The
control sample contained 50 uM of the chelator EDTA, to remove possible free metal ions. Spectra were recorded
after 0 and 6 h of incubation, where the sample was kept at room temperature without agitation or other treat-
ment. All experiments were conducted in triplicate, and before the final measurement, 300 uM of EDTA was
added to the sample to remove metal ions.

Results

NMR spectroscopy: molecular details of Ni(ll) binding to the AB,, monomer. High-resolution
NMR experiments were conducted to investigate possible residue-specific molecular interactions between Ni(II)
ions and monomeric APy, peptides. Figures 1 and 2 show 2D '"H,"®N-HSQC spectra for the amide crosspeak
region for 84 uM 3C,"N-labeled AB,, peptides at either pH 7.3 or pH 5.6, recorded before and after addition
of first 42 uM and then 84 puM Ni(II) acetate, i.e. Ni(II):Af,, ratios of respectively 1:2 and 1:1. Similar measure-
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Figure 1. NMR 2D 'H,""N-HSQC-spectra of 84 uM *N-labeled AB,, peptides before (blue peaks) and after
addition of first 42 uM (red peaks) and then 84 uM (teal peaks) Ni(II) acetate. Spectra were recorded at 5 °C in
20 mM sodium phosphate buffer at pH 7.3 (A), at pH 5.6 (B), and at pH 7.3 together with 50 mM SDS detergent
(C). The peak intensity in the bar charts is given as the ratio between the crosspeak intensity with added Ni(II)
ions relative to the intensity before addition of Ni(II) ions, i.e. I/1,.

ments were conducted also for Ap,, peptides together with SDS micelles (50 mM SDS detergent concentration)
at pH 7.3 (Fig. 1C).

For AP, in aqueous pH 7.3 buffer, addition of Ni(II) ions induces a concentration-dependent loss of amide
crosspeak intensity, especially in the N-terminal region (Fig. 1A). This indicates specific binding of Ni(II) ions
to N-terminal A, residues. The specific loss of N-terminal crosspeak intensity is likely caused by intermediate
or even slow (on the NMR time-scale) chemical exchange between a free and a bound state of the Ap,, peptides,
similar to the effect induced by Cu(II) and Zn(II) ions***, probably together with paramagnetic quenching
effects of the Ni(II) ions”. When the Ni(II) ions are added to the sample, no new crosspeaks corresponding to
Ni(II)-bound Ap,, peptides are observed (Fig. 1A). This suggests that no single well-defined Ni(II)-Ap,, complex
exists. Instead, a range of Ni(II)-bound states of the AB,, peptides are likely present, probably at different stages
of aggregation and oligomerization. Each state is then too weakly populated to create distinct NMR crosspeaks.
This is in line with earlier NMR studies reporting that A, peptides are in a dynamic exchange between NMR-
observable monomers and heterogeneous NMR-invisible oligomers (a “dark state”)*>"*.

There is also a general loss of crosspeak intensity for all Ap,, residues, including the central and C-terminal
amino acids, upon addition of Ni(II) acetate. This effect is likely caused by a combination of non-specific Ni(II)
binding interactions, on an intermediate or slow NMR time-scale, and by the Ni(II) ions promoting aggrega-
tion of the AP, peptides into complexes that are too large to be observed with HSQC NMR, or they may simply
precipitate out of the solution.

At pH 5.6, the loss of crosspeak intensity after added Ni(II) ions is very uniform, i.e., there is no residue-
specific binding (Fig. 1B). The main difference at this lower pH is that histidine residues are protonated, as they
have pKa values around 6.8 in short peptides®. Naturally, protonated His residues are less prone to bind cationic
metal ions. The loss of residue-specific Ni(II) ion binding at pH 5.6 therefore strongly indicates that histidines are
involved in the observed residue-specific Ni(II) ion binding at neutral pH. This is supported by the NMR results
at pH 7.3 for the Af,, aromatic side chains, where the aromatic rings of the N-terminal residues His6, His13,
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Figure 2. NMR 2D 'H,"*C-HSQC spectra of 84 uM *C,"*N-labeled AB,, peptides in 20 mM phosphate buffer,
pH 7.3, before (blue) and after (red) addition of 42 pM Ni(II) acetate. Some Phe crosspeaks could not be
assigned to individual residues, and are instead listed as F(I), F(II), and F(III).

and His14, together with Tyr10, display a somewhat larger loss of crosspeak signal intensity than the aromatic
rings of the Phe4, Phel9, and Phe20 residues (Fig. 2).

Specific loss of crosspeak intensity for N-terminal residues, upon addition of Ni(II) acetate, is observed also
for AP, peptides positioned in SDS micelles (Fig. 1C), which constitute a simple model for bio-membranes**°.
The central and C-terminal AP regions are known to insert themselves as a-helices into SDS micelles®*!, and
thus, the 'H,"*N-HSQC spectrum for AB,, in SDS micelles corresponds to an a-helical conformation of the
AB peptide. The N-terminal segment is known to remain unstructured outside the micelle surface, where it is
available for interactions with e.g. metal ions*®. The C-terminal residues are unaffected by the added Ni(II) ions
(Fig. 1C), which shows that they are neither affected by direct Ni(II)-binding, nor by Ni(II)-induced aggrega-
tion—most likely AP peptides cannot aggregate when bound to SDS micelles, at least when there is on average
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Figure 3. CD spectra of Ni(II) acetate titrated to AP peptides in 20 mM phosphate buffer, pH 7.3, at 25 °C. The
titrations were conducted either in the presence of SDS micelles (A-C) or in aqueous buffer only (D-F), for
three different peptide variants, i.e. 10 uM Af,, (A,D), 10 uM Ap,(NoHis) (B,E), and 5 uM AB(4-40) (C,F).
The black spectra show AP peptides in buffer only. For samples A-C, 50 mM SDS was then added (red spectra).
Next, for all samples, Ni(II) acetate was titrated in steps of 2 uM (orange), 4 uM (yellow), 16 uM (turquoise),

56 uM (green), 156 uM (purple), and finally 256 uM (blue spectra).

less than one peptide per micelle. Thus, also in the presence of SDS micelles (Fig. 1C), the NMR spectrum reflects
Ni(II) ion binding to monomeric Ay, peptides.

CD spectroscopy measurements of AB secondary structure. CD spectroscopy was used to inves-
tigate possible changes in AP secondary structure upon addition of Ni(II) ions, both in aqueous buffer and in a
membrane-mimetic environment (i.e., SDS micelles). The three peptide variants A, Ap,,(NoHis) mutant, and
AP(4-40) were investigated. In aqueous buffer, the CD spectra for monomers of all three variants display typical
random coil signals with minima around 196-198 nm (Fig. 3).

Addition of Ni(II) ions to AP peptides in aqueous buffer induces concentration-dependent changes in the CD
spectra for the monomers of all three peptide variants (Fig. 3D-F). For the A, (NoHis) peptide, these changes
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Wavelength 156 uM 256 uM
(nm) OuMNi(II) |2puMNi(II) | 4uMNi(I) | 16 uM Ni(II) | 56 uM Ni(II) | Ni(II) Ni(II)
208 ~ 11,131 - 10,808 - 10,557 — 9928 - 9515 — 9064 - 9025
A[Xm 222 -7793 - 7925 - 8074 - 8241 - 8339 - 8012 - 8114
222/208 0.700 0.733 0.765 0.830 0.8764 0.884 0.899
208 ~ 140627 |- 13,979 —141123 | -139199 | -139629 | 19,8029 13,7252
A[340(N0His) 222 -11,184.4 —11,100.6 —11,249.3 —-11,138.9 -11,172.6 —11,149.8 —-11,039.3
222/208 0.7953 0.7941 0.7971 0.8002 0.8002 0.8078 0.8043
208 —5335.7 —5265.9 —5258.7 —4876.8 —4338.2 —4235.2 —4150.7
AB(4-40)  |222 ~3978.0 ~3989.9 — 41933 ~ 43020 — 42052 —4176.1 4268.9
222/208 0.746 0.758 0.797 0.882 0.969 0.986 1.028

Table 1. CD signal intensities at 208 nm and 222 nm for the three Ap variants Af,,, AP, (NoHis), and
AP(4-40), as a function of added Ni(II) acetate.

correspond to a decrease in intensity, without changing the shape of the spectrum (Fig. 3). This likely means
that the Ni(II) ions induce peptide aggregation and precipitation, thereby reducing the effective AB concentra-
tion in the solution.

For the AB,, and AB(4-40) variants, addition of Ni(II) ions induces structural transitions between two distinct
conformations, as evidenced by the isodichroic points around 210 nm (Fig. 3D,F). Ap peptides in solution are
known to contain some polyproline II (PPII) helix structure, especially at low temperatures™. The loss of signal
intensity around 196-198 nm, and the isodichroic points around 210 nm, might be compatible with a conver-
sion of PPII helix into random coil structure®®?”-**. However, the difference spectra created by subtracting the
CD spectra with no added Ni(II) acetate from those with 256 M Ni(II) acetate, shown in Supp. Fig. S1, clearly
correspond to B-sheet secondary structure®. Formation of p-sheets upon addition of Ni(II) ions is supported
also by the IR spectra shown in Supp. Fig. S2. We therefore conclude that Ni(II) ions induce $-sheet structure in
A, and AB(4-40) peptides, in aqueous solution at neutral pH.

When SDS micelles were added to the three peptide variants, all of them adopted a-helical secondary struc-
tures, producing CD signals with characteristic minima around 208 and 222 nm (Fig. 3A-C). This is consistent
with previous studies reporting that AP peptides adopt a-helical conformations in membrane-like environments,
at least when there is on average less than one peptide per micelle*>***19%1% The Ap,,(NoHis) variant, where
the three His residues have been replaced with alanines, displays the strongest a-helical CD signal after addi-
tion of SDS, compared to the intensity of the AB,(NoHis) random coil signal before adding SDS (Fig. 3). This
is reasonable given the strong propensity of alanines to form a-helices'"". The Ap(4-40) peptide also shows a
relatively strong a-helical CD signal, compared to the AB(4-40) random coil intensity before added SDS. This
might be related to a lack of a-helical structure® in the first three residues of Af,,, which are missing in the
Ap(4-40) variant.

Addition of Ni(II) ions induces a concentration-dependent loss of CD signal around 208 nm, but not around
222 nm, for the Af,, and the AP(4-40) peptides, although not for the AB,,(NoHis) mutant (Fig. 3). As the 222 nm
signal intensity remains approximately constant, the observed spectral changes do not correspond to a general
loss of a-helicity but may rather be due to a change in helix supercoiling, i.e. when two or more a-helices form
coiled coils via hydrophobic interactions'**~'%. The degree of helix supercoiling is known to be reflected by the
[0,,,]/[0,5] ratio, where ratios close to 1 reflect large amounts of superhelicity'””. During the titrations with Ni(II)
acetate the [0,,,]/[0,4] ratio increases from 0.70 to 0.89 for AP, and from 0.75 to 1.03 for the AB(4-40) variant
(Table 1). In both cases this would correspond to a significant increase in superhelicity. Such metal-induced
changes of A superhelicity, in a membrane environment, has previously been reported to be induced by Cu(II)
ions®. The lack of any Ni(II)-induced structural effects in the AP, (NoHis) mutant (Fig. 3; Table 1) appears to
support Ni(IT) binding to Ap via the His residues. But it is also possible that the His residues are necessary for
forming a coiled-coil AP structure.

Estimates of AB-Ni(ll) binding affinity. Ni(II)-AB binding curves were generated by plotting crosspeak
intensities from the NMR titrations (Fig. 1A) and 208 nm intensities from the CD titrations (Table 1) versus
Ni(II) concentration (Fig. 4). Fitting Eq. (1) to these curves yields apparent dissociation constants (Kp) for the
Ni(II)-AB complexes.

For the CD data (Fig. 4D,E), the signal intensities have been normalized to the first value in each titration
series, i.e. the signal intensity without added Ni(II) ions. The derived Kj, values are 7.8 uM for binding to Ap,,
and 17.2 uM for binding to the AB(4-40) variant. These K, values should however only be considered as approxi-
mations, as there may not be a direct correlation between Ni(II) binding and the structural changes observed in
the CD spectra (Fig. 3). Our NMR measurements (Fig. 1C) confirm earlier studies showing that the N-terminal
AP segment is free to interact with metal ions also when the central and C-terminal Ap segments are inserted
into SDS micelles'®". Yet, earlier studies with Cu(II) ions have shown that the binding affinity for metal ions
is reduced when the central Ap segment is bound to some other entity'%, although this effect appears to be
minor for SDS micelles™.

For the NMR data, each crosspeak in Fig. 1A generates one binding curve. However, the Ni(II)-induced loss of
crosspeak intensity is not only related to concentration-dependent chemical exchange, on an intermediate NMR
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Figure 4. Binding curves for Ni(II)-AP complexes, derived from the NMR data in Fig. 1A and the CD data in
Fig. 3A,C, respectively. The NMR and CD signal intensities are given as the ratio between the intensity with
added Ni(II) ions relative to the intensity before addition of Ni(II) ions, i.e. I/10. Apparent binding affinities were
obtained by fitting Eq. (1) to the curves. (A-C) NMR crosspeak intensity vs Ni(II) concentration for three of
the crosspeaks/residues in Fig. 1A, i.e. for 84 uM Ap,, in 20 mM sodium phosphate buffer, pH 7.3 at 5 °C. (D,E)
CD intensity at 208 nm vs Ni(II) concentration for the CD data in Fig. 3A,C, i.e. for 10 uM AB,, (D) and 5 uM
AP(4-40) (E) in 20 mM phosphate buffer, pH 7.3 at 25 °C.
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Figure 5. ThT kinetic time curves for aggregation of 10 uM A, in 10 mM sodium phosphate buffer, pH 7.4,
together with different concentrations of Ni(II) acetate: 0 uM (black), 1 uM (red), 2.5 uM (azure blue), 5 uM
(magenta), 7.5 uM (green), 10 uM (navy blue), 20 pM (yellow), and 50 uM (orange). The solid lines show curves
fitted with Eq. (2) to the ThT data sets.

time-scale, but also to Ni(II)-induced peptide aggregation and paramagnetic quenching of the NMR signal. Even
though these effects are somewhat mitigated by normalizing the crosspeak intensity values to the V40 crosspeak
intensity, for each titration step (thereby obtaining the relative intensity scale used in Fig. 4A-C), the derived K,
values should only be considered as rough approximations. The binding curves shown in Fig. 4A-C correspond
to the three AB,, crosspeaks that display the strongest apparent binding, with K, values of respectively 5.3 uM,
6.7 uM, and 7.0 uM. These values are very similar to the apparent K, value of 7.8 uM derived for Af,, from the
CD measurements (Fig. 4D), but they should still only be regarded as lower limits for the true Ky, value. Thus,
we conclude that the binding affinity for the A,-Ni(II) complex is in the low pM range.

Effects of Ni(ll) ions on AB,, aggregation kinetics. To investigate the influence of Ni(II) ions on A,
aggregation, samples of 10 uM AP, were incubated for 24 h in the absence or presence of increasing concentra-
tions of Ni(II) acetate. The resulting ThT curves are shown in Fig. 5, and the r,,,, t,/,, and A parameters obtained
from fitting the curves to Eq. (2) are shown in Table 2. For sub-stoichiometric Ni(II):Ap,, ratios, the Ni(II) ions
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Ni(II) 0uM 1uM 2.5 uM 5uM 7.5 UM 10 uM 20uM | 50 pM
I W] 0962022 | 1.08£0.36 |0.88+0.34 | 1.0+045 | 1.02£0.85 |0.96%0.58 |n/a n/a
tin [h] 8.3+1.5 10.2+0.3 11.8+1.2 11.2+0.7 125+0.5 13.5+1.4 n/a n/a
A 4115+436 | 29674238 | 2085£575 | 1449480 | 1511132 | 1803+442 | n/a n/a

Table 2. Parameters r,,,, t;,, and A for aggregation of 10 uM A, in the presence of different concentrations
of Ni(II) acetate. The parameters were obtained from sigmoidal curve-fitting (Eq. 2) to the ThT curves shown
in Fig. 5.

slow down the Ap,, aggregation kinetics in a concentration-dependent manner. The aggregation half-time (t,,)
increases with increasing Ni(II) concentrations, i.e. from around 8 h without Ni(II) ions to over 13 h with 10 uM
Ni(II) ions. The maximum aggregation rate r,,,, shows no systematic change with increasing Ni(II) concentra-
tion, instead it fluctuates around 0.9 h™! to 1 h™! (Table 2). The end-point ThT fluorescence intensities (parameter
“A” in Eq. 2) generally decrease with increasing Ni(II) concentrations (Fig. 5), suggesting that less amyloid mate-
rial (ThT-binding aggregates) is formed when Ni(II) ions are present. Other explanations are however possible,
such as binding competition between ThT molecules and Ni(II) ions, or formation of very large AP aggregates
that may block the transmitted light, or simply precipitate out of the solution. For the samples with high Ni(II)
concentrations, i.e. 20 uM and 50 uM, above the stoichiometric Ni(II):Ap,, ratio, the ThT curves first increase
but then decrease back towards the starting value (Fig. 5). Our best explanation for this unusual behaviour is
formation of large samples that precipitate, thereby effectively reducing the Af,, concentration in the sample. It
was not possible to fit Eq. (2) to these data curves.

AFM imaging: effects of Ni(ll) ions on the morphology of AB,, aggregates. To further character-
ize the influence of Ni(II) ions on Ap,, fibril morphology, AFM images were recorded on Ap,, aggregates formed
after 24 h incubation in the presence and the absence of Ni(II) (Fig. 6). Without Ni(II) acetate, 10 uM Ay,
formed typical amyloid fibrils with an apparent height around 4-5 nm (Fig. 2A), which is in line with previously
published work on AP fibrils formed in vitro'-'%. A similar apparent height was observed in the presence of
1 uM Ni(II) ions (Fig. 6B). The presence of 10 uM Ni(II) ions, i.e. a 1:1 Ni(II):Ap,, ratio, significantly reduces
fibril formation: only occasional very short Af,, fibril fragments were observed, which display the same height
as the fibrils formed by A, alone (Fig. 6C). In the presence of 50 uM Ni(II) ions no fibrils were present, but
instead amorphous clumps of Ap,, aggregates with variable heights around 13 nm (Fig. 6D). These results are
consistent with the concentration-dependent effects of Ni(II) acetate on the Ap,, aggregation process observed
with the ThT measurements (Fig. 5).

Influence of Ni(ll) ions on AB,, oligomer formation. PAGE analysis was used to investigate the effect
of Ni(II) ions on the formation of Ap,, oligomers, using a previously published protocol for formation of stable
and homogeneous Ap,, oligomers together with SDS detergent®"*2. While most of the current study investi-
gates variants of the AB,, peptide, oligomers of AP, are not stable and therefore not suitable model systems.
Thus, SEC-purified monomeric solutions of synthetic AB,, peptides were mixed with low concentrations of
SDS, i.e., below the critical micelle concentration. Incubation of AB,, with 0.2% SDS (6.9 mM) leads to forma-
tion of mostly tetrameric oligomers (APOj,ysps)> While incubation with 0.05% SDS (1.7 mM) produces larger
oligomers—predominantly dodecamers (APOy gsqsps)®’ (Fig. 7, lanes 2 and 6). Figure 7 also shows the effect
of different Ni(II) concentrations on oligomer formation. In the absence of Ni(II) ions, the ABOj s¢sps (Lane
2) and ABOy,ysps (Lane 6) oligomers are the dominating species in their respective lanes. With increasing
Ni(II) concentration, the band intensity for the major oligomeric structure declines in both cases, while smears
towards higher molecular weights appear (Fig. 7, Lanes 3-5 and 7-9). Formation of ABOsysps is largely dis-
rupted when Ni(II) ions are present at 500 uM concentration (Ap,,:Ni(II) molar ratio of 1:5), while the smear
extends over almost the entire length of the lane (Fig. 7, Lane 5). A similar, but less drastic effect is observed
for the smaller ABOy gsosps (Fig. 7, Lane 9). For both types of SDS-stabilized oligomers, Ni(II) ion concentra-
tions above ~ 100 uM disrupt oligomer formation and more heterogeneous Ap,, oligomeric solutions containing
larger oligomers are produced. A similar smearing effect of Ni(II) ions on the formation of SDS-stabilized Ap,,
oligomers was observed also by SDS-PAGE experiments. These results are shown and discussed in the supple-
mentary information (Fig. S3).

FTIR spectroscopy of AB,, oligomers formed in the presence of Ni(ll) ions.  FTIR spectroscopy is
a powerful technique for studying the secondary structure of proteins''*~''%, and can be used to characterize the
backbone conformation for different aggregation states of amyloid proteins, including A peptides''”~'"". Here,
the effects of Ni(II) ions on the secondary structures of both ABO gsesps and ABOg ,ysps oligomers were studied
with transmission mode FTIR spectroscopy, using a D,0-based buffer. The results are presented in Fig. 8 as sec-
ond derivatives of IR absorption spectra, where negative bands indicate the component bands of the absorption
spectra. The respective absorbance spectra are shown in Fig. S4 of the Supplementary Information.

For both types of AB,, oligomers, two bands are resolved in the amide I region (i.e., 1700-1600 cm™): a high
intensity, low wavenumber band around 1630 cm™ (the main band for -sheet structure), and a low intensity,
high wavenumber band at 1685 cm™. This pattern with a split double-band in the amide I region is routinely
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Figure 6. Top row: AFM images of the aggregation products obtained after incubation of 10 uM Ap,, peptides
for 24 h together with either 0, 1, 10, or 50 uM Ni(II) acetate. Bottom row: Representative AFM cross-sections
of respectively AB,, amyloid fibrils (A,B) and Ap,, unstructured aggregates (C,D), corresponding to the colored
lines shown in the AFM images.
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669 kDa— g d

440 kDa—

Figure 7. Effects of Ni(II) ions on formation of SDS-stabilized Ap,, oligomers (APOygsusps and APOgsps)
studied by BN-PAGE. Lane 1: Monomers; Lanes 2—5: ABOy o5¢;sps 0ligomers with respectively 0, 10, 100, and
500 uM Ni(II) ions; Lanes 6-9: ABO, 9,sps oligomers with respectively 0, 10, 100, and 500 uM Ni(II) ions.

considered as indicative of the anti-parallel f-sheet structure!'”!'#!2°. When Ni(II) acetate is introduced during
the AP, oligomer formation reactions, the main band is slightly down-shifted: for ABO ¢sesps (Fig. 8, upper
row) from 1629.2 cm™ in the absence of Ni(II) acetate to 1628.0 cm™ at 500 pM of Ni(II) acetate (the highest
concentration), and for ABO ,¢sps (Fig. 8, lower row) from 1630.1 to 1629.6 cm™ upon addition of Ni(II) acetate
up to 500 uM. The downshift is smaller for the oligomers prepared at the higher SDS concentration, indicating
that they are less sensitive to Ni(II)-induced effects on the oligomer conformation. The spectral changes observed
with Ni(II) are in interesting contrast to the absence of spectral effects upon addition of Li(I) ions'*. The down-
shift is mainly observed in the presence of Ni(II) concentrations between 10 and 100 uM, which agrees with the
binding affinities estimated from the CD and NMR results. Detailed analysis of the spectra in Fig. 8 shows that
the shifts in band position are associated with a widening of the main -sheet band on its low wavenumber side,
indicating a higher abundance of larger oligomers®2. Most of this widening occurs between 10 and 100 uM Ni(II).
It further increases between 100 and 500 uM Ni(II), which correlates with the appearance of a high molecular
weight smear on the BN-PAGE gel (Fig. 7).

Our previous study on the IR characterization of Ap,, oligomers has revealed a relationship between oligomer
size and position of the main band in the amide I region®. According to these findings, the downshift of the main
IR band is associated with an increase in average oligomer size and a concomitant extension of their p-sheet
structure. However, the Ni(II)-induced size change is rather modest. The band position of ABOy ,4sps at the
highest Ni(IT) ion concentration is still higher than the ABOj 5¢sps band position in the absence of Ni(II) ions,
indicating that the oligomers contain less than twelve peptides. Also, the band position of ABO g5¢sps at 500 uM
Ni(II) concentration is considerably higher than that of oligomers formed in the absence of SDS (1623.1 cm™),
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Figure 8. Transmission FTIR data for synthetic ABOg s¢sps (upper row) and synthetic ABOg,ysps (lower

row) formed in the presence of different concentrations of Ni(II) ions. The spectra show raw data without
normalization. Left: Second derivatives of IR absorbance spectra in the amide I range (1700-1600 cm™) at zero
Ni(II) (red); 1 uM Ni(II) (orange); 10 uM Ni(II)—(green); 100 uM Ni(II) (blue); 500 uM Ni(II) (violet). The
black spectrum is for Af,, monomers. Right: Dependence on Ni(II) ion concentration for the position (in cm™)
of the main amide I band. For a more clear presentation, the data point at 1 uM was omitted.

which had an average molecular weight of ~ 100 kDa according to Western blotting®. Thus, the dominant p-sheet
containing oligomer species of ABOy sesps Seem to be smaller than ~ 100 kDa.

The interpretation of the current IR results is in good agreement with the results from the gel electrophoresis
experiments, particularly with the BN-PAGE data (Fig. 7). Both IR and PAGE results indicate that addition of
Ni(II) ions appears to interfere with the SDS-induced conversion of AB,, monomers into homogeneous and
stable oligomeric structures, instead favoring formation of larger and more diverse (heterogeneous) oligomer
populations.

Ni(ll)-induced dityrosine formation. Fluorescence measurements were carried out to investigate if
binding of Ni(II) ions could induce formation of covalent dityrosine crosslinks in A peptides, similar to what
has been observed for Cu(Il) ions'**"'*. Fluorescence emission spectra for APy, peptides incubated over time
with or without Ni(II) acetate are shown in Fig. 9.

The control sample without added Ni(II) ions, which contained 50 uM EDTA to ensure no free metal ions
were present, displayed virtually identical spectra before and after 6 h of incubation (Fig. 9A). This is in stark
contrast to the sample with 100 uM Ni(II) ions added, where two large new peaks around 410 nm and 435 nm
formed during the incubation time (Fig. 9B). The peak around 410 nm is from dityrosine'*%, while the peak
around 435 nm likely is from a different but related system, such as excimers'?’. These results are not surpris-
ing, as nickel is known to be very redox-active. Both the Ni(I)/Ni(II) and Ni(II)/Ni(III) redox pairs could be
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Figure 9. Fluorescence spectra of 10 uM Ap,, in 20 mM MES buffer, pH 7.3, incubated together with 50 uM
EDTA (A) or with 100 uM Ni(II) acetate (B). Black line—0 h; red line—6 h.

involved in generating the oxygen radicals required for dityrosine formation'?. It should be noted that weak
peaks around 410 nm and 435 nm are present in both samples already at time zero (Fig. 9). This shows that
some dityrosine cross-links have been generated even before the experiment was initiated, which is consistent
with previous reports stating that A peptides can induce oxidative stress on their own, especially in somewhat
aggregated states'?>'%.

Discussion

Nickel is a well-known neurotoxicant, but its role in neurodegenerative diseases remains unclear*’. Several stud-
ies have investigated the possible effects of transition metals such as Cu and Zn in AD neuropathology, with an
emphasis on interactions with the amyloid-forming Ap peptides®~**. We therefore interpret our current results
on AP interactions with Ni(II) ions mainly in the light of earlier work on Ap binding to Cu(II) and Zn(II) ions.

Residue-specific binding of Ni(ll) ions to AB peptides. Our NMR results show that equimolar amounts
of Ni(II) ions display residue-specific binding to the N-terminal segment of the AB,, peptide (Fig. 1). This is in
line with earlier studies showing that Ni(II) ions can bind N-terminal Af fragments*~*. The 2D 'H-"*C-HSQC
NMR data (Fig. 2) suggest that the three histidine residues His6, His13, and His14 are involved as binding
ligands, possibly together with the Tyr10 residue. Previous work has established the metal-binding capacity of
the Tyr phenol ring'’!, and in AP peptides the Tyr10 residue seems to be involved in binding to Pb(IV) ions*.
The weaker Ni(II)/AB,, interactions observed at low pH (Fig. 1) further support the histidines being binding
ligands, as these residues become protonated at low pH and therefore less prone to interact with cations’>'%!2,
The CD spectroscopy measurements also support the histidines being involved as binding ligands: addition of
Ni(II) ions induces structural changes in Ap,, peptides, but not in Ap,,(NoHis) mutant peptides (Fig. 3). This
indicates that Ni(II) ions do not bind AP peptides when the His residues are absent, which is not surprising,
given that Ni(II) ions are known to bind His residues such as those in protein His-tags'**. Thus, Ni(II) ions seem
to belong to a family of metal ions that coordinate to the A N-terminal segment mainly by the His residues, just
like Ag(I), Cu(1I), Fe(1I), Hg(II), Mn(1II), Zn(II), and possibly Pb(IV) ions?**738:4047:525392134135 The exact bind-
ing coordination could not be determined from our measurements, and it is possible that multiple alternating
binding conformations exist, as has been shown for Cu(II) ions'*.

According to the Irving-Williams series'”’, the binding affinities of certain divalent metal ions to peptides
and proteins should follow the order Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II). Metal binding affinities
are however notoriously difficult to quantify, as they tend to vary both with the experimental conditions (buffer,
temperature) and the employed measurement technique'*. For example, binding affinities varying by several
orders of magnitude have previously been reported for the AB-Cu(II) complex, with a consensus value in the low
nM region for buffer-corrected affinity'**. In our earlier studies, we have reported apparent (not buffer-corrected)
Kp, values around 50-100 uM for Mn(II) ions in phosphate buffer, pH 7.35%, around 1-10 uM for Zn(II) ions
in phosphate or Hepes buffer, pH 7.2*’, and around 0.5 - 2.5 pM for Cu(II) ions in phosphate or Hepes buffer,
pH 7.2-pH 7.3540.96.106,

Both the CD and the NMR measurements suggest an affinity in the low pM range for Ni(II) binding to AP
peptides (Fig. 4), i.e. weaker than Cu(II) ions, stronger than Mn(II) ions, and perhaps somewhat similar to
Zn(II) binding affinity, which would be consistent with the Irving-Williams series. As the Ni(II) ions bind to
the N-terminal A segment, the binding affinity should be rather the same for AB,, and AB,, peptides, and also
for shorter AP versions such as AB(1-28) and AB(1-16). The CD measurements indicate that the Ni(II) binding
affinity to the truncated AP(4-40) peptide is similar to, or even somewhat weaker than, the affinity to the full-
length A, peptide (Figs. 3 and 4). This is unexpected, as the AB(4-40) peptide has been reported to contain an
N-terminal binding motif that supposedly provides very strong binding to Cu(II) and Ni(II) ions'*, i.e. possibly
fM affinity for Cu(II) ions'*". Binding of metal ions to truncated Ap variants is biologically relevant as such vari-
ants, and especially AB(4-42), are abundant in amyloid plaques from both healthy and AD brain tissues'*!~'**,

Effects of Ni(ll) ions on AP structure and aggregation. Similar to e.g. Ag(I), Cu(Il), Hg(II), and
Zn(1I) ions*****>53 Ni(II) ions retard A, amyloid formation in a concentration-dependent manner by direct-
ing the aggregation pathways towards non-fibrillar amorphous aggregates as demonstrated both by ThT fluo-
rescence and AFM imaging (Figs. 5 and 6). Already at a 1:1 Ni(IT)/Ap ratio, AP, fibrillation appears to be com-
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pletely inhibited. This supports earlier studies reporting that Ni(II) ions can influence protein aggregation'*.
We have previously shown that low Zn(II) concentrations induce a Zn(II)-bound structure that prevents the A
peptides from forming the B-hairpin required for fibrillation'**. At higher Zn(II) concentrations p-sheet struc-
ture was induced®, similar to our current observations with CD spectroscopy that Ni(II) ions induce B-sheet
structure in Af,,and AB(4-40) peptides (Fig. 3D,F). AP aggregation is promoted by the direct electrostatic effect
of binding cations to the anionic A peptides, thereby reducing repulsion between the AP peptides*. Given that
Ni(II) and Zn(II) ions have similar charge and binding ligands, they likely affect AP aggregation and fibrillation
via similar mechanisms.

Although A fibrils, such as those shown in Fig. 6A,B, are the end products of AP aggregation, intermedi-
ate aggregates known as soluble oligomers are now generally considered to be the main toxic species in AD
pathology'**!*". The toxic mechanisms are unclear, but may involve membrane disruption®, as some studies
have reported that AP oligomers can form membrane-spanning “pores” that can induce leakage of e.g. Ca(II)
ions'*. Interestingly, other studies have reported that this harmful Ca(II) leakage can be inhibited by histidine-
associating compounds, such as imidazole, Zn(II), and Ni(II) ions*"'*’. Because Cu(II), Zn(II), and other divalent
ions have been shown to affect the structure, stability, and/or toxicity of AP oligomers'*~* it is worth noting that
both our FTIR (Figs. 8 and S2) and CD results (Figs. 3 and S1) show that Ni(II) ions induce structural changes
in both AP oligomers and AB monomers. This is in line with earlier studies showing that both SDS-stabilized
Ay, oligomers®"1931> ‘and SDS micelle-bound AP monomers®"*® contain surface-exposed N-termini which
makes it possible for the N-terminal H6, H13, and H14 residues to interact with metal ions. We speculate that
Ni(II) ions affect AP oligomer structure in similar ways as Cu(II) and Zn(II) ions do, even though the exact
mechanisms are not fully understood®’. Addition of Ni(II) ions reduces the intensity of the NMR crosspeaks
for monomeric Ap,, peptides in random coil structure (Fig. 1), showing that this conformation becomes less
populated. But no new NMR crosspeaks appear (Fig. 1), which shows that the Ni(II) ions do not bind to form
a single well-defined Ni(II)-Ap complex. Instead, a range of heterogeneous B-sheet-containing structures are
induced, which most likely exist in different stages of aggregation. They can be observed in CD and FTIR spectra,
but not in NMR spectra®”*.

Effects of Ni(ll) ions on AB dityrosine formation. Ni(II) ions may affect the AP aggregation processes
also via formation of reactive oxygen species (ROS). Nickel is well known as a redox-active metal that can
adopt a wide range of oxidation states, i.e., from — 1 to+4'*. While this can be usefully employed in engineer-
ing contexts such as in Ni-Cd batteries, in biological systems it means that Ni can induce oxidative stress, and
this may be one of the main mechanisms of Ni toxicity®”. Our experiments show that addition of Ni(II) ions
initiates formation of Ap,, dityrosine cross-links (Fig. 9), which is a common ROS effect. Earlier studies have
shown that bound redox-active Cu ions can initiate dityrosine formation, both in AP and other peptides and
proteins’®122-125:152156.157 Tt jg therefore not surprising that a similar effect is observed for Ni(II) ions, especially
as the NMR results indicate that Tyr10 is one of the Ni(II) binding ligands (Fig. 2). As wt Ap peptides only con-
tain one Tyr residue, i.e. Tyr10, dityrosine formation must involve two AP peptides, which then combine into a
covalently linked dimer. Such dityrosine-linked Ap dimers are of biological significance, as they have been found
in amyloid plaques in AD brains'*®. As these plaques contain elevated levels of bound redox-active Cu and Fe
ions?®?, it is likely that the Af dityrosine links observed in AD patients are generated by metal-induced ROS.
Because dimerization is the first step towards peptide aggregation, dityrosine formation in Ap peptides is clearly
a process that influences aggregation. In vitro studies have shown that dityrosine-linked Ap dimers undergo
rapid aggregation into oligomers that are stable, soluble, and neurotoxic'*®.

Conclusions

We here show for the first time that Ni(II) ions bind to the N-terminal segment of biologically relevant (i.e., full-
length) AP peptides. The Ni(II) binding affinity is in the low uM range, with the three N-terminal His residues
and possibly Tyr10 involved as binding ligands. At equimolar amounts, Ni(II) ions impede Ap fibrillation by
directing the aggregation towards amorphous aggregates. The redox-active Ni(II) ions induce dityrosine cross-
links via redox chemistry, thereby creating covalent AB dimers. Ni(II) ions induce structural alterations in Ap
monomers, both in aqueous buffer (formation of beta sheets) and in membrane-mimicking SDS micelles (likely
formation of coil-coil helix), and affect also AP oligomerization. Although Ni(II) binding to AP is somewhat
weaker than Cu(II) binding, the two metal ions induce similar effects on Ap structure and aggregation. Expo-
sure to stochiometric amounts of Ni(II) ions induces formation of heterogeneous AP oligomers, which can be
observed with CD and IR but not NMR spectroscopy. These oligomers, which are in a dynamic equilibrium with
AP monomers, may be important contributors to AD brain pathology.

Data availability
All data generated or analysed during this study are included in this published article (and its supplementary
information files). The raw data for the spectroscopy measurements are available from the corresponding author
on reasonable request.
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ABSTRACT: Copper is an indispensable biometal, primarily serving as a redox-competent cofactor in numerous proteins. Apart
from preformed copper-binding sites within the protein structures, small peptide motifs exist called ATCUN, which are composed of
an N-terminal tripeptide XZH, able to bind Cu(II) ions in exchangeable form. These motifs are common for serum albumin, but
they are also present in a wide range of proteins and peptides. These proteins and peptides can be involved in copper metabolism,
and copper ions can affect their biological role. The distribution of copper between the ATCUN peptides, including truncated
amyloid-f} (Af) peptides AB4—42 and Aff11—42, which may be involved in Alzheimer’s disease pathogenesis, is mainly determined
by their concentrations and relative Cu(II)-binding affinities. The Cu(II)-binding affinity (log K;) of several ATCUN peptides,
determined by different methods and authors, varies by more than three orders of magnitude. This variation may be attributed to the
chemical properties of peptides but can also be influenced by the differences in methods and experimental conditions used for the
determination of K. In the current study, we performed direct competition experiments between selected ATCUN peptides and
HSA by using an LC-ICP MS-based approach. We demonstrated that ATCUN and truncated Af peptides Ap4—16 and Af11-1S
bind Cu(II) ions with an affinity similar to that for HSA. Our results demonstrate that ATCUN motifs cannot compete with excess
HSA for the binding of Cu(II) ions in the blood and cerebrospinal fluid.

B INTRODUCTION

Copper is an essential microelement for all forms of life, but its
chemical properties make it potentially toxic, which is why its
metabolism is always tightly regulated in living organisms. The
biological functions of copper are almost exclusively carried

To participate in copper metabolism or perform their
biological functions, other extracellular ATCUN proteins
must compete with HSA for copper binding. The amount of
copper that these proteins can bind depends on their relative
concentration and affinity for metal binding. The metal-

out in the protein-bound form. Bioinformatic analysis revealed
that Cu proteome constitutes approximately 0.05—1.3% of the
total proteome of an organism, considering both eukaryotes
and prokaryotes." It is estimated that there are 54 Cu-binding
proteins in the human proteome.”

In addition to 3D copper-binding pockets within protein
structures, Cu(II) ions can also strongly bind to an N-terminal
motif called ATCUN (amino terminal Cu- and Ni-binding
motif). The ATCUN motif contains a His residue in the third
position (XZH) and is present in more than 400 human
proteins, including human serum albumin (HSA).” Approx-
imately 10% of the total copper present in human serum is
bound to the ATCUN motif of HSA. This copper binding is
exchangeable, and it is possible that all other extracellular
ATCUN proteins can also play a role in copper metabolism or
that their biological functions may depend on copper binding.

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

binding affinities of peptides with an ATCUN motif have been
intensively studied by different methods, and the range of
log K, values determined for ATCUN sites ranges from 11.0 to
14.6.* Selected values of dissociation constants for ATCUN
motif-containing peptides and proteins from the literature are
listed in Table 1.

ATCUN complexes have a characteristic four-nitrogen (4N)
square-planar coordination mode, where the metal ion is
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Table 1. Dissociation Constants for Cu(II) Complexes with ATCUN Motif-Containing Peptides and Proteins

peptide/protein method K, refs
MDH-NH, potentiometric titration, pH 7.4 7.94 x 10 74 N
MDHSHHMGMSYMDS-NH, potentiometric titration, pH 7.4 10X 10 71 6
GGH potentiometric titration, pH 7.4 6.10 x 1071 7
HSA potentiometric titration, pH 7.4 9.55 x107'* 7
DAH — NH, potentiometric titration, pH 7.4 2.00 X 107 8,5
MEHFPGP (Semax) potentiometric titration, pH 7.4 13 x 107" 9
DTHFPI-NH, (Hepcidin N-terminus) potentiometric titration, pH 7.4 2,19 x 107 10
Ap4—16-NH, potentiometric titration, pH 7.4 3x 107" 4
Ap11-15-NH, competition with Gly and His 2.5 X 107** (Gly) 4.2 X 107 (His) 11

located in the center of a square whose edges are occupied by
four nitrogen atoms, provided by the N-terminal amine, two
subsequent nitrogen atoms in peptide backbone, and the N-1
nitrogen of the His imidazole ring (Figure 1).

N
>L{ NI
o N\ /N

H

Cu 2+
H N

1A

Figure 1. Schematic presentation of the Cu(II)~ATCUN complex.

Numerous explanations have been proposed to account for
the differences in reported K, values for ATCUN motifs, such
as differences in the pK, values of individual peptide
nitrogens,' " variances in the hydrophobicity of the first
two amino acid residues,”’ and variances in the secondary
coordination sphere effects. Although all of these factors may
influence Cu(II)-binding affinities to some extent, differences
might also be caused by using many different methods for
calculating metal-binding affinities. It is well known that such
measurements are strongly affected by the experimental
conditions, which typically vary between different studies."*
An example depicting this is the data showing that two residues
at the N-terminal side of His3 do not significantly contribute
to the binding of Cu(Il) ions.'” This uncertain situation
complicates the possibility of studying copper trafficking in the
organisms and modeling the availability of copper ions to
different peptides and proteins.

The binding of Cu(Il) to an ATCUN motif substantially
alters the electrochemical properties of the Cu(II)/Cu(I)
redox couple. The Cu—ATCUN complex has antioxidant
properties, as it shows a redox-silent component in the
presence of the biological reductant ascorbate due to its high
redox potential and inherent geometry problem between
Cu(II) and Cu(I) complexes.'®

Having a clear understanding of copper trafficking is crucial
for understanding the possible involvement of copper ions in
Alzheimer’s disease (AD) pathogenesis. AD is characterized by
the initial formation of amyloid plaques in the brain, followed
by formation of neurofibrillary tangles inside the neurons.®
Amyloid plaques are composed of amyloid-f peFtides (Ap) of
various lengths, mainly Af1—40 and AS1—42. 17 However,
an initial study by Masters et al. demonstrated that the plaques
contained a significant amount of the truncated Af4—42

peptide.'® In later mass spectrometric studies, substantial
amounts of truncated Af4—42" and AS11-42 peptides”®*"
were found in plaques as well as in the cerebrospinal fluid
(CSF).*> Since both truncated peptides carry the ATCUN
motifs, it raises the question of whether Af peptides can bind
Cu(II) ions in vivo in the presence of HSA.

The interactions of Af} peptides with Cu(II) ions have been
extensively studied. It has been demonstrated that full-length
Ap peptides can bind Cu(1II) ions with relatively strong affinity,
with a K; value up to 0.1—1 nM,"***** which is still several
orders of magnitude lower than that of HSA. Truncated Af
peptides Af4-X and ApB11-X contain the FRH- and EVH-
ATCUN motifs, respectively. By using potentiometric titration,
it was demonstrated that Af4—16 binds Cu(II) with a
conditional K, value of 3 X 107* M at pH 7.4," which
characterized at that time 30 times higher affinity than that for
HSA (K; =1 X 107> M was determined from the competition
with NTA®). Based on these results, it was suggested that
AP4—40 could have a physiological role in copper homeo-
stasis,” which might be linked to the scavenging of Cu(1I) ions
in the synaptic cleft.”® The Cu(1I)-binding affinity of AB11—40
determined from the results of CD spectroscopic titration of
the Cu(II)—Ap11—40 complex with His and Gly is similar to
that for Ap4—16, ie,, K; = 3.4 X 107 M."" At that time, this
pointed toward efficient competition with HSA. Recently, the
K, value for HSA was corrected to 0.955 X 107> M by using
potentiometric titration,” which reflects only three times lower
affinity than those for A4—16 and A11—40. HSA is present
in CSF at 3 uM concentration,”” which is much higher than
the nM concentration of AB peptides.”® These data suggest
that Af peptides should not be able to compete with HSA for
Cu(Il) binding."" However, direct competition experiments
have not yet been conducted.

In this study, we attempted to answer the following two
related questions: “Do different ATCUN motifs show different
Cu(II)-binding affinities under the conditions of direct
competition?” “Can truncated Af peptides with ATCUN
motifs compete in CSF with HSA for the binding of Cu(II)
ions?” To address the raised questions, we employed an
innovative LC-ICP MS technique, enabling the use of size
exclusion chromatography (SEC) to separate and quantify the
substances with high molecular weight (HSA) and low
molecular weight (ATCUN peptides) involved in metal
binding within the reaction mixture.

We determined the relative Cu(1I)-binding affinities for
several model peptides and two truncated Af peptides in
comparison with HSA. Results demonstrate that different
ATCUN-containing peptides and HSA have very similar
Cu(II)-binding affinities, and truncated Af peptides cannot

https://doi.org/10.1021/acsomega.3c04649
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compete with HSA for the binding of Cu(II) ions in blood or
even in CSF.

B RESULTS

First, Cu(II) competition experiments were performed with
the aim of determining the incubation time required to achieve
the equilibrium of Cu(II) distribution between HSA- and
ATCUN:-containing peptides. Figure 2 demonstrates that
equilibrium is reached within 30 min.

Kinetic experiments were also conducted in conditions
where Af(11—15) was added to the metalated HSA (Figures
S1 and S2) and when HSA was added to the metalated
AB(11-15) (data not shown). In the first case, equilibrium
was reached in 30 min (Figure S3) both in the equimolar
mixture and in the presence of a 2-fold excess of the competing
(apo) ligand. In the second case, the equilibrium was reached
very quickly within 2 min. Based on this kinetic information for
subsequent experiments, Cu(II) ions were added to the
mixture of HSA and ATCUN peptides, and an incubation time
of 30 min was selected.

The next series of experiments involved determining the
competition between HSA and ATCUN peptides for Cu(II)
binding. Figure 3 shows an example of the results obtained
with the A(11—15) peptide. When this peptide and HSA are
present in equimolar concentrations, Cu(II) ions are
distributed 60% in HSA and 40% in the A#(11—15) peptide
(Figure 3c). This suggests that both HSA and the AS(11—15)
peptide are able to compete almost equally for Cu(II) binding.
As the A(11—15) concentration is increased, the distribution
of Cu(II) ions shifts toward the peptide, and at an AS(11-15)
concentration of 40 uM, the metal distribution reaches a ratio
of 13:87 in favor of the A(11—15) peptide (Figure 3g).

The obtained results were analyzed according to eq 2, which
predicts a linear relationship between X = [Cu(Pept)]([HSA];
— [Cu(HSA)]) and Y = [Cu(HSA)]([Pept]y — [Cu(Pept)]),
where [Cu(HSA)] and [Cu(Pept)] are determined from the
chromatograms as the copper content of high- and low-
molecular-weight fractions and [HSA]; and [Pept]; are the
total added concentrations of each ligand (see eqs 1—4 from
the Materials and Methods). The relationship observed from
three independent experiments is shown in Figure 4B, and it is
linear with a slope of K; (Af11—15)/K;(HSA) equal to 1.56 +
0.09. Using the known value of K; for HSA, which is equal to
0.955 x 107> M,” we can calculate the K, value for AB11—15
to be 1.49 + 0.09 x 107" M.

The representative examples of primary data for other
ATCUN peptides are provided in the Supporting Information.
Relationships between X and Y, based on eq 2, for these
peptides are shown in Figures 5 and S8.

The obtained K, values are presented in Table 2.

B DISCUSSION

The distribution of copper ions between competing ligands,
such as peptides and proteins with ATCUN motifs, is
determined by thermodynamic and kinetic factors. The
distribution in equilibrium can be calculated from the K,
values of the ATCUN—Cu(II) complexes. However, the K
values can be affected by several factors; for instance, they can
be affected by experimental conditions and intermolecular
interactions at higher concentrations of the reagents. In this
paper, we have determined the relative binding affinities for
different Cu(II)-binding ligands in direct competition experi-
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Figure 2. Competition between HSA and AS(11—1S) peptide for
Cu(Il) ions. (A) SEC chromatograms of copper distribution
(incubation time and integrated peak area values are shown in
labels). (B) Decrease of the relative content of copper in the HSA
fraction with time. Conditions: S uM HSA, 5 uM Ap(11—-15), and 5
UM Cu(Il); incubation buffer S0 mM HEPES, S0 mM NaCl, pH 7.4;
LC-ICP MS: column, 1 mL Sephadex G25 Superfine; elution buffer
200 mM NH,NO;, pH 7.4; flow rate 0.4 mL/min; injection volume
10 uL; Cu-63 was monitored by ICP MS.

ments with binary mixtures. We have conducted such
experiments with different Cu(II)-binding peptides and HSA
as standard by using LC-ICP MS technology, which is suitable
for this purpose. In these experiments, the different ATCUN-
containing peptides display rather similar abilities to compete

https://doi.org/10.1021/acsomega.3c04649
ACS Omega XXXX, XXX, XXX=XXX



ACS Omega http://pubs.acs.org/journal/acsodf
5 uM HSA + Ap(11-15) + 5 uM Cu(ll) A 5uMHSA+AB(11-15) + 5 uM Cu(ll)
HSA AB(11-15) 0 N
< 10}
40000} @ SuM £
= o8t
o B S=2817514 3
b 5 uM 2 06
80000 ~ 2
S=2618 166 S 04F
2 oo :
o
S 80000} ¢ 5uM £ 02
0,5* S=2032426 Sf1 338974 I
e o R R
S d 10 uM
8 50000 5=1 61337A S=1944879 | AB(11-15), uM
(o] 0 R -
- 1 B 5uMHSA + AB(11-15) + 5 uM Cu(ll)
= e A\ 20 uM
@ 40000 S=1131723 \\ | ‘
c = - °
S 0 '$=287359 ] .
< 30 uM
£ 40000} f 1 Slope = 1.56 +/- 0.09
S =830 379 S =2 905 60 - 6 R’=0.948 B
~ (1]
0 oy
40000} 9 > 4
S=530413 /\\ S =3467365
0 — 2
50 100 150 200
Time, sec ore

Figure 3. Competition between HSA and the AB(11-15) peptide for
Cu(1I) ions. SEC chromatograms of (a) S uM Cu(II)e Af(11-15),
(b) S uM Cu(II)eHSA, and (c—g) S uM HSA and Cu(II) in the
presence of increasing concentration of Af(11—15). The peptide
concentrations and peak areas are shown in labels. Conditions;
incubation buffer 50 mM HEPES, 50 mM NaCl, pH 7.4; incubation
time 30 min; LC-ICP MS: column, 1 mL Sephadex G25 Superfine;
elution buffer 200 mM NH,NO;, pH 7.4; flow rate 0.4 mL/min;
injection volume 10 uL; Cu-63 was monitored by ICP MS.

with HSA for Cu(Il) ions. Correspondingly, their binding
affinities toward Cu(II) ions are also similar. These results are
different from the results of potentiometric titration measure-
ments. A comparison between DAH-NH, and DAH-COOH
indicates that C-terminal amidated peptides have slightly
higher binding affinities than peptides with a free C-terminal
carboxyl group, which is in agreement with the literature.® At
the same time, the K, value for DAH-NH,, a tripeptide
originating from HSA, was almost similar to the K, value for
HSA, demonstrating that amidated tripeptides can be good
and sufficient Cu(II)-binding models for ATCUN-containing
proteins.

In the literature, the amidated hexa- and heptapeptides
(DTHFPI-NH, and MEHFPGP) have shown binding affinities
that exceed that of HSA by 44 and 73 times, respectively
(Table 1). However, in the direct competition experiments,
these peptides displayed rather similar K; values to HSA and
also to the simplest model peptide GGH. This result suggests
that the primary coordination sphere of the ATCUN motif,
composed of four nitrogen atoms provided by the N-terminal
amine, two subsequent peptide nitrogen atoms, and the N-1
nitrogen of the His imidazole ring, plays a crucial role in the
binding of Cu(II) ions and determines the binding affinity. It
also suggests that the chemical properties of the first two
amino acid side chains and the post-His amino acid residues
do not contribute significantly to the metal binding.

Figure 4. Calculation of the relative Cu(Il)-binding affinity of
AB(11-15) from LC-ICP MS results. (A) Decrease of the fractional
content of the Cue HSA complex, caused by the increase of AS(11—
15) concentration. (B) Application of eq 2. Results of three separate
experiments are presented with different colors—red, blue, and black.

Direct competition experiments showed that truncated Af
peptides, i.e., AB4—16 and AB11—1S, have K, values similar to
HSA for Cu(Il) binding (Table 2). Af11—15 has a 1.3 times
higher affinity toward Cu(II) ions than Af4—16. This small
difference might be explained by the Hisl4 residue
contributing to ATCUN motif Cu(II) binding in the Af11—
1S peptide. HSA is present in blood at 650 M- © and in CSF at
3 uM concentration,”” which are much higher than the nM
concentrations of Af peptides in CSF and blood.”**" Based on
these numbers, we conclude that Af} peptides cannot compete
with HSA for Cu(II) binclingll in blood or CSF.

Overall, we argue that the direct competition experiments
with HSA and the K; values determined from these
experiments describe the properties of ACTUN-motif-
containing peptides in biological conditions more correctly
than the K, values determined from separate potentiometric
titration experiments. In the latter case, the interactions
between the peptides in the solution may also affect the
titration results in a way that does not occur in biological
conditions where the peptide concentration is very low.

Bl CONCLUSIONS

Peptides with His in the third position are known as ATCUN
peptides, which are able to bind Cu(II) ions with a high
affinity. In the literature, the reported dissociation constants for
different ATCUN peptides vary widely. We performed direct
competition experiments with selected ATCUN motifs,
including truncated Af peptides, in relation to HSA using an
LC-ICP MS-based approach. We demonstrated that Cu(II)-

https://doi.org/10.1021/acsomega.3c04649
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Figure 5. Calculation of the relative Cu(1I)-binding affinity of ATCUN peptides from LC-ICP MS results according to eq 2. (A) DAH-COOH,
(B) DAH-NH,, (C) MDH-NH,, (D) GGH-NH,, (E) DTHFPI-NH,, and (F) MEHFPGP-NH,. Results of three separate experiments are

presented with different colors: red, blue, and black.

binding affinities of ATCUN and truncated Af peptides are
similar to those for HSA and vary in a narrow range. Our
results demonstrate that ATCUN motifs cannot remove
substantial amounts of Cu(Il) ions from excess HSA in
blood and CSF environments.

B MATERIALS AND METHODS

Materials. The following lyophilized protein and peptides
were used: human serum albumin (HSA) from Sigma/Merck
(Darmstadt, Germany), AB(4—16) and Af(11—15) peptides
from rPeptide (Watkinsville, GA), and DAH-COOH, DAH-
NH,, MDH-NH,, GGH-NH,, DTHFPI-NH,, and
MEHFPGP-NH, were synthesized at the Institute of
Technology of the University of Tartu. The peptides were

synthesized on an automated peptide synthesizer (Biotage
Initiator+ Alstra, Sweden) using a fluorenylmethyloxycarbonyl
(Fmoc) solid-phase peptide synthesis strategy and purified by
reverse-phase liquid chromatography on a C4 column
(Phenomenex Jupiter C4, S um, 300 A, 250 X 10 mm)
using a gradient of acetonitrile/water containing 0.1% TFA.
The molecular weight of the peptides was determined by a
MALDI-TOF mass spectrometer (Bruker Microflex LT/SH).
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), sodium chloride,
sodium hydroxide, and 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (Hepes) were purchased from Sigma-Aldrich
(St. Louis, MO). Cu(II)acetate was purchased from Sigma
(Sigma/Merck KGaA, Darmstadt, Germany). Nitric acid
(HNO;, trace metal grade) was purchased from Fisher

https://doi.org/10.1021/acsomega.3c04649
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Table 2. Dissociation Constants for Cu(II) Complexes of
ATCUN Motif-Containing Peptides and HSA

peptide K; M
GGH-NH, (2.15 + 025) x 10713
MDH-NH, (295 + 0.18) x 1071
DAH-COOH (2.64 + 021) x 1075
DAH-NH, (821 + 029) x 107
DTHFPI-NH, (1.02 + 0.04) x 1073
MEHFPGP-NH, (2.89 + 0.24) x 1071
Ap(11-15) (149 + 0.09) x 1071
Ap(4-16) (2.00 + 0.11) x 107"

HSA* 9.55 x 1071

“From ref 4.

Scientific (UK Limited Leicestershire, UK), and ammonium
hydroxide 25% solution was from Honeywell Fluka (Seelze,
Germany). Ultrapure Milli-Q water with a resistivity of 18.2
MQ/cm, produced by a Merck Millipore Direct-Q & Direct—
Q UV water purification system (Merck KGaA, Darmstadt,
Germany), was used for all applications.

Competition for Cu(ll) lons Determined by LC-ICP MS
Analysis. Sample Preparation. All lyophilized peptides were
dissolved in HFIP at a concentration of 100 uM to disassemble
the preformed aggregates. The solution was divided into
aliquots; HFIP was evaporated in vacuum, and the tubes
containing the peptide film were stored at —80 °C until used.

A stock solution of HSA was prepared in Milli-Q water and
further diluted into a reaction buffer solution composed of 50
mM Hepes and 50 mM NaCl, pH 7.4. HFIP-treated peptide
aliquots were dissolved in 50 mM HEPES and 50 mM NaCl,
pH 7.4, at a concentration of S0 #M and further diluted to the
final concentration with reaction buffer. Cu(Il)acetate was
used as a Cu(Il) source for proteins and peptides. For a
competition experiment, an appropriate concentration of
competing peptides (Af(11—15), AB(4—16), DAH-COOH,
DAH-NH,, MDH-NH,, GGH-NH, DTHFPL-NH,, or
MEHFPGP-NH,) and a S uM solution of HSA were mixed
with § uM Cu(Il), and the sample was incubated 30 min at
room temperature. All reagent solutions were prepared daily
before experiments.

LC-ICP MS Measurements. For LC-ICP MS analyses, an
Agilent Technologies (Santa Clara) Infinity HPLC system,
which consisted of a 1260 series y-degasser, a 1200 series
capillary pump, a Micro WPS autosampler, and a 1200 series
MWD VL detector, was connected to an Agilent 7800 series
ICP MS instrument. For instrument control and data
acquisition, ICP MS MassHunter 4.4 software, version C
01.04, from Agilent was used. ICP MS was operated under the
following conditions: RF power: 1550 W, nebulizer gas flow:
1.03 L/min, auxiliary gas flow: 0.90 L/min, plasma gas flow: 15
L/min, nebulizer type: MicroMist, and isotope monitored: Cu-
63. To perform the separation of HMW and LMW pools, a 1
mL gel filtration column, self-packed with HiTrap Desalting
resin Sephadex G2S Superfine (Amersham/GE Healthcare,
Buckinghamshire, UK), was used. An injection volume of 10
uL for each sample was used. The mobile phase for gel
filtration was 200 mM NH,/NO; at pH 7.5, prepared from
TraceMetal grade nitric acid and ammonium hydroxide 25%
solution, which is compatible with ICP MS. An ICP MS
compatible flow rate of 0.4 mL/min was used in all separations.
To get rid of contaminating metal ions in the buffer, the
mobile phase was eluted through the Chelex 100 Chelating Ion

Exchange resin (Sigma, Merck KGaA, Darmstadt, Germany)
prior to liquid chromatographic separation. The demetalation
of the SEC columns before each experiment was conducted by
injecting 1 mM EDTA into the columns (injection volumes
were the same for all experiments).

Separation of the HMW and LMW peak areas was
conducted with Origin Pro 8.5 software. An exponentially
modified Gaussian peak function (GaussMod) was used to
obtain peak areas that were further used to calculate a decrease
in the fractional content of the metalated protein. All
experiments were repeated three times.

Determination of Relative Dissociation Constants. Ex-
perimental results for competition for Cu(Il) ions between
HSA- and ATCUN-containing peptides were used for the
determination of the relative dissociation constant for the
ATCUN:-containing peptide and HSA copper complexes. The
ratio of the dissociation constants for the peptide and HSA can
be expressed as follows”

Kitvep) _ [Cu(HSA)]([Peptly — [Cu(Pept)])
Kihisay  [Cu(Pept)]([HSA}: — [Cu(HSA)]) 1)

or

[Cu(HSA)]([Peptly — [Cu(Pept)])

Kcu’e tide
= %[Cu(l’em)]([HSA]T — [Cu(HSA)])
d(HSA) @)
X = [Cu(Pept)]([HSAly — [Cu(HSA)]) )
Y = [Cu(HSA)]([Pept]; — [Cu(Pept)]) 4)

where [Cu(HSA)] and [Cu(Pept)] are determined from the
chromatograms as the copper content of high- and low-
molecular-weight fractions, and [HSA]; and [Pept]; are the
total added concentrations of each ligand.
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ABSTRACT: Uranium (U) is naturally present in ambient air, water, and soil, 3500+

and depleted uranium (DU) is released into the environment via industrial and 3000

military activities. While the radiological damage from U is rather well 2 4§ no uranyl
understood, less is known about the chemical damage mechanisms, which § 2500 P T
dominate in DU. Heavy metal exposure is associated with numerous health = 559 4 0.04 uM uranyl
conditions, including Alzheimer’s disease (AD), the most prevalent age-related g 7 BT e
cause of dementia. The pathological hallmark of AD is the deposition of g 15001 g

amyloid plaques, consisting mainly of amyloid-# (Af) peptides aggregated into & 1000 ml
amyloid fibrils in the brain. However, the toxic species in AD are likely F .

oligomeric Af3 aggregates. Exposure to heavy metals such as Cd, Hg, Mn, and & %907 ml

Pb is known to increase A production, and these metals bind to Af peptides o4
and modulate their aggregation. The possible effects of U in AD pathology have 0
been sparsely studied. Here, we use biophysical techniques to study in vitro
interactions between Af3 peptides and uranyl ions, UO,*, of DU. We show for the first time that uranyl ions bind to Af peptides
with affinities in the micromolar range, induce structural changes in Aff monomers and oligomers, and inhibit Af fibrillization. This
suggests a possible link between AD and U exposure, which could be further explored by cell, animal, and epidemiological studies.
General toxic mechanisms of uranyl ions could be modulation of protein folding, misfolding, and aggregation.

6 9 12 15
Time (h)

-

KEYWORDS: Alzheimer’s disease, amyloid aggregation, metal—protein binding, neurodegeneration, heavy metal toxicity

1. INTRODUCTION peptides in p-sheet hairpin conformations appear to be the
building blocks of the aggregated fibrils.'®

The accumulation and aggregation of Af peptides can be
influenced by a number of interacting factors,”" such as other
proteins and peptides,'>*>** including other amyloid pep-
tides/proteins,z%27 cationic molecules and metal ions,** >’
and various small molecules.® Redox-active metal ions such as
diagnose and treat the disease is imperative,"'6 and a number of Cu(ID) .amd Fe(II) are of speci'al igtir“tzgm,ﬁ as they are
drug candidates have been proposed with varying success.” '’ present in the plaques of AD brains.™™" For example, they can

The main molecular events underlying AD pathology appear generate harmful oxygen radicals (reactive oxy, gen ;Pedes'
to be the aggregation of intrinsically disordered amyloid-f ROS) that may contribute to the AD pathology.” " Heavy
(Af) peptides and tau proteins into toxic soluble metals are generally known to be toxic, but their toxic

Alzheimer’s disease (AD) is the most common neuro-
degenerative disease among elderly people.”” The main AD
risk factors are old age and genetic factors such as unfavorable
alleles of the ApoE gene and sometimes Down’s syndrome"”
and also environmental risk factors such as smoking, diabetes,
and traumatic brain injury.””* Identifying molecular targets to

oligomers'' ™" and then into insoluble amyloid fibrils or mechanisms are not fully understood.”” Known molecular
tanglesH that deposit as plaques in the brains of AD mechanisms for metal toxicity include molecular and ionic
patients.”'® The Af peptides are cleaved by f- and y-secretase =
enzymes from the A precursor protein (APP) into peptides of Received: February 27, 2023  Neliiionce
different lengths,'® where Af (1—40), ie., ABy, and Af (1— Accepted: July 6, 2023

42), ie, Afy, are the most common.'” Both variants are Published: July 24, 2023
unstructured monomers in an aqueous solution but can adopt
p-sheet'® or a-helix'’ secondary structures in other environ-
ments.”” The f-sheet structure is of particular interest as Af

-
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mimicry,* but other mechanisms are also possible, such as
modulation of protein misfolding or aggregationf”_43 Thus,
lead (Pb) ions not only compete with ions of essential metals
such as zinc and calcium,™ but they also increase the
expression of APP and f-secretase,"> and Pb(IV) ions bind
to Af peptides and modulate their aggregation.” Similar effects
on Af} production and aggregation have been observed for the
heavy metals mercury and cadmium,**"*37*%

Uranium (U) is a heavy metal with known neurotoxic
effects,”® but these effects are sparsely studied, and a relation
between U exposure and AD has not been established.”’
However, the blood—brain barrier does not prevent the
transfer of U into the central nervous system (CNS),*® and U
has been shown to accumulate in the brain.”' Uranium has no
biological function in the human body,’>** and the adverse
health effects of U exposure involve combined chemical and
radiological mechanisms.**** Although the chemical toxicity is
more severe,”® the radiological damage mechanisms are
currently better understood.””>> The chemical toxicity
obviously dominates in depleted uranium (DU), where the
amount of the ***U isotope has been significantly reduced in
favor of the less radioactive (i, longer halflife) **U
isotope.”> As DU is used in military equipment, including
certain ammunitions,”’ DU contamination has emerged as a
potential environmental problem in regions of war such as Iraq
and the Balkans,”* " with unclear health consequences for
soldiers and civilians.”>****~%” To what extent DU contributes
to leukemia or lung cancer remains debated ™"

Here, we use biophysical spectroscopic and imaging
techniques to investigate the binding interactions between
uranyl ions and the three Af peptide variants Af,,, Afy,, and
Afyo (H6A, H13A, and H14A) mutant. Of particular interest is
the effect of uranyl on the Af structure and aggregation.

1.1. Chemical, Environmental, and Toxicological
Aspects of Uranium and Uranyl lons. Uranium is present
in ambient air, water, and soil. The highest human exposures
result from drinking well water in geological regions rich in
U.3¥72775 Regulatory agencies have limited the highest
allowed concentration of U in drinking water to 30 ug/L,’®
replacing a previous WHO limit of 15 pg/L. Absorption of U is
low regardless of exposure route and highly dependent on its
solubility.*® Inhaled U-dust particles of low solubility can be
retained in tissues for many years.77 Occupational exposure to
U has historically involved workers in the production of
phosphate fertilizers, workers producing glazed pottery, and
miners handling uranium oxide, so-called “yellowcake”.”””®
Sleep disturbances and possibly encephalitis have been linked
to U exposure in former U mining districts in Kazakhstan.”’

The main target for U toxicity is the kidney where atrog)hy
and necrosis of glomerular walls have been noted.*”*'™**
Uranium also accumulates in bone.*”**7% Uranijum crosses
the blood—brain barrier to accumulate in the CNS.*° Here,
inhalation and ingestion of U yields heterogeneous but specific
accumulations, most prominent in the hippocampus region,
responsible for memory recall. Rats surgically implanted with
U pellets for 6 months have shown the presence of U in the
cortex, midbrain, and cerebellum.”” A study on mice showed
toxic effects of DU in the mouse fetus,*® indicating that U can
also cross the placental barrier.

There are currently no known correlations between uranium
exposure and diseases such as leukemia,”® stomach cancer,”
liver or bladder cancer,” or, as mentioned above, AD.* One
study, however, found cerebrospinal fluid U concentrations,

2619

albeit at low overall concentrations, to be significantly elevated
in 17 patients with amyotrophic lateral sclerosis (ALS) when
compared to 10 controls.”" Studies in rodents have related U
exposure to distorted social behavior”> and weakened
sensorimotor behavior.”> Laboratory experiments using organ-
isms such as rats and Caenorhabditis elegans have concluded
with a low acute neurotoxic potential of U following exposure
and a protective potential from the small metal-regulating
protein metallothionein.*””* Protective effects have also been
observed for the ghrelin hormone® and for antioxidant agents,
including glutathione.%’97

The most predominant, most stable, and most relevant form
of uranium in aerobic environments is the uranyl oxycation,
UOZZ’L. This ion is common in uranium-containing minerals,
but it is also water-soluble and is present in the ocean at a
concentration of 13.7 nM.”®* The uranyl ion is para-
magnetic,”’mo and in aqueous solution, it acts as a weak
acid with a pK, of around 4.2."°" It behaves as a hard acceptor
and prefers to form complexes with fluoride and oxygen donor
atoms, preferably in planar geometry involving four, five, or
even six binding ligands."®” The capacity to accommodate five
or six equatorial ligands in pentagonal or hexagonal
bipyramidal coordination separates the uranyl ion from most
other metal ions.”® Thus, these uncommon binding geometries
have been employed in attempts to design uranyl-specific
binding proteins, e.g, to extract uranium from seawater.”® As
the most common form of uranium, most experimental studies
of uranium toxicity have actually been conducted with uranyl
ions rather than with metallic uranium, which is extremely rare
in nature.

Interestingly, U intoxication and AD appear to have a
common risk factor in the gene coding for apolipoprotein E
(ApoE). U exposure in mice was found to induce cognitive
impairment in ApoE-deficient (ApoE—/—) males, together
with some changes in cholesterol levels and metabolism.'**'**
This is consistent with the ApoEe4 allele of the ApoE gene
being a risk factor for mercury toxicity'*>'% and with ApoE-
deficient mice showing increased iron accumulation in tissue
over time.'"” It therefore appears likely that the ApoE protein
is involved in regulating metal homeostasis. The ApoEe4 allele
is further linked to an increased probability of developing
AD.'"®7""> Why the ApoE gene is a risk factor for both heavy
metal toxicity and AD is currently unclear, and various
explanations have been proposed.'””''*''* The previously
suggested hypothesis that A?OE might bind and transport
metal ions via Cys residues,"*'°® which are present in ApoE2
and ApoE3 but not in ApoE4, has recently been called into
question. s

2. RESULTS

2.1. ThT Fluorescence Measurements of Af,,
Aggregation Kinetics. The fluorescence intensity of ThT,
a common marker for amyloid material,''® was monitored
when samples of 20 uM Ap,, peptides in 20 mM MES bufter,
pH 7.3, were incubated with shaking for 15 h at 37 °C,
together with different concentrations (0; 0.04; 0.2; 0.4; 2; and
20 uM) of uranyl acetate (Figure 1).

Fitting eq 1 to the ThT fluorescence curves in Figure 1
produced the kinetic parameters Tj,; and t,, (Table 1). For
the three highest concentrations of uranyl acetate, i.e., 0.4, 2,
and 20 uM, the ThT kinetic curves are mostly flat, and fitting
eq 1 to these curves was not possible. The flat shape of the
three curves indicates that no or very little amyloid material has

https://doi.org/10.1021/acschemneuro.3c00130
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Figure 1. Monitoring the fibril formation of Af,, peptides via
thioflavin T fluorescence. 20 uM Af,, was incubated at 37 °C in 20
mM MES buffer, pH 7.3, together with different concentrations of
uranyl acetate: 0 uM (black); 0.04 uM (gray); 0.2 uM (green); 0.4
uM (blue); 2 uM (red); and 20 M (orange).

formed, although for the 0.4 4M uranyl sample, small amounts
of the ThT-binding material have begun to form after
approximately 9 h. It is obvious that the amount of the
amyloid material formed at the end of the measurements, i.e.,
AThT, strictly decreases with the amount of added uranyl
acetate (Figure 1 and Table 1). The two samples with 0 and
0.04 uM uranyl both have aggregation half-times of around 3 h
and lag times of around 2 h under the experimental conditions
(Table 1). The aggregation of the 0.2 M uranyl sample is
clearly slower, with a half-time of almost 7 h and a lag time of
around S h. Given the visually estimated lag time of around 9 h
for the 0.4 uM uranyl sample and that the 2 and 20 M uranyl
samples show no obvious signs of aggregation after 15 h,
uranyl ions clearly increase the lag time for Af,, aggregation.

2.2. TEM Imaging of Aggregated Ap,, Peptides.
Negative staining transmission electron microscopy (TEM)
images were recorded for 20 uM Ap,, peptide, incubated for
20 h with different concentrations of uranyl acetate, i.e., 0, 0.2,
2, and 20 uM (Figure 2). The uranyl additions correspond to
uranyl/Ap,, ratios of 1:100, 1:10, and 1:1. The control sample
without UO,*" ions displays numerous amyloid fibrils that are
several microns long, together with occasional larger clumps
and smaller aggregates, which may be proto-fibrils (Figure 2A).
This is in line with previous in vitro studies of Af,,
aggregates.8‘7'5’116 The Af,, samples incubated together with
0.2 uM of uranyl acetate display amyloid fibrils of similar size
and shape (Figure 2B). In the presence of 2 M uranyl acetate,
there are fewer fibrils and they are shorter, ie., only a few
microns long (Figure 2C). At the highest concentration of
uranyl acetate, i.e., 20 M, no fibrils have formed at all (Figure
2D). Instead, the Af,, peptides have aggregated into large

amorphous clumps, which coexist with smaller particles

Figure 2. TEM images for aggregates of 20 uM Af,, in 20 mM MES
buffer, pH 7.3, incubated for 20 h on a thermo shaker at 37 °C and
300 rpm, together with different concentrations of uranyl acetate: (A)
0; (B) 0.2; (C) 2; and (D) 20 uM. White scale bars are either 2 (A,C)
or 1 um (B,D).

(Figure 2D). These results show that UO,*" ions inhibit the
formation of Af amyloid fibrils in a concentration-dependent
manner, with complete inhibition at stoichiometric uranyl/
AP, ratios.

2.3. NMR Spectroscopy on Uranyl Binding to Af,,
Monomers. High-resolution nuclear magnetic resonance
(NMR) experiments were conducted to investigate if there
were residue-specific molecular interactions between uranyl
ions and monomeric Af,, peptides. Figure 3 shows 2D 'H,
SN-HSQC spectra for the amide cross-peak region for 92 uM
SN-labeled Ap,, peptides, at either pH 7.3 or pH S.1, recorded
before and after the addition of uranyl acetate.

At pH 7.3, addition of first 46 uM and then 92 uM uranyl
ions (1:2 and 1:1 uranyl/Af,, ratio, respectively) induces a
concentration-dependent loss of amide cross-peak intensity
(Figure 3A). The intensity loss is uniformly distributed across
the peptide sequence, which shows that the uranyl ions do not
bind to specific residues of the Af,, monomer. Instead, the
observed binding is likely driven by general electrostatic
interactions between the cationic uranyl ions and the anionic
Ap peptides. The loss of cross-peak intensity is probably
caused by several factors, such as paramagnetic quenching
effects’”' and intermediate (on the NMR time-scale)
chemical exchange between free Af,, peptides and the Af,,
uranyl complex, similar to the effects observed when Cu(II),
Ni(Il), and Zn(II) ions bind to A peptides."’’~"** In
addition, the uranyl ions likely promote the formation of Af
aggregates that either precipitate out of the solution or are too
large and heterogeneous to produce distinct NMR sig-
nals."*”'*° As no NMR signals are observed for the Afy,

Table 1. Kinetic Parameters for Af,, Aggregation in the Presence of Different Concentrations of Uranyl Acetate, Derived from

the ThT Fluorescence Curves Shown in Figure 1

uranyl ions 0 uM 0.04 uM
ty, (h) 35+03 3L %15
Ty (h) 24 +02 20+ 1.1
AThT (au.) 2067 1286

02 uM 0.4 uM 2 uM 20 uM
6.7 + 1.4 n/a n/a n/a
52 +09 n/a n/a n/a
958 101 0 0

“Aggregation halftime (f,/,) and lag time (T},,) were obtained from fitting the ThT curves to eq 1. The increase in ThT fluorescence (AThT) is

presented in arbitrary fluorescence units (a.u.).

https://doi.org/10.1021/acschemneuro.3c00130
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Figure 3. 2D NMR 'H, ""N-HSQC-spectra at 5 °C showing titrations of uranyl acetate to 92 yM monomeric '*N-labeled Af,, peptides in 20 mM
MES buffer at either pH 7.3 (A) or pH 5.1 (B). Blue cross-peaks: 84 uM Af,, only. Red cross-peaks: 1:2 uranyl/Af,,. Yellow cross-peaks (pH 7.3
only): 1:1 uranyl/Af,,. The peak intensities in the bar charts show ratios between the cross-peak intensities with added uranyl ions relative to the

intensities before the addition of uranyl ions, i.e., I/I,.

aggregates, nothing can be concluded about the binding
configurations for uranyl ions in complex with such aggregates.

At pH 5.1, addition of uranyl ions again induces a uniform
loss of amide cross-peak intensity (Figure 3B). Unexpectedly,
the effect is stronger at pH 5.1 than at pH 7.3: addition of 46
uM uranyl acetate (1:2 uranyl/Af,, ratio) at pH 5.1 decreases
the cross-peak intensity approximately as much as the addition
of 92 uM uranyl acetate (1:1 ratio) at pH 7.3 (Figure 3). This
suggests stronger binding of the uranyl ions at an acidic pH.
When comparing the NMR spectra without added uranyl ions
at neutral (Figure 3A) and acidic (Figure 3B) pH, NMR cross-
peaks for a few additional residues (e.g,, D1, A2, H6, H13, and
H14) became visible at acidic pH (Fi§ure 3B), probably due to
slower proton exchange at this pH.""”

2.4. Fluorescence Measurements of Uranyl Af Bind-
ing Affinity. Uranyl ions were found to quench the intrinsic

2621

fluorescence of the Tyr10 residue in the Af peptide, similar to,
e.g., Cu(Il) ions."”'7'** Measurements of the Tyr10
fluorescence during titrations with uranyl acetate were
therefore used to quantify binding affinities for AB-UO,™
complexes under different conditions. The resulting titration/
binding curves are shown in Figure 4. Fitting eq 2 to these
curves produced the apparent dissociation constants (Kp,*??)
shown in Table 2.

For Af,, at pH 7.3, the titration data clearly deviate from the
binding model, both for the measurements in buffer only
(Figure 4A1) and in the presence of sodium dodecyl sulfate
(SDS) micelles (Figure 4B1). Because of these deviations, the
derived dissociation constants should not be trusted. As eq 2 is
based on a model that assumes a single binding site, a possible
explanation for this deviation is the binding of uranyl ions to
multiple locations on the Af,, peptide under these conditions.

https://doi.org/10.1021/acschemneuro.3c00130
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Figure 4. Fluorescence intensity curves for Af residue Tyr10, showing titrations of 20 uM Af,, peptide (A,B) or 20 uM Af,, (NoHis) mutant
(C,D) with uranyl acetate in 20 mM MES buffer, either at pH 7.3 (1st row) or at pH S.1 (2nd row). For (B,D), micelles of 50 mM SDS were added
to the samples.

Table 2. Apparent Dissociation Constants (K,**?) in uM for Uranyl'Af} Complexes, Obtained by Fitting Fluorescence
Titration Curves to eq 2 (Figure 4; Three Replicates per Condition)

ABo AByy (NoHis)

1 2 8 average 1 2 3 average
pH 7.3 130 141 148 140 + 8 62 86 79 76 = 11 uM
pH 7.3 + 50 mM SDS 206 252 251 236 + 22 119 124 116 120 + 4 uM
pH 5.1 14.0 13.7 213 163 + 4 23 2.8 4.0 3.0+ 1 uM
pH 5.1 + 50 mM SDS 21.8 21.7 274 23.6+3 22.3 30.7 27.9 27.0 £ 4 uM

At pH 5.1, the binding curves follow the model very well
(Figure 4A2,B2), yielding reliable Kj,**? values of 16.3 uM for
APy in buffer and 23.6 uM for Af,, bound to SDS micelles
(Table 2). The main difference from the measurements at
neutral pH is that the three His residues in the Af peptide
become protonated at lower pH as their pK, values are around
6.8.">" Because protonated His residues are unlikely to interact
with positive ions such as UO,*, it is possible that binding
interactions between uranyl ions and uncharged His residues
are responsible for the deviations from the single-site binding
scheme observed at pH 7.3 (Figure 4A1,B1).

The binding curves for the Af,, (NoHis) mutant at pH 7.3
follow the model rather well (Figure 4C1,D1), producing
Kp™P values of 76 uM in buffer and 120 yM in the presence of
SDS micelles (Table 2). At pH 5.1, the overlap with the fitted
curve is even better (Figure 4C2,D2), and here, the K™
values are 3.0 M in buffer and 27 uM in the presence of SDS
micelles. With these results, some comparisons can be made.

For both peptide versions, the uranyl ions display stronger
binding at low pH. Even though reliable binding constants
could not be obtained for Af,, at pH 7.3, it is clear from the
measurement data that binding is overall stronger at pH 5.1
(Figure 4A,B). Addition of SDS micelles generally makes the
binding weaker (Table 2). This effect is likely related to the
SDS molecules being negatively charged, thereby competing
for binding to the cationic uranyl ions. The strongest uranyl
binding is observed for the Af,, (NoHis) mutant at pH 5.1
(3.0 uM), while the weakest binding is observed for Af,, at pH

7.3. It therefore appears that neutral (i.e., non-protonated) His
residues might interfere with uranyl binding under the
experimental conditions used.

2.5. CD Spectroscopy on the Af Secondary Structure.
Circular dichroism (CD) spectroscopy was used to investigate
the possible effects of uranyl ions on the secondary structure of
APy peptides, both in aqueous buffer and in the presence of
SDS micelles that mimic a membrane environment. The CD
spectra for Af,, monomers in aqueous buffer display spectra
with minima around 196—198 nm (Figure SB,E), which is
typical for a random coil conformation. At pH 5.1, addition of
uranyl ions to Af,, induces a two-step structural transition as
the CD signal changes in a concentration-dependent manner
around an isodichroic point at approximately 214 nm (Figure
SE). The difference spectrum (Figure SF) shows that the
structural transition is a conversion from random coil to f-
sheet. At pH 7.3, the structural effect induced by the uranyl
ions is weaker, and it is unclear if an isodichroic point is
present (Figure SB). The difference spectrum is not conclusive
but might represent f-sheet conformation (Figure SC).

In the presence of SDS micelles, the CD signals for Af,,
peptides display minima around 208 and 222 nm (Figure
SA,D), which is characteristic for the a-helical secondary
structure. This is in line with previous reports that the central
and C-terminal Af regions adopt a-helical conformations in
membrane-like environments.'>">>'>>'*¢ At pH 7.3, addition
of uranyl ions induces no changes at all in the Ap, CD
spectrum with SDS (Figure SA). At pH 5.1, however, the

2622 https://doi.org/10.1021/acschemneuro.3c00130
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Figure S. CD spectroscopic titrations of 10 uM Af,, with uranyl acetate in 20 mM sodium phosphate buffer at 20 °C, carried out in the presence of
50 mM SDS at pH 7.3 (A) or pH 5.1 (D), or in aqueous buffer only at pH 7.3 (B) or pH 5.1 (E). First, spectra were recorded for Af3,, in buffer for
all samples (black lines). Then, SO mM SDS detergent was added to the samples in (A,D) (orange lines). To all samples, uranyl acetate was added
in steps of 2, 6, 16, 56, and 256 uM (ruby red, ultramarine blue, plum purple, lime green, and navy blue lines, respectively). For the titrations in
aqueous buffer, shown in (B,E), the difference spectra shown in (C,F) were created by subtracting the measurements with 256 M added uranyl
from the measurements without uranyl, at pH 7.3 (C) and pH S.1 (F).
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Figure 6. Fluorescence emission spectra of 10 uM Af,, peptides in 20 mM MES buffer, pH 7.3, incubated with 100 uM EDTA (A) or with 100
uM uranyl acetate (B). Black line—0 h and red line—24 h.

uranyl ions induce systematic changes in the CD spectra structure, even though the overall changes are small and
around an isodichroic point at approximately 203 nm (Figure difficult to interpret conclusively (Figure SD). The overall
SD). This is the same wavelength as where the CD spectrum larger structural effects induced by uranyl ions at acidic pH,
for Af, peptides in aqueous solution (i.e., random coil compared to neutral pH, both in aqueous solution (Figure
structure) crosses the CD spectrum for Af,, peptides in SDS SB,E) and in SDS micelles (Figure SA,D), support the NMR
micelles (i.e, a-helical structure), when no uranyl ions are (Figure 3) and fluorescence (Figure 4) spectroscopy results
present (Figure SD). Taken together, these observations that the uranyl ions bind stronger to Af,, peptides at acidic
indicate that uranyl ions at pH 5.1 induce a structural pH.
conversion from a-helix to a random coil in Af,, peptides in 2.6. Dityrosine Cross-Link Formation. Fluorescence
SDS micelles. Also, the changes in CD intensity at other measurements were carried out to investigate if uranyl ions
wavelengths are consistent with the formation of a random coil could induce the formation of covalent dityrosine cross-links in
2623 https://doi.org/10.1021/acschemneuro.3c00130
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Ap peptides via the generation of ROS, similar to what has
been observed for redox-active Cu(Il) ions®>'*’7'* and
Ni(1I) ions.'"® Two samples of Af,, peptides were studied.
The control sample contained 100 M EDTA to remove
possible contaminating metal ions that could promote
dityrosine formation. The other sample contained 100 M
uranyl acetate. For both samples, the fluorescence spectra are
virtually identical before and after 24 h of incubation (Figure
6). Speciﬁcallgr, no peak around 410 nm, indicative of
dityrosine,"*”"** has emerged. The signal around 350 nm is
a water Raman peak, which is useful for reference purposes as
it does not change with the sample composition. These results
clearly show that uranyl ions do not induce the formation of
dityrosine cross-links under the experimental conditions
employed here.

2.7. BN-PAGE Analysis of Af,, Oligomer Formation
and Stability. Blue native polyacrylamide gel electrophoresis
(BN-PAGE) analysis and Fourier-transform infrared (FTIR)
analysis (below) were used to investigate possible effects of
uranyl ions on Af oligomer formation. Because Af,, peptides
do not form stable oligomers, Af,, peptides together with SDS
detergent were used to create oligomers that remained stable
for over a week. The Af,, oligomers were created with two
different concentrations of stabilizing SDS molecules, 80—100
uM of Af,, peptides and 0—1000 M of uranyl acetate, as
described in Section 5.2.

The BN-PAGE analysis shows that in 0.05% SDS (1.7 mM)
without uranyl acetate, larger oligomers with a molecular
weight (MW) around 55—60 kD are formed (Figure 7, lane 3).

10 100

ABO (0.05% SDS)

1000 0 10

ABO (0.2% SDS)

[uranyl] in uM: o 0 100 1000

Monomer

ABAa2:

10

Lane: 1 2 3 4 5 6 7 8 9

Figure 7. BN-PAGE gel showing the effects of different concen-
trations of uranyl acetate on the formation of SDS-stabilized Ap,,
oligomers (formed with 80—100 uM peptide). Lane I: reference
ladder. Lane 2: Af;, monomers. Lanes 3—6: AffOgsysps oligomers
(likely dodecamers) prepared with 0, 10, 100, and 1000 xM uranyl
ions, respectively. Lanes 7—10: ABOg,qsps oligomers (likely
tetramers) prepared with 0, 10, 100, and 1000 M uranyl ions,
respectively.

These larger oligomers, abbreviated ABOg gs9sps, most likely
contain twelve Ap,, peptides and display a globular
morphology, which is why they are sometimes called
globulomers.”* In the presence of different concentrations
of uranyl acetate, no well-defined uniform oligomers were
observed. Instead, the bands on the BN-PAGE gel appear
smeared, indicating a heterogeneous size distribution of the
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formed oligomers (Figure 7, lanes 4—6). This disruptive effect
is already very strong at the lowest concentration (10 uM) of
added uranyl ions.

In 0.2% SDS (6.9 mM), small Af,, oligomers with a MW
around 16—20 kDa are formed (Figure 7, lane 7). These
oligomers, abbreviated AfOg,4sps, likely contain a large
fraction of tetramers.">""** Preparation of these oligomers in
the presence of increasing uranyl concentrations (10, 100, and
1000 pM) yields oligomer bands that are weaker at the
intermediate uranyl concentrations and weakest at the highest
concentration, indicating gradually lower amounts of stable
APOgausps oligomers (Figure 7, lanes 8—10). Thus, for the
formation of the smaller ABOg,ysps Oligomers at the higher
SDS concentration, the effect of uranyl ions is less disruptive
and clearly concentration-dependent compared to the effect on
the larger AfOq gsesps oligomers (Figure 7).

2.8. FTIR Spectroscopy Reflecting the Af,, Oligomer
Structure. The secondary structures of Af,, oligomers formed
with different SDS and uranyl concentrations were studied
with FTIR spectroscopy, where the amide I region (1700—
1600 cm™) is very sensitive to changes in the protein
backbone conformation, including differences in f-sheet
structures.'>* "> ‘When prepared in the absence of uranyl
acetate, both types of Af,, oligomers (ie., ABOggsusps and
ApOga%sps) produce two major bands in the amide I region: a
high—intensitz band near 1630 cm™' and a smaller one near
1686 cm™."** This split pattern of IR bands in the amide I
region is typical for anti-parallel f-sheet structures.'**™"**

For AfOgsusps oligomers in PBS buffer, the f-sheet main
band shows a band shift due to uranyl acetate: the main band
is observed at 1628.3 cm™' without uranyl acetate, but shifts
down to 1627.8 cm™ in the presence of 1 mM (1000 M)
uranyl acetate (Figure 8A). In contrast to the ABOosusps
oligomers, the spectrum of the AfOy,ysps oligomers (resolved
at 1629.9 cm™, Figure 8B) is not significantly affected by the
uranyl acetate concentration (1629.8 cm™" at 0.01, 0.1, and 1
mM uranyl acetate) (Figure 8B). This result also indicates that
band positions can be determined with an accuracy of 0.1
cm™, which is supported by our study of Li(I) ion effects, ">
where at both SDS concentrations, the standard deviation of
the band positions for four Li(I) ion concentrations (0, 0.1, 1,
and 10 mM) was 0.12 cm ™" and the band positions at zero and
10 mM Li(I) differed by less than 0.1 cm™.

These observations agree with the BN-PAGE results, which
showed clear small oligomer bands for all uranyl concen-
trations at the higher SDS concentration, but extended smears
instead in the presence of uranyl acetate for the lower SDS
concentration. The results indicate again that the Af,,
globulomers produced at the lower SDS concentration are
more sensitive to uranyl-induced effects.

3. DISCUSSION

Uranium is a well-known neurotoxicant,” but the underlying
molecular mechanisms and a possible role of U in neuro-
degenerative diseases remain unclear.*””’ For AD, several
studies have investigated how Af} peptides interact with various
metal ions®”*71®13971#2 and with small cationic mole-
cules.”®'* We here interpret the current results on Af—
uranyl interactions in the light of this earlier work.

3.1. Effects of Uranyl lons on Af,, Aggregation. The
ThT fluorescence curves (Figure 1) and TEM images (Figure
2) show that uranyl ions have a concentration-dependent
inhibitory effect on the fibrillization of Af,, peptides at

https://doi.org/10.1021/acschemneuro.3c00130
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Figure 8. Second derivatives of infrared absorbance spectra for 80—
100 uM SDS-stabilized Af,, oligomers formed in the absence (blue)
and presence of 0.01 mM (red), 0.1 mM (purple), and 1 mM (green)
uranyl acetate. The results are shown for larger Af,, oligomers formed
with 0.05% SDS (A) and for smaller Af,, globulomers formed with
0.2% SDS (B).

physiological pH. Instead of forming proper amyloid fibrils, the
APy peptides form non-fibrillar amorphous aggregates
(clumps) already at a 1:1 uranyl/Af,, ratio (Figure 2). This
effect is seen both in the TEM images and the ThT
fluorescence experiments, even though the sample conditions
are somewhat different (i.e,, the TEM samples did not contain
ThT dye and were incubated in Eppendorf tubes on a thermo
shaker). Thus, the uranyl ions do not prevent the Af,
peptides from aggregating but rather direct the aggregation
process toward non-fibrillar end-products. Similar effects on
the Af} aggregation pathways have previously been observed
for other small cationic molecules and heavy metal ions such as
Hg(II), Ni(II), Pb(II), and Pb(IV).*”''®'** As small
oligomeric aggregates of Af peptides are considered to be
the main toxic species in AD pathology,”"" the finding that
uranyl ions can modulate Af} aggregation might be relevant for
understanding AD progression and pathogenesis.

3.2. Binding of Uranyl lons to Af,, Peptides. The
NMR results show that uranyl ions have no obvious residue-
specific binding to Af,, peptides (Figure 3). Because of the
strong covalent O=U=0 bonds in the uranyl ion, it is mainly
the central U(VI) atom that interacts with other molecules.'**
Thus, the uranyl—Af binding is probably mediated via non-
specific electrostatic interactions between the positive U(VI)
atom and negative Af residues, such as Aspl, Asp7, Asp23,
Glu3, Glull, and Glu22. This is similar to Af binding to
Mn(II) and Pb(II) ions,”'* but different from numerous
small cationic species that display residue-specific interactions
with Af peptides, such as Eolyamines28 and Cu(II), Ni(II),
Pb(1V), and Zn(II) ions.>' "~
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The results of the NMR measurements indicate that the Af
binding of uranyl ions is stronger at acidic pH (Figure 3),
which is confirmed by the fluorescence measurements of
uranyl—Af binding affinity (Figure 4) and also by the CD
spectroscopy results (Figure S). At pH 5.1, the apparent
binding affinity of uranyl ions is 16.3 & 4 uM to Af,, peptides
and 3.0 + 1 uM to the Af,, (NoHis) mutant (Table 2). At
neutral pH, the binding is about a magnitude weaker (Table 2)
and also less well-defined (Figure 4). This is counter-intuitive.
The main chemical difference at lower pH is that the AS His
residues become protonated as they have pK, values around
6.8 in short peptides.124 It stands to reason that A peptides
with positively charged His residues should be less prone to
interact with positive metal ions, as has been shown for, e.g,
Cu(I1) and Zn(II) ions."'? On the other hand, the uranyl ion is
a weak acid that undergoes hydrolysis, and the first pK, is
around 4—5."*>'%¢ Thus, at pH 5.1, the uranyl ions may be
mixed with monomeric and dimeric hydroxide species. At pH
7.3, additional species might be present, such as the single-
charged trimer [(UO,);(OH);]*. It is possible that such
heterogeneity, which is likely more pronounced at neutral pH,
could help explain the somewhat unexpected uranyl titration
results.

The Tyr10 fluorescence measurements (Figure 4) show that
the uranyl Af binding affinity increases at lower pH values and
also when the three His residues are replaced by Ala residues
(Table 2). In fact, the weakest binding is observed for Af,, at
pH 7.3, and the strongest binding is observed for the Afy,
(NoHis) mutant at pH 5.1 (Table 2). This trend is observed
for Af samples both in aqueous buffer and in SDS micelles. It
strongly suggests that the presence of uncharged His
sidechains interferes with uranyl binding to Ap peptides
(Table 2). This tentative conclusion is supported by the shape
of the fluorescence data curves, which are more uniform and
better fit the single-binding-site model (eq 2), when the
uncharged His residues H6, H13, and H14 are replaced with
Ala residues in the Af, (NoHis) mutant (Figure 4). In
addition, at acidic pH, the uranyl binding is stronger both to
the wild-type (wt) Af, peptide and to the Ap,, (NoHis)
mutant. In the latter case, the effect is clearly not caused by His
protonation as these residues are missing in the mutant
peptide. Thus, the His residues are not the only factor
responsible for the unusual properties of uranyl-Aff binding. As
discussed above, formation of uranyl hydroxide species is likely
another confounding factor. The molecular details of uranyl-
Ap binding should therefore be further explored in future
studies.

Because toxic Af aggregates appear to form in membrane
environments,"*” and as membrane disruption might be one of
the toxic mechanisms of A} aggregates, ** it is important to
clarify how Af interacts with uranyl ions also in a membrane
environment. Here, we used SDS micelles as a simple
membrane model. Even though such micelles are different
from the phospholipid bilayers present in cell membranes, they
do share some properties with real membranes, while being
much more suitable for various spectroscopy measurements,
including NMR."*'2¢ Our fluorescence spectroscopy meas-
urements showed that the uranyl binding affinities decrease
slightly when SDS micelles are present in the sample for all Af
variants and conditions (Figure 4 and Table 2). This effect is
probably caused by the anionic SDS micelles competing for
binding to the cationic uranyl ions. Similar results have earlier
been obtained for Af binding to other metal ions, such as
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Cu(II), H§(II), and Ni(II), in the presence of SDS
micelles.*”""®'** AB peptides are known to insert only their
central and C-terminal regions into an SDS micelle, while the
negatively charged N-terminal region is positioned outside the
micelle where it is free to interact with, e.g, cations.' ¥
Thus, it appears that Aj peptides can (sometimes) bind uranyl
ions mainly via their N-terminal part in a membrane
environment. We may speculate that when multiple Af
peptides are present in the membrane, a single uranyl ion
might bind to the N-termini from two or more Af peptides,
thereby bringing the peptides together and promoting
aggregation.

3.3. Effects of Uranyl lons on the Ap,, Peptide
Structure. In an aqueous buffer at pH 5.1, the CD
spectroscopy measurements show that uranyl ions induce a
two-state structural transition in the Ap,, peptides, from
random coil to f-sheet structure (Figure SE,F). At pH 7.3, a
weaker structural transition is observed, which might be a
similar conversion into a f-sheet structure (Figure SB,C).
Earlier studies have shown that such structural changes can be
induced also by metal ions such as Cu(II), Ni(Il), and
Zn(1)."'®'"° Because A aggregates typically consist of
peptides in p-sheet conformation,'® this type of S-sheet
structure formation likely promotes A} aggregation.

SDS micelles constitute a simple membrane mode
and the central and C-terminal regions of Af peptides are
known to insert themselves into such micelles and adopt a-
helical conformations.'”'*® In the presence of SDS micelles,
uranyl ions have no effect on the Af,, peptide conformation at
pH 7.3 (Figure SA). However, a weak structural transition is
observed at pH 5.1, possibly involving the formation of
random coils (Figure SD). Previous studies have found that
metal ions that bind to Ap peptides mainly via the His
residues, such as Cu(II), Ni(II), and Zn(II) ions, can induce
altered coil—coil interactions in Af peptides positioned in SDS
micelles."'®'** No such alterations in the a-helical structure
were observed upon the addition of uranyl ions (Figure SA,D).

No dityrosine cross-links were observed after Af,, peptides
had been incubated together with uranyl acetate (Figure 4).
Earlier studies have shown that redox-active metal ions such as
Cu(II) and Ni(II) can induce the formation of dityrosine
cross-links in amyloid peptides via redox-cycling of, e.g., the
Cu(I)/Cu(Il) redox pair, which generates harmful oxygen
radicals via Fenton-like chemistry.®*?7*%"'%1>% Eor short
peptides with only one Tyr residue in the amino acid
sequence, such as Af and amylin, dityrosine formation must
involve two peptides, which then become linked to form a
dimer."* As Cu(II) and Ni(II) bind Af peptides mainly via
the His6, His13, and His14 residues, it is likely that these metal
ions can promote Af} aggregation by coordinating multiple His
residues from more than one A peptide.*"'* Cu(1I) and
Ni(II) ions may therefore promote dityrosine formation not
only by creating oxygen radicals but also by connecting two Af
molecules and positioning their Tyr10 residues close to each
other. It is known that the U(VI) ion in uranyl can be reduced
to lower valency states such as U(IV) under appropriate
reducing conditions."**'*" Thus, as uranyl acetate has been
found to induce oxidative stress in isolated cells,”” the uranyl
ions are likely redox-active under physiological conditions. We
therefore speculate that the reason why uranyl ions do not
promote dityrosine formation in Af,, peptides (Figure 4) is
the weak and non-specific binding under the experimental
conditions used (Figures 7, 8, and Table 2).

125,126
1,
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3.4. Effects of Uranyl lons on Ap,, Oligomers.
Although most of the measurements carried out in this study
were performed on Af,, monomers, it is also of interest to
investigate the possible effects of uranyl ions on Af oligomers.
Because Afl,, peptides do not form stable oligomers, BN-
PAGE and FTIR studies were carried out on Af,, oligomers
stabilized by SDS detergent. The BN-PAGE experiments
clearly show that uranyl ions interfere with the formation of
homogeneous Af,, oligomers (Figure 7). This is further
supported by the FTIR measurements, where the position of
the p-sheet main band is downshifted when increasing
concentrations of uranyl ions are present during oligomer
formation (Figure 8). The uranyl effect is more pronounced on
the larger and mainly dodecameric Af,, oligomers, which are
formed in the presence of 0.05% SDS. The spectral changes
observed with uranyl ions are consistent with the previously
observed effects of Ni(II) ions.''® However, only 10 4M of
divalent uranyl ions (Figure 7, Lane 4) but S00 mM of divalent
Ni(II) ions'"* are required for full disruption of homogeneous
APOqgsusps oligomers, even though Ni(II) ions display a
stronger binding affinity for Af peptides than uranyl ions at
neutral pH (Figures 7, 8 and Table 2). In general, the effects of
uranyl ions on Af} oligomerization qualitatively resemble those
of other transition metal ions, includin}g; Ni,""® more than those
of monovalent alkali ions, such as Li.*® Such conclusions are
consistent with the theoretical findings regarding the relative
propensities of different metal ions for interactions with
polypeptides.'*'

3.5. Medical Implications. Our current results show that
uranyl ions induce structural changes in A monomers and Af
oligomers and inhibit A fibrillization and homogeneous
oligomer formation already at sub-stoichiometric concentra-
tions. It is unclear how these uranyl interactions may influence
(or not) the toxicity of Af oligomers or the Ap-induced
pathology in AD patients. Furthermore, no link has been
established between uranium/uranyl exposure and AD
incidence. On the other hand, very few people have
investigated such possible links. The current results show
that uranyl ions affect Af peptide aggregation in similar ways
as Pb and Hg ions, and Pb and Hg exposure might be linked to
the development of AD and other neurodegenerative
diseases.” Given these similar molecular interactions, it
could be worthwhile to conduct cell studies, animal studies,
and epidemiological studies on AD patients to find out if
exposure to uranium/uranyl might induce AD. However, even
if such an effect does exist, U is a well-known toxic metal, and
it is possible that people exposed to U will suffer more
immediate harmful health effects that will mask a slowly
progressing dementia. The molecular mechanisms for the
chemical toxicity of U are not fully understood. Our current
results show that even low concentrations of uranyl can induce
unstructured protein aggregation in Af peptides and, most
likely, also in other peptides and proteins. Thus, a general toxic
mechanism of uranyl ions could be to modulate protein

folding, misfolding, and aggregation.

4. CONCLUSIONS

Uranyl ions, UO,*, bind to Af,, peptides via non-specific
electrostatic interactions, with an apparent binding affinity of
16.3 £ 4 uM at pH S.1. Uranyl binding is weaker and less
uniform at neutral pH, possibly because of interference from
His sidechains and from other uranyl species such as
hydroxides. The uranyl ions inhibit Af fibrillization and
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oligomer formation in a concentration-dependent manner,
with clear effects already at sub-stoichiometric concentrations,
and also induce structural changes in A monomers and Af
oligomers. A general toxic mechanism of uranyl ions could be
to modulate protein folding, misfolding, and aggregation.

5. MATERIALS AND METHODS

5.1. Materials. SDS detergent, 2-(N-morpholino)ethanesulfonic
acid (MES) hydrate, sodium phosphate, depleted uranyl acetate, and
dimethyl sulfoxide (DMSO) were all purchased from Sigma-Aldrich
(USA).

Synthetic lyophilized wt A (1—42) peptides, abbreviated as Af,,,
with the primary sequence DAEFR{HDSGY,,EVHHQ,KLVFF,,-
AEDVG,sSNKGA3IIGLM;VGGVV A, were purchased from JPT
Peptide Technologies (Germany). Two recombinant A} variants were
purchased as lyophilized powder from AlexoTech AB (Umea,
Sweden), namely, the Af,, peptide and the Ap,, (H6A, H13A, and
H14A) triple-mutant, which in the following is referred to as the Af,,
(NoHis) mutant. The Af,, peptide was also purchased uniformly
single-labeled with "N isotopes. All A, peptide variants were stored
at —80 °C until use. Before measurements, they were dissolved in 10
mM NaOH and then sonicated in an ice bath for S min to avoid pre-
formed aggregates. The samples were then diluted in either sodium
phosphate buffer at pH 7.3 or in MES buffer at pH 7.3 or 5.1. The
peptide concentrations were initially estimated from the weight of the
dry powder and then more accurately determined with a NanoDrop
spectrophotometer.

5.2. Preparation of Apf,, Oligomers. Treatment of Af,,
peptides with low concentrations (<7 mM) of SDS, ie., below the
critical micelle concentration for SDS, which is 8.2 mM in water at 25
°C,"*? leads to the formation of stable and hom0§eneous Ay,
oligomers of certain sizes and conformations."*'**'>* To prepare
such oligomers, size exclusion chromatography (SEC) was initially
used to purify synthetic Af,, peptides into monomeric form. First, 1
mg of lyophilized Af3,, powder was dissolved in 250 mL of DMSO.
Next, a Sephadex G-250 HiTrap desalting column (GE Healthcare,
Uppsala) was equilibrated with a S mM NaOH solution (pH = 12.3)
and washed with a solution of 10—15 mL of 5 mM NaOD, pD =
12.7."5* The peptide solution in DMSO was applied to the column,
followed by an injection of 1.25 mL of S mM NaOD. The collection
of peptide fractions in S mM NaOD on ice was started at a 1 mg/ mL
flow rate. Ten fractions of 1 mL volumes were collected in 1.5 mL
Eppendorf tubes. The absorbance for each fraction at 280 nm was
measured with a NanoDrop instrument (Eppendorf, Germany), and
peptide concentrations were determined using a molar extinction
coefficient of 1280 M™' cm™ for the single Tyr in AP, The
peptide fractions were flash-frozen in liquid nitrogen, covered with
argon gas on top in 1.5 mL Eppendorf tubes, and stored at —80 °C
until used. SDS-stabilized Af,, oligomers of two well-defined sizes
(approximately tetramers and dodecamers) were prepared according
to a previously published protocol,'*! but in D,0, at a 4-fold lower
peptide concentration and without the original dilution step.'*” The
reaction mixtures [100—120 uM Ap,, in PBS, containing either 0.05%
(1.7 mM) SDS or 0.2% (6.9 mM) SDS] were incubated together with
0—1000 M uranyl acetate at 37 °C for 24 h and then flash-frozen in
liquid nitrogen and stored at —20 °C for later analysis.

5.3. Thioflavin T Aggregation Kinetics. To monitor the effect
of uranyl ions on Af,, aggregation kinetics, a FLUOstar Omega
microplate reader (BMG LABTECH, Germany) was used. Samples
containing 20 uM Afwt, 20 mM MES buffer pH 7.3, 50 uM
thioflavin T, and different concentrations of uranyl acetate (i.e., 0,
0.04, 0.2, 0.4, 2, and 20 uM) were added to a 384-well plate, with 35
uL of sample in each well. Thioflavin T is a benzothiazole dzle that
increases in fluorescence upon binding to amyloid aggregates11 and is
therefore used to monitor the formation of amyloid aggregates. The
ThT dye was excited at 440 nm, and ThT fluorescence emission at
480 nm was measured every 5 min. Before each measurement, the
plate was shaken in orbital mode for 140 s at 200 rpm. The samples
were incubated for a total of 15 h, and the assay was repeated three
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times with four replicates of each condition. To determine kinetic
aggregation parameters, the data was fitted to eq 1:

E, + mg-t

F(t) = K R B -
(O =B+ myt + 1+ exp[—(t — t,,,)/7]

(1)

Here, F and F, are the intercepts of the initial and final fluorescence
intensity baselines, m, and m,, are the slopes of the initial and final
baselines, t,/, is the time needed to reach halfway through the
elongation phase (i.e., aggregation half-time), and 7 is the elongation
time constant.'"

5.4. Transmission Electron Microscopy Imaging. Negative
staining TEM images were recorded for Ap,, peptides that had
aggregated under the same conditions as in the ThT fluorescence
studies (above). Thus, 20 uM of Af3,, in 20 mM MES buffer, pH 7.3,
was incubated for 20 h on a thermo shaker at 37 °C and 300 rpm,
together with 0, 0.2, 2, and 20 #M of uranyl acetate. Then, samples of
S uL were put on copper grids of 200 ym mesh size, which were
covered with a Pioloform film upon which a carbon layer had been
deposited and then glow-discharged with a Leica EM ACE600 carbon
coater (Leica Microsystems, Germany). The Af,, samples were
absorbed onto the grids for 5 min, rinsed with Milli-Q water two
times, and then stained for 2 min with a 2% aqueous solution of
uranyl acetate. Next, the excess stain was removed with filter paper,
and the samples were left to air-dry. A digital Orius SC1000 camera
was used to record TEM images in a FEI Tecnai G2 Spirit electron
microscope (FEIL, The Netherlands) operating at 120 kV accelerating
voltage.

5.5. Circular Dichroism Spectroscopy Measurements of the
Secondary Structure. CD measurements were carried out on a
Chirascan CD spectrometer from Applied Photophysics Ltd. (U.K).
Samples containing 600 uL of 10 uM Ap,, peptide in 20 mM
phosphate buffer, at either pH 7.3 or pH 5.1, were placed in a quartz
cuvette with a 2 mm pathlength. CD spectra were recorded at 20 °C
between 192 and 250 nm using steps of 0.5 nm and a sampling time
of 5 s per data point. Then, small volumes of uranyl acetate were
titrated to the samples in steps of 2, 6, 16, 56, and finally 256 #M. The
total increase of volume upon the addition of the uranyl acetate was
less than 3%. All data was processed with the Chirascan Pro-Data
v.4.4.1 software (Applied Photophysics Ltd., UXK.), including
smoothing with a ten-point smoothing filter. 50 mM SDS detergent
was added to some of the samples as SDS micelles constitute a simple
model for bio-membranes.'”'** Af peptides are known to insert
their central and C-terminal segments as a-helices into SDS micelles,
while the N-terminal Af segment remains unstructured outside the
micelle surface.'”'** Because the critical micelle concentration for
SDS is 8.2 mM in water at 25 °C,"* micelles clearly formed under the
experimental conditions. With approximately 62—65 SDS molecules
per micelle,'*® 50 mM SDS yields a micelle concentration slightly
below 1 mM, i.e., much higher than the concentration of Af peptides.
This means that each micelle will generally contain no more than one
Ap peptide, which effectively prevents Af aggregation and ensures
that uranyl interactions are with monomeric Af peptides. The high
SDS concentration used to obtain this condition, i.e.,, 50 mM, does
not pose a problem in the current experiments. Even though 50 mM
SDS would efficiently denature most folded proteins, such denaturing
effects are not relevant for small intrinsically disordered peptides such
as Af (in monomeric form).

5.6. Fluorescence Measurements of Dityrosine Formation.
Fluorescence emission spectra between 330 and 480 nm (excitation at
315 nm) were recorded at room temperature with a Jobin Yvon
Horiba Fluorolog 3 fluorescence spectrometer (Longjumeau, France)
for two samples of 10 uM Ap,, peptide in 20 mM MES buffer, pH
7.3. One sample contained 100 #M uranyl acetate to investigate the
possible effects of uranyl ions on dityrosine formation. The control
sample contained 100 M of the chelator EDTA to remove any free
metal ions. All measurements were conducted in triplicate using a
quartz cuvette with a 4 mm path length and containing a 0.7 mL
liquid sample. Spectra were recorded after 0 and 24 h of incubation,
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during which the samples were kept at room temperature without
agitation or other treatment.

5.7. Nuclear Magnetic Resonance Spectroscopy. NMR
spectroscopy experiments were conducted on a Bruker Avance
spectrometer operating at 500 MHz and being equipped with a
cryoprobe for increased sensitivity. Uranyl acetate was titrated to 92
4M monomeric *N-labeled A, peptides in 20 mM MES buffer (90/
10H,0/D,0) at either pH 7.3 or pH S.1 at 5 °C. Two-dimensional
'H, "N-HSQC (heteronuclear single quantum coherence) NMR
spectra were recorded during the titrations using settings with 128 t1
increments, 24 scans, and a 1 s recycle delay. The spectra were then
processed and evaluated in the Topspin software (v. 3.2) using
already publlshed aSSIgnments for HSQ_C cross-peaks of A, in buffer
at neutral pH">"~"*" or at acidic pH."

5.8. Binding Affinity Measurements via Tyrosine Fluores-
cence Quenching. The binding affinities between uranyl ions and
AP, peptides were evaluated via the quenching effect of uranyl on the
intrinsic fluorescence of Tyr10, the only natural fluorophore in the wt
Ap peptide. Fluorescence measurements were conducted on a Jobin
Yvon Horiba Fluorolog 3 fluorescence spectrophotometer (Long-
jumeau, France) using a quartz cuvette with a 4 mm path length. The
fluorescence emission intensity of samples containing 20 uM Af
peptides in 20 mM MES buffer, at either pH 7.3 or pH 5.5 and
without or with S0 mM SDS detergent present, was measured at 305
nm (excitation wavelength 276 nm) at 20 °C. Aliquots of uranyl
acetate (stock concentrations of 1,2, and 10 mM) were titrated to the
samples, and the Tyr10 fluorescence intensity was plotted against the
concentration of UO," ions. Apparent dissociation constants (Kp**?)
were determined by fitting the plots to eq 2

Io = 1o
I=1+ 2 [Ab ~{(KD + [U] + [Ab])
- J(Kp + [UT + [Ab])> — 4-[U]-[Ab] } @)
where I, is the initial fluorescence intensity with no added UO,** ions,

I, is the steady-state intensity at the end of the titration, [Ab] is the
proteli;} fé%ncentration, and [U] is the concentration of added UO,*
ions. ™’

5.9. Blue Native Polyacrylamide Gel Electrophoresis.
Homogeneous solutions of oligomers of 80—100 uM Af,, peptides'32
prepared (as described in Section 5.2) in the presence of different
concentrations of uranyl acetate (0—1000 yM) were analyzed with
BN-PAGE using the Invitrogen system (Thermo Fisher Scientific,
USA). Thus, 4—16% Bis—Tris Novex gels (Thermo Fisher Scientific,
USA) were loaded with 10 uL samples containing Af,, oligomer
solutions alongside alongside the Amersham high MW calibration kit
for native electrophoresis (GE Healthcare, USA). The gels were run at
4 °C using the electrophoresis system according to the Invitrogen
instructions (Thermo Fisher Scientific, USA) and then stained with
the Pierce Silver Staining Kit according to the manufacturer’s
instructions (Thermo Fisher Scientific, USA). BN-PAGE was chosen
for analysis instead of SDS—PAGE to avoid disruption of the SDS-
stabilized and non-cross-linked Af,, oligomers by the h1§h (>1%)
SDS concentrations used in SDS—PAGE sample buffers."

5.10. Infrared Spectroscopy. FTIR spectra of the SDS-stabilized
Ap,, oligomers (prepared as described in Section 5.2) were recorded
in transmission mode on a Tensor 37 FTIR spectrometer (Bruker
Optics, Germany) equipped with a sample shutter and a liquid
nitrogen-cooled MCT detector. The unit was continuously purged
with dry air during the measurements. 8—10 uL of the 80—100 uM
Ap,, oligomer samples, prepared (as described in Section $.2) with
different concentrations of uranyl acetate (0—1000 uM), was put
between two flat CaF, disks separated by a 50 um plastic spacer
covered with vacuum grease at the periphery. The assembled IR
cuvette was mounted into the sample position of a sample shuttle
inside the instrument’s sample chamber, while a metal grid (used as
the background) was positioned in the reference holder. The sample
shuttle was used to measure the sample and reference spectra without
opening the chamber. The samples were allowed to sit for at least 15
min after closing the chamber lid to avoid interference from water
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vapor. FTIR spectra were recorded at room temperature in the 1900—
800 cm™* range, with 300 scans for both background and sample
spectra, using a 6 mm aperture and at a resolution of 2 cm™". The
light intensities above 2200 cm™" and below 1500 cm™" were blocked
with a germanium filter and a cellulose membrane, respectively.'®
The spectra were analyzed and plotted with the OPUS 5.5 software,
and second derivatives were calculated with a 17 cm™ smoothing
range.
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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).
	/
	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). 
	/
	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.
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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).
	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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