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INTRODUCTION 
 
Taking some time for yourself and for philosophy you look at the world and try 
to see what it is made of. You find that at the beginning it is all about 
mathematics – the probability that anything can exist or be talked of. Then you 
need some physics that tells you how these probabilities are coming to reality 
and what “forces” things to happen. After the probabilities and different kinds of 
forces taking effect, you see the interactions between atoms and molecules 
which brings you to chemistry. Moving on from chemistry, putting together 
different molecules and complex systems, somewhere and somehow you find 
yourself in biology with cells and life, functioning in all its complexity, and 
difficulties that malfunctioning brings with itself. This is where things are 
getting very complicated and hard to understand. 
 
If you now take a step back and look at the big picture again you find yourself in 
a world where we have learned so much about the basic building blocks that 
many aspects of the world we can now manipulate, including our own body. As 
a result, life expectancy has risen all over the world and if it continues with the 
current trend then in 2050 more than 10 % of the population in Europe will be 
over the age of 80. Simply put the population is “graying” and people are living 
much longer. However, the golden years are not always so golden. A direct 
result of living longer is that the number of people with various dementias is 
growing. Alzheimer’s disease (AD) is the most common of these accounting for 
up to 60 % of dementia cases. It has been estimated that one in two people who 
live up to their mid-80’s will get the disease. Therefore new challenges have 
risen in the world of medicine with the main goal being to make the twilight 
years of our lives enjoyable.  
 
It is important to understand disease mechanisms, because then it is possible to 
change its course, to delay the symptoms, or if we are really lucky, eliminate the 
disease altogether. If you look at a person with AD you see problems in simple 
everyday functioning – at first there are difficulties in forming new memories, 
but as the disease progresses new mental problems arise, including impaired 
judgment and speech. In the end stages of AD a person is no longer able to look 
after oneself and needs around-the-clock-care. If you compare a brain of a 
person who has AD with a healthy person’s brain you find that in the case of AD 
there is severe shrinkage which is a result of neurons dying. You can also see the 
amyloid plaques that are the primary hallmark of the disease which are 
composed mainly of the amyloid-β (Aβ) peptides that are now considered to be 
the key molecules in AD pathology. Looking at the brain you find that the 
deposition of Aβ into amyloid plaques occurs in the presence of various 
biomolecules and ions that may affect this process. Among these are also zinc 
and copper, which are found in elevated levels in the amyloid plaques. This has 
lead to the hypothesis that these biometals have an important role in AD.  
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This thesis is about the interactions of Zn(II) and Cu(II) ions with the Aβ as well 
as their role in Aβ fibrillization. The primary interaction is the binding of the 
metal ion to the peptide molecule. The determination of the dissociation 
constants of the Cu(II)-Aβ and Zn(II)-Aβ complex is the first step in the long 
journey of understanding the role of metal ions in AD. We determined the 
dissociation constants for both complexes, looked at the bigger picture, and 
found the reasons for the variability of the literature data thus far. The second 
step we made was to examine the effect of Zn(II) and Cu(II) on Aβ fibrillization. 
Based on our results we were able to propose a mechanism for the Aβ 
aggregation in the presence of these metal ions. The results are a big step 
forward in understanding the role of metal ions in AD pathogenesis, however it 
is clear that there is still a long road to travel before we fully understand AD. 
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1. REVIEW OF THE LITERATURE 

 
1.1. Amyloid  

 
A living organism may contain as many as 100 000 different proteins (Dobson 
2001). The ability of the newly synthesized proteins to fold to their functional 
states is one of the most remarkable features of biology. Errors in protein folding 
are connected with serious consequences and a broad range of human diseases 
arise from incorrectly folded proteins (Thomas et al. 1995; Dobson 2001; 
Horwich 2002). These conditions are referred to as protein misfolding or protein 
conformational diseases. The largest group of misfolding diseases is associated 
with the conversion of peptides or proteins from their functional soluble states 
into highly regular fibrillar aggregates. The histology of these aggregates was 
appreciated more than 150 years ago and was termed amyloid (Aguzzi and 
O'connor 2010), because the aggregated material stains with dyes such as Congo 
red similarly to starch (amylum).  
 
In 1968, for the first time it was demonstrated that amyloid is built up from 
cross-β structural motifs (Geddes et al. 1968) and the aggregated peptide β-
strands were implicated as the key structural feature of amyloids. It is now 
known that amyloid formation is not necessarily pathological, in some cases it 
might have a normal physiological function (Berson et al. 2003; Chiti and 
Dobson 2006; Maji et al. 2009). Furthermore, it appeared that de novo designed 
peptides and some naturally occurring proteins that are not associated with 
diseases can also be induced to form amyloid fibrils under appropriate 
conditions (Chiti et al. 1999). This indicates that fibrillization may be a generic 
property of a polypeptide chain. It should also be noted here that not all 
proteinaceous aggregates are amyloids. Originally the term amyloid was used 
only to describe extracellular protein deposits that stain with histological dyes. 
However, currently the term amyloid describes both extracellular and 
intracellular aggregates with regular fibrillar structures. All amyloid fibrils have 
some common structural features despite the primary sequence diversity. 
Amyloids are unusual in being kinetically stable structures (Dobson 2003; 
Selkoe 2003) that can persist for long periods. They are elongated, unbranched, 
~6-20 nm wide rope like polymers that are physically and chemically robust 
(e.g., protease-resistant) (Goldsbury et al. 2011). The main characteristic of the 
amyloid fibril is that the ordered regions adopt the classic cross-β-structure, 
where the β-strands align perpendicular to the long axis of the fibril and inter-
chain β-sheet hydrogen bonds are oriented parallel to the fibril axis (See Fig. 3C) 
(Tycko 2004; Nelson et al. 2005). In fibrils formed form the amyloid-β (Aβ) 
peptides the individual strands within the β-sheets can be parallel (Torok et al. 
2002; Petkova et al. 2005) or antiparallel (Qiang et al. 2012) depending on the 
Aβ sequence. The supermolecular structure of the fibrils can be very complex 
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and the individual fibrils are formed from protofilaments with typically 2 to 9 
protofilaments per fibril (Abedini and Raleigh 2009).  
 
The proteinaceous deposits found in patients with any of the amyloid diseases 
have a major protein component that forms the amyloid core and also additional 
associated molecules, including glycosaminoglycans, the serum amyloid P 
component, apolipoprotein E (APOE), collagen as well as metal ions (Chiti and 
Dobson 2006). These various minor components of the deposits may play an 
important role in the aggregation process or mediate the cytotoxicity of these 
aggregates. 
 
Amyloidoses can be grouped as neurodegenerative diseases where aggregation 
occurs in the brain, nonneuropathic localized amyloidoses, where aggregation 
occurs in a single tissue other than the brain, and nonneuropathic systemic 
amyloidoses, where aggregation occurs in multiple tissues (Chiti and Dobson 
2006). The neurodegenerative diseases include disorders in which the 
pathological proteins accumulate within the nucleus (for example Huntington’s 
disease and spinocerebellar ataxias), in the cytoplasm (Parkinson’s disease), in 
the extracellular space (prion diseases), or in multiple locations like in the 
cytoplasm and in the extracellular space (Alzheimer’s disease (AD)) (Aguzzi 
and O'connor 2010).  

 
1.2.  Alzheimer’s disease 
 

Dementia is a wide term, describing different diseases and conditions that 
develop when nerve cells in the brain die or no longer function normally. This in 
turn causes changes in one’s memory, behavior, and ability to think clearly. By 
2005, 24.2 million people around the world had dementia and 4.6 million new 
cases were diagnosed in that year alone (Ferri et al. 2005). It is estimated that the 
number of people with dementia will rise by 2040 by 80-190 % in Europe, North 
America, and the developed Western Pacific region, while an increase by more 
than 300 % is proposed for Latin America, India, China, North Africa, and the 
Middle Eastern Crescent (Hampel et al. 2011). AD is the main cause of 
dementia, accounting for 50-60 % of all cases (Hendrie 1998). These dramatic 
numbers indicate that AD already has and will have a tremendous impact on 
society and it could be viewed as a modern epidemic. 
 
AD is thought to begin as many as 20 years prior to its clinical diagnosis 
(Alzheimer's 2012) and it affects people in different ways but the common first 
symptom of the disease is episodic memory impairment. In the first stages the 
semantic memory and procedural memory are relatively spared (Jakob-Roetne 
and Jacobsen 2009). As the disease progresses cognitive abilities decline, 
including impaired judgment, decision making, and orientation. In later stages 
psychobehavioral disturbances as well as language impairment often occurs 
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(Galimberti and Scarpini 2012). In advanced AD, people need help with basic 
activities of daily living, such as dressing, eating, and using the bathroom, in 
final stages people become bedbound and reliant on around-the-clock care. AD 
is ultimately fatal with the mean survival around 4-8 years (Alzheimer's 2012).  
 
Age is the major risk factor for AD with doubling of the risk with every five 
years after the age of 65 (Cummings et al. 1998). Genetically, AD is divided into 
two forms: familial and sporadic. Familial AD has a Mendelian inheritance and 
is predominantly early onset (< 60 years). Three genes have been implicated in 
the pathophysiology of familial AD: amyloid precursor protein (APP) and 
presenilin (PS1 and PS2) genes. The genetic heritability of sporadic AD is 
estimated to be high (Gatz et al. 2006), but it is likely that gene combinations 
rather than a single gene determine disease occurrence. APOE is currently the 
only established susceptibility gene for late-onset AD. It has been estimated that 
the four established AD risk genes account for less than 30 % of the genetic 
variance of the disease, therefore numerous additional risk genes exist (Daw et 
al. 2000). Several genes are currently under investigation, including SORL1 
(Rogaeva et al. 2007), GAB2 (Reiman et al. 2007), and A2M (Blacker et al. 
1998), however these need further validation. Other risk factors that increase 
disease risk include vascular diseases, diabetes, hypertension, traumatic head 
injury, smoking, and obesity. Preventive modifiers are anti-inflammatory agents, 
physical exercise, cognitive activity, and antioxidants (Reitz et al. 2011). 
 
Looking at the brain of an AD patient severe atrophy which is caused by the loss 
of dendrites and axons, myelin reduction, shrinkage, and the death of neurons 
can be observed (Sjobeck et al. 2005). For example in the end stages of AD 
more than 80 % of the neurons in the hippocampus have disappeared and the 
volume is reduced to less than a half (Bobinski et al. 1996; Smith 2002). The 
neuropathological hallmarks of the disease are extracellular amyloid beta 
plaques and intracellular neurofibrillary tangles (NFT). NFTs are composed of 
the microtubule-associated protein tau, which is hyperphosphorylated and has 
severe oxidative modifications (Mattson 2004). Amyloid plaques are composed 
mainly of small, 4 kDa Aβ peptides (Masters et al. 1985; Welander et al. 2009) 
which are derived from the APP. There are three types of Aβ deposits in AD 
brains, named diffuse plaques, senile plaques, and cerebrovascular deposits 
(Morgan et al. 2004). Diffuse plaques are usually smaller than 20 μm in 
diameter, amorphous and spherical Aβ deposits which might represent an early 
stage of amyloid formation (Castellani et al. 2010). Senile plaques are also 
spherical, with a diameter around 50-200 μm, containing an amyloid core and 
are surrounded by dystrophic neurites (Morgan et al. 2004). The temporal and 
spatial connections between these two hallmarks of the disease are not well 
understood. Amyloid plaques appear first in the frontal cortex and then spread 
through the cortical region. NFTs are first seen in the limbic system and from 
there progress to the cortical region (Pimplikar 2009). 
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There are various hypothesis about the cause of AD, including amyloid cascade 
hypothesis (Hardy and Higgins 1992), neuronal cytoskeletal degeneration 
hypothesis (De Ferrari and Inestrosa 2000), cholinergic hypothesis (Bartus et al. 
1982), inflammation (Galimberti et al. 2008), oxidative damage (Reddy et al. 
2009), and mitochondrial dysfunction (Santos et al. 2010). The amyloid cascade 
hypothesis is currently the best defined and most studied conceptual framework 
for AD. However, these hypotheses are not mutually exclusive, for example 
copper in the amyloid plaques may cause oxidative damage which in turn may 
lead to inflammation or to mitochondrial dysfunction. 

 
1.3. Amyloid cascade hypothesis 

 
In 1992 Hardy and Higgins formalized the amyloid cascade hypothesis, which 
states that “deposition of amyloid β protein (AβP), the main component of the 
plaques, is the causative agent of Alzheimer’s pathology and the neurofibrillary 
tangles, cell loss, vascular damage, and dementia follow as a direct result of this 
deposition” (Fig. 1 and Fig. 2) (Hardy and Higgins 1992). This hypothesis has 
also been implemented for other neurodegenerative diseases, for example 
Parkinson’s disease (Santner and Uversky 2010). The amyloid cascade 
hypothesis is supported by several lines of evidence, from divergent areas such 
as genetics, histopathology, and animal models. 
 
Perhaps the strongest evidence for the role of amyloid in AD comes from the 
genetics. To date, 32 different mutations have been identified in the APP gene 
(Galimberti and Scarpini 2012). Most of these mutations are localized at or near 
the cleavage sites that give rise to the Aβ peptide and enhance the production of 
the Aβ peptide or increase the amount of Aβ42 (Suzuki et al. 1994; Scheuner et 
al. 1996; Eckman et al. 1997; Kwok et al. 2003). Those few mutations that are 
within the Aβ peptide are thought to increase the fibrillization propensity of Aβ 
(Wisniewski et al. 1991). 182 mutations in PSEN1 and 13 mutations in PSEN2 
have been described (Galimberti and Scarpini 2012). Mutations in the presenilin 
genes also enhance the processing of APP to form amyloidogenic Aβ (Scheuner 
et al. 1996). Moreover essentially all people with Down syndrome (trisomy 21) 
develop the neuropathological hallmarks of AD after the age of 40 and more 
than half of the people with Down syndrome show clinical evidence of cognitive 
decline (Brugge et al. 1994). It is presumed that this is due to a lifelong 
overexpression of the APP gene on chromosome 21, whereas AD was not 
detected clinically or pathologically in a 78-year-old woman, who had a partial 
trisomy 21, with no extra copy of the APP gene (Prasher et al. 1998). The fourth 
gene, implicated in AD, APOE, codes for a lipid-binding protein that is 
expressed in humans as one of three isoforms, which are encoded by three 
different alleles, APOE ε2, APOE ε3, and APOE ε4. The presence of a single 
APOE ε4 allele is associated with a 2-3 fold increase in the risk, while two 
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copies is associated with a fivefold increase in the risk of getting AD. Each 
inherited APOE ε4 allele lowers the onset of the disease by 6-7 years (Corder et 
al. 1993; Poirier et al. 1993; Kurz et al. 1996). Various roles have been 
suggested for APOE in AD pathogenesis (Kim et al. 2009), including that APOE 
isoforms differentially affect Aβ clearance, which results in an APOE isoform-
dependent pattern of Aβ accumulation in life (Castellano et al. 2011). Therefore 
all currently known genetic risk factors influence the disease risk via an Aβ 
dependent mechanism. 
 

 
 
 
Figure 1. An overview of the amyloid cascade hypothesis in AD, modified from Golde 
(Golde 2003). 
 
Different AD mouse models have been created that develop Aβ plaques and 
show memory deficits. For example in APPswe/PS1d9xYFP transgenic mice it 
was demonstrated that amyloid plaques form quickly and within 1-2 days from 
the plaque appearance, microglia is activated and recruited to the site. 
Progressive neuritic changes ensue, leading to increasingly dysmorphic neuritis 
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over the next days and weeks (Meyer-Luehmann et al. 2008). This shows that 
amyloid plaques are critical mediators of the neuritic pathology. 
 
By definition amyloid plaques are the key components in AD pathology. 
Therefore amyloid accumulation should correlate with the degree of dementia. 
And indeed in one carefully controlled study a correlation between plaque load 
in the entorhinal cortex and cognitive dysfunction was established (Cummings 
and Cotman 1995). However, in general there is a poor correlation between 
plaque load and the degree of dementia (Terry et al. 1991; Braak and Braak 
1998). This may be due to different cognitive reserve levels. It is suggested that 
individuals with greater cognitive reserve exhibit reduced susceptibility to 
dementia. It has been demonstrated that the correlation between amyloid 
deposition and cognitive performance is weaker in subjects with higher 
cognitive reserve (Rentz et al. 2010). 
 
Diffuse amyloid plaques are present also in the brains of many older adults who 
do not have other pathological or clinical evidence of AD. In general it has been 
shown that around 20 % of healthy elderly are amyloid positive (Knopman et al. 
2003; Mintun et al. 2006; Rowe et al. 2007). However, it is possible that they 
would have developed dementia, had they lived longer, and the plaques could 
represent a preclinical stage, that is unaccompanied by sufficient cognitive 
impairment to yield a diagnosis. Moreover it has been demonstrated that these 
plaques in nondemented aging associate with declined cognitive performance 
and therefore it is unlikely that they are benign (Price et al. 2009). 
 
One criticism for the amyloid cascade hypothesis comes from the fact that tangle 
pathology is much better associated with disease severity and NFT formation 
seems to predate plaque formation (Braak et al. 1996; Braak and Braak 1998; 
Giannakopoulos et al. 2003). However in the case of frontotemporal dementia 
with parkinsonism, there is a severe deposition of tau in NFTs in the brain but no 
deposition of amyloid (Hardy et al. 1998). Therefore it is clear that profound 
NFT formation is not sufficient to induce amyloid formation. Moreover, 
transgenic mice overexpressing mutant human APP and mutant human tau 
undergo increased formation of tau-positive tangles (compared with mice 
overexpressing tau alone), whereas the structure and number of amyloid plaques 
remains unaltered (Lewis et al. 2001). It should be noted also that it has been 
shown in humans that Aβ levels increase before tau pathology emerges (Naslund 
et al. 2000). A mechanism, which links amyloid deposition and NFTs has also 
been suggested, which states that Aβ peptides promote pathological tau filament 
assembly in neurons by triggering tau cleavage by caspase which generates a 
proteolytic product with enhanced polymerization kinetics (Gamblin et al. 2003). 
 
There has been a chorus of concern that no cure for AD has been found based on 
the amyloid cascade hypothesis. Over time it has undergone alterations, 
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primarily in the description of the pathogenic forms of the Aβ (Hardy and 
Selkoe 2002; Pimplikar 2009). Probably the most popular variation “the 
oligomeric hypothesis” suggests that the toxic species is not the fibrillar 
aggregate but oligomeric Aβ or some other transient form of the peptide 
aggregates. The second modification, on which my further approach is based on, 
is that the metal ions that are in abundance in the plaques generate oxidative 
stress which causes neurotoxicity (Bush 2003; Huang et al. 2004). 

 
1.4. Amyloid-beta peptide 

 
Aβ is derived from a type-1 membrane protein, the APP, which is expressed in 
various tissues of the organism, both in the periphery and the central nervous 
system (CNS) (Jakob-Roetne and Jacobsen 2009). It has three common 
isoforms, APP695, APP751, and APP770, of which the first is abundant in neuronal 
cells (Selkoe 2001). The function of APP is still elusive and many putative 
functions have been proposed, including that it could be involved in regulating 
metal ion transport and homeostasis (Ciuculescu et al. 2005; Gaggelli et al. 
2006; Muller and Zheng 2012). APP is proteolytically processed by three 
proteases: α-, β-, and γ-secretase (Dillen and Annaert 2006). There are two 
mutually exclusive cleavage pathways for APP processing: the amyloidogenic 
(considered as the pathogenic pathway) and non-amyloidogenic or constitutive 
pathway (Fig. 2). In tissues other than the CNS, the APP cleavage is 
predominantly non-amyloidogenic. But in the CNS, where the expression of β-
secretase is highest, the amyloidogenic pathway also has an important role 
(Jakob-Roetne and Jacobsen 2009). The non-amyloidogenic pathway begins 
with cleavage by the α-secretase, between K687 and L688 (APP770 numbering). 
The amyloidogenic pathway begins with APP cleavage by the β-secretase 
between residues M671 and D672. Both cleavages generate a short C-terminal 
fragment of 83 or 99 amino acids long respectively, which remains anchored in 
the membrane with its transmembrane domain. These C-terminal fragments can 
be further processed by the γ-secretase (which requires four protein components 
for its activity: PS1 or PS2, nicastrin, anterior pharynx defective-1 and presenilin 
enhancer-2) and this cleavage results in the case of the shorter fragment in the p3 
peptides, while the longer C-terminal fragment gives rise to the Aβ peptides. The 
γ-secretase cuts the APP at several different positions and the resulting Aβ 
peptides have different lengths. The dominant species is Aβ40 peptide, which 
normally constitutes 80 to 90 % of all the Aβ peptides. The second major species 
is Aβ42 (5 to 10 %) (Haass and Selkoe 2007; Jakob-Roetne and Jacobsen 2009; 
Detoma et al. 2012).  
 
Aβ is a natural byproduct of APP proteolysis in the brains and cerebrospinal 
fluid (CSF) of normal humans throughout life (Seubert et al. 1992; Shoji et al. 
1992). According to some authors it may even serve a physiological function 
(Zou et al. 2002; Giuffrida et al. 2009). Aβ exists in three fractions in the brain: 
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membrane-linked, aggregated and soluble. The major soluble form of Aβ in the 
blood and CSF is Aβ40 (Seubert et al. 1992; Vigopelfrey et al. 1993). However 
Aβ42, which is less prevalent in biological fluids, is enriched in amyloid plaques 
(Masters et al. 1985). Moreover Aβ42 has a greater tendency to aggregate and 
precipitate as amyloid in vitro (Harper and Lansbury 1997). Therefore it is clear 
that Aβ42 is more amyloidogenic. It cannot be overlooked that the amyloid 
plaques contain various minor isoforms of the Aβ peptides (for example Aβ4-42, 
Aβ1-43, 3-pyroglutamateAβ3-42, etc.) (Portelius et al. 2010). It has been shown 
that these isoforms may be more aggregation prone or more neurotoxic (Pike et 
al. 1995; Portelius et al. 2010), however, their relative importance in the 
pathogenesis of AD is not fully understood. 
 
 

 
 
 
Figure 2. APP proteolytic processing and the cascade of events that leads to dementia. 
Cleavage of APP by α-, β-, and γ-secretases in the amyloidogenic and non-
amyloidogenic pathway are given at the top. The Aβ sequence is shown at the bottom, 
the amino acid residues given in blue form the β-sheet in Aβ fibrils, histidine residues 
are shown in red (Publication V). 
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Figure 3. The structures of different Aβ conformations. (a) α-helix of Aβ (PDB code: 
1Z0Q) (Tomaselli et al. 2006); (b) the structure of Aβ1-16 upon Zn(II) binding (Zirah et 
al. 2006) (PDB code: 1ZE9); (c) structure of Aβ protofilament. The fibril axis is 
indicated by the arrow. The Aβ fibril is composed of a number of protofilaments Atomic 
coordinates were kindly provided by Dr. Robert Tycko. Histidine residues are depicted 
in yellow, tyrosine in green and Zn(II) ion in blue. The Yasara modeling program was 
used for visualization (Krieger et al. 2002). 
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The amyloid fibrils are characterized by their β-sheet structures. In Aβ40 fibrils 
residues 12-24 and 30-40 form parallel β-sheets and these are connected by a 
turn involving residues 25-29 (Petkova et al. 2002). For Aβ42 it has been shown 
that residues 18-26 and 31-42 form the β-strands (Fig. 2 and Fig. 3C) 
(Roychaudhuri et al. 2009). Amyloid fibrils are the end product of a complex 
fibrillization pathway and their formation is preceded both in vitro and in vivo by 
numerous on- or off-pathway intermediates. These can include Aβ dimers, 
oligomers, amyloid-derived diffusible ligands, nuclei and protofibrils (Fig. 5) 
(Fandrich et al. 2011). The structure of Aβ40 and Aβ42 in buffer at 
physiological pH is mainly random coil (Riek et al. 2001; Hou et al. 2004). In 
membrane-mimicking conditions, the conformation is largely α-helical (Fig. 3A) 
(Morgan et al. 2004) which is an approximation of its structure when it is a part 
of the APP molecule.  
 
One of the key questions in amyloid deposition is which Aβ forms are toxic. At 
first it was demonstrated that fibrillar Aβ is neurotoxic (Lorenzo and Yankner 
1994; Fukuda et al. 1999). This was also observed in vivo when fibrillar Aβ was 
injected into mouse brains (Pimplikar 2009). The latest idea is that higher 
soluble aggregates, Aβ oligomers, are the causing pathogenic agents (Walsh and 
Selkoe 2007). Different biochemically distinct oligomeric species have been 
identified and shown to be toxic in vitro and in vivo (Walsh et al. 2002; Ahmed 
et al. 2010; Balducci et al. 2010; Cizas et al. 2010; Freir et al. 2010). Oligomeric 
Aβ has also been isolated from the brains of AD model mice (Lesne et al. 2006) 
and from human AD brains (Shankar et al. 2008). In the latter it was also 
demonstrated that the isolated oligomers inhibited long-term potentiation. How 
these oligomers form in vivo or how they trigger deleterious changes currently 
remains unknown. Moreover, the definition of various oligomers depends 
strongly on the context of their preparation and often they cannot be isolated or 
easily purified (Broersen et al. 2010). It is clear that in high concentrations 
oligomeric species of the Aβ are toxic, however, the spontaneous formation of 
toxic amounts of oligomers in vivo, where the concentration of Aβ is low, is 
highly improbable. What is more, kinetic evidence show, that the minimal 
structure that initiates fibrillization is a dimer (Hellstrand et al. 2009) and the 
growth of individual plaques in animal models is fast (Meyer-Luehmann et al. 
2008), therefore it is likely that fibrillization would out-compete oligomerization 
at low peptide concentrations. It has been suggested, however, that toxic 
oligomers can be a secondary particle, derived from fibrils (Martins et al. 2008). 
The actual toxicity mechanism in the brain may be a result of various Aβ species 
and various other molecules that interact with them. For example, the low 
toxicity of Aβ fibrils in vitro may be due to the fact that they do not contain 
metal ions, therefore they cannot cause oxidative stress. The fibrils in AD brains 
contain metal ions and these could mediate the toxicity in vivo. It has been 
demonstrated that Cu-Aβ aggregates are cytotoxic in the presence of ascorbic 
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acid in concentrations similar to those in the CSF (Meloni et al. 2007; 
Publication II; Chung et al. 2010). 

 
1.5.  Metal ions and Alzheimer’s disease 

 
Metals can be classified as toxicological or biometals based upon whether they 
are detrimental to the organism or they have a functional role. However the 
mismetabolism of any metal ion in the body can lead to disease. In the CNS 
several biometals such as copper, zinc and iron are needed for many enzymatic 
activities, mitochondrial function, neurotransmission, learning, and memory. In 
the healthy brain the metal ion content is stringently regulated and the 
concentration of free metal ions is kept at a very low level. The metal ion 
homeostasis in the brain is regulated by the blood-brain-barrier (BBB) (Tamano 
and Takeda 2011). However with increasing age and/or oxidative stress, the 
BBB becomes compromised so that metal ions are more easily transported into 
and out of the brain (Scott and Orvig 2009; Tamano and Takeda 2011). 
 
Copper is a redox-active metal that can exist either in the oxidized (Cu(II)) or in 
the reduced (Cu(I)) oxidation state. Many enzymes harness the changes in 
copper oxidation state to catalyze redox chemistry for a wide variety of chemical 
transformations that are central to biology. However, when electrochemically 
active copper is not bound to an enzyme as a cofactor, copper ions are able to 
catalyze the production of potentially dangerous reactive oxygen species (ROS) 
through Fenton reaction: 
 

−•+++ ++→+ OHOHMeOHMe )1n(

22

n  
 
or Haber-Weiss reaction:  
 

2
Me

222 OOHOHOHO ++⎯⎯→⎯+ •−−• +

, 

 
where Me2+ is metal ion. 
 
If ROS are not appropriately detoxified, they can react with almost all 
biomolecules in living cells. This results in extensive impairment of cellular 
functions through lipid peroxidation, protein oxidation, and nucleic acid 
cleavage (Halliwell and Gutteridge 1984). The dichotomous nature of copper 
demands that its concentrations in the organism would be under control and it is 
essential that the copper transport is tightly regulated. For this reason, the 
concentration of intracellular free copper is maintained at exceedingly low levels 
(less than 10-18M) (Rae et al. 1999). The normal extracellular copper 
concentration is between 0.2 and 1.7 μM (Smith et al. 2007). The healthy human 
adult brain comprises 2 % of body mass but contains 7.3 % of total copper in the 
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body, which makes it comparable to the liver (about 9 %), which is a central 
organ in copper homeostasis (Gaggelli et al. 2006; Hung et al. 2010). 
Approximately one fifth of the total oxygen is consumed in the brain, what is 
more, it has disproportionately low levels of antioxidant activity. Moreover, in 
the glutamate-ergic synapse, in the cortex and hippocampus, copper ions are 
released into the synaptic cleft. It has been estimated that the concentration of 
Cu(II) in the synaptic cleft may be as high as 15-100 μM (Hartter and Barnea 
1988; Kardos et al. 1989). This makes the brain particularly susceptible to 
oxidative stress. 
 
Zinc is the most abundant trace element in the body after iron and its highest 
content is found in the brain. The average of total brain zinc concentration is 
estimated to be approximately 150 μM (Frederickson et al. 2005). Over 90 % of 
the zinc in the brain is classified as static (tightly bound to enzymes, 
transcription factors, metallothioneins (MT), etc.) (Que et al. 2008). Free Zn(II) 
concentration in the cytosol is in the picomolar range (Frederickson et al. 2005) 
and approximately 500 nM in the brains extracellular fluid (Vasto et al. 2008). 
However, high levels of Zn(II) arise in the hippocampus, the amygdala, and the 
cortex, that contain zinc-ergic synapses, where Zn(II) is concentrated in synaptic 
vesicles, with the assistance of the zinc transporter Zn-T3 (Frederickson and 
Bush 2001). It is estimated that Zn(II) concentration in the synaptic cleft may 
rise up to 300 μM after its release from the vesicles (Assaf and Chung 1984). 
 
Aβ aggregation and toxicity is thought to be connected with metal ions. Since 
the pioneering paper published by Bush et al. in 1994 where zinc was linked to 
amyloid (Bush et al. 1994) the possible links between metal ions and AD have 
been very intensively studied. Dyshomeostasis and imbalance of metal ions is 
seen in the AD brain. Copper, zinc, and iron are found in high concentrations 
(~1 mM) in amyloid plaques (Lovell et al. 1998). Moreover, zinc and copper 
ions are directly coordinated by Aβ (Dong et al. 2003). Iron is predominantly in 
a ferritin bound form in neuritic processes associated with the plaques 
(Grundkeiqbal et al. 1990). A number of studies have shown that iron 
homeostasis is altered in AD, however, it is likely that this is a secondary effect 
(Smith et al. 2007).  
 
In the context of AD-related metal dyshomeostasis, a role is offered to the 
nonphysiological aluminium. In the early papers, aluminium was proposed to be 
the major etiological factor in AD (Crapper et al. 1973; Crapper et al. 1976). 
However, currently aluminium is assumed to be one of possible co-/aggravating 
factors, with no convincing proof so far (Zatta 2006). 
 
The significance of metal ions in amyloid formation has also been demonstrated 
in different animal models. For instance plaque load is reduced by 
approximately 50 % in transgenic mice, who overexpress human APP, when 
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they lack the zinc-transporter ZnT3 that transports Zn(II) into synaptic vesicles 
(Lee et al. 2002). The importance of Cu(II) in plaque formation has been shown 
on another AD model animal, a cholesterol fed rabbit. Trace amounts of Cu(II) 
in their drinking water induce the accumulation of Aβ, the formation of senile 
plaque-like structures, and retardation of the rabbits ability to learn a difficult 
task (Sparks and Schreurs 2003). However, it has also been shown that Cu(II) 
has an advantageous effect. Transgenic mice that overexpress human APP 
carrying the Swedish/London mutation, that were treated with Cu(II) had a 
detectable reduction of amyloid plaques and did not have the premature lethal 
phenotype (Bayer et al. 2003). Recently it was demonstrated in Drosophila, with 
an eye-specific expression of human Aβ42, that dietary supplements of zinc and 
copper enhance cellular damage associated with Aβ42 expression. Positive 
effects were seen with various metal chelators (Hua et al. 2011).  
 
Metal ions can have various roles in AD, they may influence the pathogenesis 
directly and indirectly. They can do the latter by altering APP processing (Duce 
and Bush 2010; Roberts et al. 2012). Metal ions can directly affect the 
pathogenesis by binding to the Aβ peptide and modulating its behavior. 
Moreover redox active metal ions like copper and iron can produce ROS that can 
lead to oxidative stress. Recently it was demonstrated that Cu(II)-Aβ cause the 
formation of axonal swellings, that contain hyperphosphorylated tau via the 
production of free radicals and subsequent efflux of K+ out of neurons (Howells 
et al. 2012). 

 
1.6.  Metal-binding affinity of Aβ 

 
The metal binding affinity of proteins and peptides is an important parameter in 
biology, and the quantitative determination of the binding affinity of Aβ peptides 
helps to assess the significance of metal binding as a potential inducer of 
pathological Aβ aggregation. A binding affinity that is too low may indicate that 
the peptide is not able to bind the metal ion in vivo due to the presence of other 
ligands with stronger affinities. Understanding the thermodynamics and kinetics 
of Cu(II) and Zn(II) binding to Aβ peptides is also crucial for rational drug 
design. 
 
Classically the affinity of a protein/peptide (P) for a metal ion (Me2+) is 
estimated by calculating the dissociation constant KD, referring to the 
equilibrium: 

                    
       

               (1), 
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where, [P] is the peptide/protein concentration, [Me2+] is the metal ion 
concentration and [Me2+P] is the concentration of the peptide/protein complex 
with the metal ion. 

 
The interactions between metal ions and biomolecules are hard to follow directly 
because biological fluids are complex. One alternative strategy is to determine 
the binding constants in vitro and based on this information discuss about the 
possibility of this interaction in vivo. 
 
Various methods can be used to determine the metal binding affinity of the 
peptide/protein: potentiometry, calorimetry, equilibrium dialysis, various mass 
spectrometry (MS) techniques, electron paramagnetic resonance, nuclear 
magnetic resonance (NMR), and different spectroscopic methods, including 
ultraviolet-visible (UV-Vis) spectroscopy, circular dichroism, and fluorescence 
(Faller et al. 2012; Zawisza et al. 2012). All of these methods have different 
advantages and limitations; the choice of method depends on the metal and 
peptide/protein used.  
 
If the affinity is high compared with the sensitivity of the applied method, then 
the measurements should be carried out in the presence of a competing low-
affinity ligand: 
 

  
        (3). 
 
 
In this case the KD is calculated by the following formula: 
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where KD is the buffer independent conditional dissociation constant, KD

app is the 
apparent dissociation constant, [L] is the ligand concentration, KL is the 
dissociation constant of the Me2+L complex, and KL2 is the dissociation constant 
of the Me2+L2 complex. 
 
This increases the apparent dissociation constant value so that it fits the 
detection range of the method. pH buffers (HEPES, Tris, phosphate, etc.) or 
amino acids (Gly, His) have been used for this purpose. However, it should be 
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noted here that phosphate buffer is not suitable for studying the effects of Cu(II) 
and Zn(II) due to the very low solubility of the corresponding phosphates, which 
may precipitate during the experiment and cause artifacts. 
 
When using competing ligands, the presence or absence of ternary complexes 
should also be estimated. When ternary complexes occur and they are not 
accounted for in the model used it leads to a drastic overestimation of the 
binding affinity. In order to rule out the formation of ternary complexes, the 
KD

qpp values should be determined at different competing ligand concentrations 
and the conditional constant should be independent of the ligand concentration. 
Very good examples of how various ligand concentrations are used to determine 
the dissociation constant are given by Professor Bal and colleagues (Rozga et al. 
2009; Rozga et al. 2010). 
 
Fluorescence measurements have several subtypes, one can measure the intrinsic 
fluorescence of the peptide, use covalently linked or extrinsic fluorophores. The 
Aβ molecule contains one tyrosine and no tryptophan (Fig. 2), which makes the 
affinity measurement system relatively simple. When measuring the changes in 
its intrinsic fluorescence the formulas used for dissociation constant calculations 
depend on the metal and peptide concentration. When the apparent dissociation 
constant is relatively high (KD

app > P) a hyperbolic binding isotherm is used:  
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where I0, I, and I∞ are the fluorescence intensities of the peptide sample in the 
absence, presence, and saturation of metal ions. When a physical characteristic, 
for instance intrinsic fluorescence intensity, is measured and the dissociation 
constant is calculated using a binding isotherm it is necessary to demonstrate 
that the parameter measured responds to the binding of the first metal ion.  
 
However, when the KD

app is relatively low and the metal and peptide 
concentrations are in the same range then the following equation is used: 
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The usage of Scatchard plot for KD estimation may be the source of artefacts. 
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An excellent review about the determination of metal-protein affinities and 
possible pitfalls in this process is given by Xiao and Wedd (Xiao and Wedd 
2010) and about various methods for the detection of these affinities by Faller et 
al. (Faller et al. 2012). 

 
1.6.1. The affinity of Aβ for Cu(II) 

 
The reported affinity of Aβ towards Cu(II) varies from attomolar (Atwood et al. 
2000) to micromolar (Garzon-Rodriguez et al. 1999) (Table 1). This is likely to 
be caused by different techniques used for the constant determination and due to 
different experimental conditions. It is important to note that some of the 
variability in the apparent dissociation constant, KD

app, arises from the fact that 
measurements are carried out in the presence of various Cu(II) binding ligands. 
These components can be taken into account and the buffer independent KD 
values can be calculated by using the appropriate correction functions 
(Sokolowska and Bal 2005):  
 

     Cloglog += app
DD KK              (7), 
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where cL is buffer concentration, Ka is the deprotonization constant of the buffer 
and βCuL is the dissociation constant for the Cu(II)-ligand complex (Sokolowska 
and Bal 2005). 
 
Table 1. The dissociation constants of Cu(II)-Aβ complexes from the literature.  
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40 10 mM Tris 
/7.4* 

Tyr-10 
emission 

- 1.6 73 (Garzon-
Rodriguez et 
al. 1999) 42 2.0 91 

40 10 mM Tris 
/7.5* 

Tyr-10 
emission 

- 11 12 (Karr et al. 
2005) 28 28 32 

28 Water/7.8 Tyr-10 
emission 

Gly, 
His 

0.01
-0.1 

10-
100 

(Syme et al. 
2004) 
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40 50 mM PBS 
/7.4* 

Tyr-10 
emission 

- 8 120 (Raman et al. 
2005) 

28 10 mM HEPES 
/7.2 

Tyr-10 
emission 

- 2.5 77 (Danielsson 
et al. 2007) 

40 10 mM Tris 
/7.4* 

Tyr-10 
emission  
 

- 
 

0.47 37  (Publication 
I) 
 20 mM Tris 

/7.4* 
1.21 35 

50 mM Tris 
/7.4* 

3.82 24 

100 mM Tris 
/7.4* 

30.1 54 

20 mM HEPES 
/7.4* 

0.57 36 

50 mM HEPES 
/7.4* 

0.90 24 

100 mM HEPES 
/7.4* 

2.5 34 

42 20 mM HEPES 
/7.4* 

0.76 48 

40 20-100 mM 
HEPES /7.4 

Tyr-10 
emission 

- - 57 (Rozga et al. 
2010) 

40 20 mM HEPES 
/7.2 

ITC Gly - 0.091 (Hatcher et 
al. 2008) 

20 mM HEPES 
/7.4 

0.042 

20 mM 
Pipes/7.2 

0.011 

16 20 mM HEPES 
/7.2 

0.067  

20 mM HEPES 
/7.4 

0.034 

20 mM 
Pipes/7.2 

0.033  

16 20 mM ACES 
/7.4* 

ITC ACES - 0.909  (Sacco et al. 
2012) 

50 mM ACES 
/7.4* 

0.961  

100 mM ACES 
/7.4* 

0.943 

28 20 mM ACES 
/7.4* 

1.72 
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28 100 mM KNO3 Potentio-
metry 

- - 
 

0.024 (Kowalik-
Jankowska et 
al. 2003) 16 0.208 

16 200 mM KCl Potentio-
metry 

- - 0.120 (Damante et 
al. 2008) 

* physiological saline  
 
In 2008 we found that the KD for the Cu(II)-Aβ complex is 35 ± 10 nM 
(Publication I). This value was confirmed by Rozga et al. in 2010, who found the 
KD = 57 nM under slightly different conditions (Rozga et al. 2010). Since then 
two alternative affinity estimates have been determined. One in the range of 
0.01-1 nM (Hatcher et al. 2008; Sarell et al. 2009; Xiao and Wedd 2010) and the 
other 30-60 nM (Publication I; Rozga et al. 2009; Rozga and Bal 2010; Rozga et 
al. 2010). In general it is seen that the tyrosine method gives lower values than 
potentiometry and calorimetry. This difference can be a result of an 
overestimation of the affinity in potentiometric and calorimetric measurements 
due to ternary complex formations of Cu(II) with various components that was 
left unaccounted for in the model used for the constant calculation. Moreover 
potentiometry and calorimetry are done at higher peptide concentrations where 
Aβ tends to aggregate while tyrosine fluorescence measurements are carried out 
at lower peptide concentrations (Fig. 4). It has been hypothesized that these 
higher affinities that are obtained at higher peptide concentrations represent 
dimeric/oligomeric complexes (Zawisza et al. 2012).  
 
Several different coordination modes have been proposed for the Cu(II)-Aβ 
complex. Most likely the complex has a dynamic structure with a mixture of 
different ligands, in which the three histidine residues are likely to be included 
(Faller and Hureau 2009; Publication V). Cu(II) forms a 1:1 complex with Aβ 
(Karr et al. 2005; Jiang et al. 2007), at higher Cu concentrations a second ion 
binding has also been observed (Ali et al. 2006), however, due to a low binding 
affinity it is not biologically relevant. 
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Figure 4. The log-log relationship between Aβ peptide concentrations and reported KD 
values for Cu(II) binding, according to various experimental methodologies. Boxes 
represent the ranges of concentrations and dissociation constants for all peptides. Based 
on Zawisza et al. (Zawisza et al. 2012).  
 
In summary it can be concluded that the dissociation constant for the monomeric 
Cu(II)-Aβ complex at pH 7.4 is around 30-60 nM. Professor Bal and colleagues 
speculated that the affinity in the synaptic cleft could be closer to the higher 
reported affinity values due to peptide oligomerization and ternary complex 
formation in the cleft (Zawisza et al. 2012). Nevertheless, it is clear that the 
Cu(II) binding affinity of Aβ is in a biologically relevant range, Aβ can bind 
Cu(II) in all forms (monomer, fibril and nonfibrillar aggregates, whereas the 
affinity of aggregates is considerably higher), but under the equilibrium 
conditions it cannot compete with strong Cu(II) chelators, such as MT and 
human serum albumin. 

 
1.6.2. The affinity of Aβ for Zn(II) 

 
The reported KD values for Zn(II)-Aβ complex vary between 1 and 300 μM 
(Table 2). Lower affinity values are found from metal-induced changes in 
tyrosine fluorescence (Clements et al. 1996; Garzon-Rodriguez et al. 1999; 
Publication I) other method give values in the range of 1-5/20 μM (Clements et 
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al. 1996; Danielsson et al. 2007; Talmard et al. 2007). In 2008 we estimated that 
the dissociation constant for the Zn(II)-Aβ complex is approximately 60 μM by 
using tyrosine fluorescence. In order to see if the Zn(II)-Aβ complex changes 
with time we used a competing ligand, Zincon. It was demonstrated that the 
initial low affinity Zn(II)-Aβ complex transformed into a high-affinity complex, 
with a KD ~ 2 μM in 30 minutes (Publication I). Our results demonstrated for the 
first time that the change in zinc-binding affinity of Aβ in time occurs 
concomitantly with zinc-induced Aβ aggregation. Comparing different methods 
that have been used for affinity measurements it can be seen that radioligand 
binding, NMR and metal displacement experiments, where higher affinities were 
detected are all characterized by longer incubation times as compared with 
measurements of the intrinsic fluorescence of Aβ.  
 
High-resolution NMR studies show that in a 1:1 Zn(II)-Aβ complex Zn(II) is 
coordinated by Asp1, His6, His13 and His14 (Danielsson et al. 2007). Glu11 has 
also been shown to contribute energetically to the Zn(II) binding (Fig. 3B) 
(Zirah et al. 2006; Tsvetkov et al. 2010). The residues 6-14 have been identified 
as a minimal Zn(II) binding site in Aβ (Tsvetkov et al. 2010). 
 
Table 2. The dissociation constants of Zn(II)-Aβ complexes from the literature. 
 
Aβ 
peptide 

Buffer/pH Method KD
app 

(μM) 
Ref. 

40 10 mM Tris/7.4* Tyr-10 
fluorescence 

300 (Garzon-
Rodriguez et al. 
1999) 

42 57 

16 20 mM Tris/7.4* ITC 22 (Talmard et al. 
2007) 28 10 

40 7 
16 20 mM HEPES/7.4* Zincon 

competition 
14 

28 12 
40 7 
42 7 
28 10 mM HEPES/7.2 Tyr-10 

fluorescence, 
Cu(II) 
competition 

6.6 (Danielsson et al. 
2007) 
 
 

10 mM Na 
phosphate/6.5 

3.2 

10 mM Na 
phosphate/7.2 

1.1 

40 10 mM Na 
phosphate/7.2 

NMR, Cu(II) 
competition 

1,2 
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* physiological saline 
 
Therefore it can summarized that the Zn(II) complex with full-length Aβ cannot 
be characterized by a single dissociation constant. And it can be hypothesized 
that the Zn (II) binding affinity of Aβ monomer is close to 100 μM which 
increases to 1-5 μM upon aggregation. This idea that the affinity increases upon 
aggregation is by now generally accepted (Faller and Hureau 2009; Zawisza et 
al. 2012). Considering the KD values it can be concluded that Aβ can directly 
bind available Zn(II) in certain brain areas which contain zinc-ergic neurons. 

 
1.7. Aβ aggregation 
 

Fibrillization is a process where polypeptides go from their normal fold into a 
predominantly β-sheet secondary structure which leads to the formation of large, 
regular fibrillar structures. In general the fibril growth exhibits a typical 
sigmoidal curve. Numerous different models exist that describe the fibrillization 
process (Morris et al. 2009). The widest accepted model for fibril growth is the 
nucleation-elongation model that is composed of three phases: a nucleation 
phase also called a lag phase, a growth phase, and a stationary phase (Fig. 5). 
The rate limiting step is the formation of fibrillization nuclei or “seeds” through 
the self-association of monomers into oligomeric species during the nucleation 
phase (Harrison et al. 2007). The structure and the thermodynamics of the 
formulation of seeds remains elusive, however, there is a consensus that these 
particles are rich in β-sheet secondary structure elements, which form a template 
for the interaction with incoming peptides through an interchain hydrogen 
bonding network. A recent kinetic study has revealed that, in the case of Aβ, the 
critical nuclei may consist of only two peptide molecules (Hellstrand et al. 
2009). The nucleation phase is followed by the rapid growth of fibrils through 
the addition of monomers to preexisting fibrils. Analysis of the kinetics of the 
self assembly of filamentous structures demonstrates that amyloid growth can 
often be dominated by secondary rather than primary nucleation events, for 
instance fragmentation of early fibrils (Knowles et al. 2009). Fibril growth is 

40 10 mM Tris/7.4* Tyr-10 
fluorescence 

60 (Publication I) 
 100 mM Tris/7.4* 184 

20 mM HEPES/7.4* 65 
42 20 mM HEPES/7.4* 91 
40 10 mM Tris/7.4 65Zn2+ 

displacement 
3.2 (Clements et al. 

1996) 10 mM HEPES/7.4 3.2 
40 20 mM Tris/7.4 65Zn2+ 

displacement 
5.2 (Bush et al. 1994) 

16 50 mM Tris/7.3 ITC 56 (Tsvetkov et al. 
2010) 
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followed by maturation (bundling and formation of interfibrillar stabilizing 
interactions) and finally a steady state when the aggregates and monomers 
appear to be in equilibrium (Harrison et al. 2007).  
 

 
 
Figure 5. The fibrillization curve. Fibrillization is divided into three phases: nucleation 
phase were monomers, nuclei and early protofibrils occur; elongation phase, were 
monomers are added to protofibrils and fibrils; and finally a stationary phase. Various 
off- and on-pathway intermediates could possibly occur, including various oligomers, 
and amyloid-derived diffusible ligands.  
 
In order to analyze the fibril formation process kinetically, it is important to have 
a well characterized peptide/protein preparation and an appropriate monitoring 
technique. Several different techniques have been used to track the fibrillization, 
including observing the increased fluorescence of amyloid sensitive dyes (for 
example Thioflavin T (ThT)), the amount of aggregates is seen by various light 
scattering and turbidity methods as well as different MS methods (including 
matrix-assisted laser desorption/ionization (MALDI)), different aggregates can 
be appreciated by size exclusion chromatography, increased β-sheet secondary 
structure measured by circular dichroism spectroscopy and Fourier transform 
infrared spectroscopy, decreased molecular tumbling measured by intrinsic 
fluorescence anisotropy, or time-lapsed observation of the peptide morphology 
by atomic force microscopy, morphology of the aggregates can be viewed also 
by transmission electron microscopy (TEM) (Lomakin et al. 1996; Atwood et al. 
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1998; Johansson et al. 2006; Lee et al. 2007; Lin et al. 2008; Wahlstrom et al. 
2008; Fodera et al. 2009; Publication II; Publication III; Publication IV).  
 
One of the most widely used techniques is ThT fluorescence. The benzothiazole 
dye fluoresces in the presence of fibrils. It is believed that ThT interacts 
relatively specifically and rapidly with amyloid fibrils, and the binding is 
independent of the primary structure of the protein. Only multimeric fibrillar 
forms, not multiple domains in native proteins fluoresce with ThT (Levine 
1995). A drawback for the ThT method is that various components may interfere 
with ThT binding and fluorescence (Publication IV; Hudson et al. 2009), 
therefore it is necessary to validate that the observed inhibition is not due to 
suppression of the binding of ThT to the fibrils or its fluorescence. For instance, 
we demonstrated that the disappearance of monomers in MALDI spectrum is 
parallel to fibril formation determined by ThT fluorescence intensity 
(Publication IV). 
 
Different experimental setups are used with the ThT method. One option is in 
situ real-time ThT assay, where fibrillization is carried out in the presence of 
ThT (Publication II; Bourhim et al. 2007). Then it is important to first establish 
that the ThT concentrations used do not interfere with the fibrillization process. 
We have demonstrated that ThT concentrations of up to 15 μM did not affect the 
fibrillization kinetics. Moreover, similar fibrillization curves were observed 
when ThT was added at different time points (Publication III). The other option 
is to use a discontinuous setup, where aliquots from the aggregation mixture are 
pipetted into a ThT solution for measurements (Holm et al. 2007; Rangachari et 
al. 2007). However this is material and time consuming, especially when 
considering that the fibrillization of defibrillated peptide samples tends to take 
days if not weeks (Isaacs et al. 2006; Siegel et al. 2007). 
 
Fibrillization of peptides and proteins is relatively difficult to study due to poor 
reproducibility. Moreover it has been suggested that fibrillization is a stochastic 
process (Hortschansky et al. 2005; Friedrich et al. 2010) which makes the study 
almost impossible. This suggestion may be correct for the initial stage of the 
fibrillization processes under quiescent conditions with defibrillated peptides. 
However if seed is added to the reaction mixture or it is continuously agitated it 
speeds up the aggregation and increases the reproducibility of the aggregation 
process (Lee et al. 2007; Hellstrand et al. 2009; Publication II; Publication III; 
Publication IV). 
 
It should be mentioned here, that in the earlier studies 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) pretreatment was not used to disassemble preformed aggregates 
(Stine et al. 2003) which lead to significant variations in the degree of 
aggregation in the initial solution which results in experimental irreproducibility. 
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This problem can be overcome with pretreatment of the Aβ peptide with HFIP in 
order to get a defibrillized peptide (Publication III; Stine et al. 2003). 
 
Various formulas are used to fit the aggregation data and asses the effect of 
different compounds on parameters that describe the aggregation process. One 
example is the Boltzmann equation: 
 

2
12 AAA +

+
−= ×− ktt 0 )(e1

y  (9), 

 
where A1 is the initial fluorescence level, A2 is the maximum fluorescence, t0 is 
the time when fluorescence has reached half maximum, and k is the rate constant 
of the fibril elongation. This equation allows to determine two parameters that 
describe the fibrillization kinetics – the rate constant (k) characterizing the fibril 
growth and the lag time (lag) characterizing the nucleation. The latter is 
calculated by the following equation: 
 

     
k

tlag 0

2−=                     (10).  

 
1.7.1. Metals and Aβ aggregation 

 
The Aβ aggregation and fibrillization are crucial aspects in the development of 
AD. Studies of the fibrillization kinetics in the presence of metal ions helps to 
understand the role of endogenous metal ions and metal chelating agents in 
amyloid plaque formation in the brain.  
 
Based on the belief that metal ions play a role in AD pathology a therapeutic 
strategy has been developed, called “metal chelation therapy” (Cherny et al. 
2001; Bush and Tanzi 2008). This approach relies on the assumption that metal 
ions, especially Cu(II) and Zn(II) cause Aβ aggregation and hopes that the 
removal of these metal ions from amyloid plaques by metal chelators should 
solubilize the plaques. To date, several metal chelators have been used in the 
metal chelation therapy for AD. Desferrioxamine (DFO) was the first compound 
used to treat metal overload in the CNS and to dissolve amyloid aggregates 
(Budimir 2011). It significantly reduced the behavioral and cognitive declines in 
AD patients (Mclachlan et al. 1991). DFO is still used against aluminium and 
iron overloading but is no longer being pursued clinically for AD (Hegde et al. 
2009). At the same time, different 8-hydroxyquinoline analogues (VK-28, HLA-
20 and MA-30) have shown great potential in the treatment of several 
neurodegenerative diseases (Budimir 2011). Of these clioquinol (5-chloro-7-
iodo-8-hydroxyquinoline, CQ) reached phase II clinical trials, where it lowered 
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the plasma Aβ42 levels, but had no cognitive effect in patients with mild AD and 
a cognitive benefit but no change in plasma Aβ42 levels in patients with severe 
disease (Ritchie et al. 2003). However, the long-term use of CQ is limited by 
different adverse side-effects and it has been withdrawn from human 
experimentation (Baran 2010). CQ related compound PBT2 has completed 
phase IIa trial in AD patients where it reduced Aβ42 concentrations in the CSF 
compared with patients on placebo (Lannfelt et al. 2008). Both CQ and PBT2 
are effective in AD mouse models (Cherny et al. 2001; Adlard et al. 2008). 
However, the effect of these two chelators may be more complex than initially 
proposed (White et al. 2006; Crouch et al. 2009) and further investigations as 
well as larger clinical trials are needed to draw conclusions about the effects of 
“metal chelation therapy”. 
 
The influence of zinc and copper ions on the aggregation of Aβ peptides has 
been intensively studied over the last decade, nevertheless, the results are 
contradictory about the nature and even the direction of the effects. In first 
studies it was reported that metal ions enhance Aβ fibrillization rate and metal 
chelators reversed the effect of metal ions (Bush et al. 1994; Esler et al. 1996; 
Cherny et al. 1999). However later it has also been demonstrated that metal ions 
enhance the formation of fibrillar structures (Ricchelli et al. 2005). In addition 
complex effects have also been observed (Klug et al. 2003) or no influence at all 
(Mancino et al. 2009).  
 
These inconsistencies may be due to the fact that in earlier studies it was 
demonstrated that aggregation occurs but the nature of the aggregates was not 
determined. By now it has been shown that the metal induced aggregates are 
mainly non-fibrillar (Opazo et al. 2002; Raman et al. 2005; Ha et al. 2007; Chen 
et al. 2011). However, this does not eliminate the inconsistencies completely as 
both enhancement of fibril formations (Sarell et al. 2010) as well as inhibition of 
fibrillization has been observed (Publication II). 
 
Moreover the fibrillization process consists of two different processes: 
nucleation and fibril elongation (Fig. 5). Therefore the effect of the metal ion on 
the fibrillization may depend on the experimental setup. If the fibrillization 
process is slow, in quiescent conditions due to little secondary nucleation, the 
added metal ions cause the peptide to assemble into metal-induced aggregates. 
These aggregates are not dead-end products of the aggregation pathway, they 
can evolve to Aβ fibrils. It has been demonstrated that at first nonfibrillar 
aggregates are seen in Aβ42 samples with added Cu(II) and Zn(II) ions, but if 
these samples are incubated for one week fibrillar aggregates are seen in TEM 
images (Publication II). At the same time it has been demonstrated that this fibril 
formation does not take more than 24 h (Mancino et al. 2009) and the fibrils that 
formed contained the appropriate metal ion (Chung et al. 2010). Therefore under 
these conditions metal ions enhance fibril formation. Indeed it has been reported 
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recently that substoichiometric concentrations of Cu(II) significantly accelerate 
Aβ fibrillization in conditions where fibrillization in the absence of metal ions is 
slow (lag period 70-100 h), however, at higher concentrations both Cu(II) and 
Zn(II) inhibited fibrillization and caused the formation of nonfibrillar aggregates 
(Sarell et al. 2010). In conditions where the fibrillization is fast (e.g., in the 
presence of pre-formed seeds and/or agitation (Publication II; Publication IV), 
metal ions cause fibrillization inhibition by lowering the free peptide 
concentration due to the formation of the Me(II)-Aβ complex. This inhibitory 
effect is reversible via the addition of metal chelators (Publication II; Publication 
IV). In in vivo conditions, where Aβ concentration is in the nanomolar range 
(Sjogren et al. 2001), the fibrillization of the Aβ peptide is an unlikely process. 
However, metal ions may enhance Aβ aggregation into metal-induced non-
fibrillar aggregates. If these metal ions are not removed by natural metal-
buffering proteins (for example MT), these aggregates could eventually 
transform into fibrillar seeds and subsequently into fibrils (Publication II). In AD 
the levels of the brain-specific Zn(II) binding protein MT-3 are 10 fold lower 
than in healthy persons (Yu et al. 2001). This in turn lowers the zinc buffering 
capacity which in turn can increase the availability of Zn(II) to Aβ. In the light 
of the metal chelation therapy, it is clear, that metal chelators may have a 
protective role prior to amyloid formation. However after amyloid formation 
their potential may be limited as chelators are not able to dissolve fibrillar Aβ.  
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2. AIMS OF THE STUDY 

 
The aim of this study was to investigate the interactions of Zn(II) and Cu(II) ions 
with Aβ peptides since these interactions may have pivotal role in the molecular 
mechanism of AD. Based on the analysis of literature carried out before starting 
the study, the aims of the experimental work were: 

1) To measure the KD values for the Zn(II)-Aβ and Cu(II)-Aβ complexes; 
2) To determine the effect of metal ions and their chelators on the Aβ 

aggregation and fibrillization; 
3) Based on the estimated thermodynamic and kinetic parameters to design 

a schematic model describing the effects of metal ions and their 
chelation on plaque formation and AD pathogenesis. 
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3. MATERIALS AND METHODS 

 
Publication I 
 
 Fluorescence spectrometric measurements 
 Dissociation constant calculations 
 MALDI MS measurements 
 UV-VIS spectroscopy measurements 
 

Publication II 
 
 Aβ fibrillization monitoring by ThT fluorescence 
 Parameter calculations 
 TEM visualizations 

 
Publication III 
 
 Aβ fibrillization monitoring by ThT fluorescence 
 Parameter calculations 
 TEM visualizations 

 
Publication IV 
 
 Aβ fibrillization monitoring by ThT fluorescence 
 Parameter calculations 
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4.  RESULTS 

 
Publication I 
 
 It was established by fluorimetric titration in the presence of different 

concentrations of HEPES buffer as a weak copper-chelating compound 
that Aβ forms a 1:1 complex with Cu(II), with a conditional KD equal to 
35 nM. 

 It was shown, by using a competing fluorescent dye Phen Green, that Aβ 
does not form any extra high affinity complex with Cu(II) that are 
invisible in Tyr fluorescence titration. 

 It was shown that Aβ initially forms a low affinity (KD = 60 μM) 
complex with Zn(II) which is transformed into a high-affinity complex, 
with an estimated KD ~ 2μM. 

 
Publication II 
 
 Zn(II) and Cu(II) exhibited an inhibitory effect on the fibrillization of 

the Aβ peptide. 
 Metal chelators reversed the effects on the metal ions. 
 The inhibitory effect of Zn(II) (IC50 = 1.79 μM) was found to be three 

times stronger than that of Cu(II) (IC50 = 4.9 μM). 
 It was demonstrated that metal ions induced the formation of amorphous 

aggregates and that these aggregates were transformed into fibrils during 
incubation. 

 It was demonstrated that His13 and His14 but not His6 contribute to the 
metal-induced inhibition of Aβ fibrillization but none of the His residues 
were essential to the process. 

 It was demonstrated that copper-induced Aβ aggregates are toxic to 
neurons only in the presence of the reducing agent ascorbate. 

 Zn induced aggregates were not neurotoxic either in the presence or 
absence of ascorbate. 

 Based on the effects of metal ions and metal chelators a model of 
fibrilliogenesis was suggested. 

 
Publication III 
 
 A fast and reproducible method for monitoring of Aβ fibrillization was 

established. 
 It was shown that mixing enhances fibrillization rate. 
 It was established that up to 15 μM concentration of ThT does not affect 

fibrillization.  
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 It was demonstrated that the fibrillization rate was independent of the 
pH range from 7-9, but started to decrease below 7. 

 It was shown that fibrillization rate constant k was independent of the 
peptide concentration from 2 to 10 μM. 

  
Publication IV 
 
 The MALDI-TOF MS fibrillization assay was validated by parallel 

monitoring of the Aβ fibrillization by ThT assay. 
 The effect of various compounds on Aβ fibrillization was demonstrated. 
 It was shown that several compounds interfere with ThT emission in the 

ThT based fibrillization assay. 
 
Publication V 
 
 The literature about the Aβ complex formation with Cu(II) and Zn(II) 

and also the effect of these metal ions on the aggregation was analyzed 
in detail and critically reviewed. 

 The mechanism of Aβ fibrillization in vitro in the presence of metal ions 
was further elaborated (Fig. 6). 
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5. DISCUSSION 

 
The dissociations constant values for the Cu(II)-Aβ and Zn(II)-Aβ complex 
formation determined in this study are both in a biologically relevant range. This 
means that direct interactions of Zn(II) and Cu(II) with Aβ peptides may occur 
in certain brain areas and these metal ions may play a role in the 
pathophysiology of AD via interactions with Aβ. Since the affinity is not too 
high, the dyshomeostasis of metal ions in AD brain may shift the association 
equilibrium to the formation of the complex.  
 
The metal ion and protein association is mediated by electrostatic and 
coordinative interactions between the metal cation and specific protein residues. 
However, Aβ is not a metal chaperone or a metal binding protein possessing a 
certain preformed metal binding site and therefore different coexisting metal ion 
coordination modes are possible. The coordination environment for Cu(II) and 
Zn(II) in the complex with Aβ has been studied using various methods. It is 
generally accepted that zinc ions form a 1:1 (Clements et al. 1996) complex with 
the N-terminal part of the Aβ peptide, where the Zn(II) is coordinated mainly by 
the three His residues (Fig. 3B) (Danielsson et al. 2007; Gaggelli et al. 2008). 
Smaller peptide fragments without His6 or His14 show 2:1 binding 
stoichiometry and dimerization of the peptide upon Zn(II) binding (Tsvetkov et 
al. 2010). Longer peptides tend to form insoluble aggregates in the presence of 
Zn(II). This suggest that the Zn(II) binding to full-length Aβ has a dynamic 
nature where different forms of Zn(II)-Aβ complexes with comparable 
dissociation constants may co-exist. In some of these complexes the His residues 
that coordinate the metal ion originate from different Aβ molecules which may 
induce aggregation of the peptide (Miura et al. 2000; Syme and Viles 2006; 
Minicozzi et al. 2008; Miller et al. 2010).  
 
Cu(II) forms a more stable soluble 1:1 complex with Aβ than Zn(II) (Karr et al. 
2005; Jiang et al. 2007), characterized by a conditional KD equal to 35 nM 
(Publication I). At higher Cu(II) concentrations a second ion binding has also 
been observed (Ali et al. 2006) but this process is not physiologically relevant 
due to low affinity. Several different coordination modes have been proposed for 
the Cu(II)-Aβ complex. Most likely the soluble Cu(II)-Aβ complex has a 
dynamic structure existing as a mixture of species with different ligands (Faller 
and Hureau 2009; Publication V). At lower pH Cu(II) is coordinated by two His 
and Asp1 whereas at higher pH the complex is pleiomorphic with all three His 
residues and main chain nitrogen atoms of Asp1 and Ala2 involved (Shin and 
Saxena 2008; Drew et al. 2009; Hureau et al. 2009). However, if we take into 
account that the complex structure is determined at higher Aβ concentrations, 
where the dissociation constant values determined show increased affinity, it is 
possible that the Cu(II) is coordinated by ligands from more than one Aβ 
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molecule simultaneously. This process should also enhance peptide assembly 
into aggregates. 
 
At neutral pH values Cu(II) and Zn(II) ions compete for the same binding site on 
the Aβ peptide. However, at lower pH values Zn(II) seems to lack residue 
specific ligands, while Cu(II) keeps its specificity (Ghalebani et al. 2012). This 
led the authors to the conclusion that Zn(II) may have a protective role under 
non-acidic conditions. 
 

 
 
Figure 6. Fibrillization of Aβ peptide in vitro in the presence of metal ions. In the 
presence of fibrillar nucleus the fibril growth through monomer addition is ‘‘fast’’ (half-
life less than one hour). Added metal ions form monomeric complexes with Aβ that 
precipitate in a non-fibrillar form and also bind to growing fibril ends, thus inhibiting the 
fast fibrillization process and turning it into a ‘‘slow’’ process that takes a few days. The 
formation of fibrillar seeds is referred to as ‘‘very slow’’ (it can take several weeks under 
quiescent conditions). In the absence of seeds the binding of metal ions to Aβ leads to 
‘‘slow’’ formation of fibrils, thus increasing the fibrillization rate. Binding of metal ions 
to fibrils is only partially reversible, the metal ions are ‘‘trapped’’ within matured fibrils 
(Publication V). 
 
An important aspect to consider related to Aβ metal ion interactions is the 
affinity of Aβ towards metal ions in different oligomeric and aggregated states. 
Metal ions cause the peptide assembly into aggregates. It has been shown that 
these aggregates have a stronger affinity towards Zn(II) than the initial Aβ 
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monomer (Publication II). A similar conclusion has also been made for Cu(II) 
from the increase of the apparent affinity at higher peptide concentrations 
(Zawisza et al. 2012). However, the stability of metal ions bound to fibrils or 
inside the amyloid plaques may be considerably higher than can be estimated 
from the affinity since the metal ions may become kinetically trapped inside the 
aggregates during the aggregation process so that they can no longer be 
sequestered by different metal chelators.  
 
Based on the fibrillization experiments and analysis of published results we 
proposed a model for the fibrillization of the Aβ peptide in the presence of metal 
ions (Fig. 6). In in vitro conditions where the fibrillization is fast (due to 
agitation or addition of seeds) the metal ions inhibit fibril growth by lowering 
the concentration of the free peptide. Surprisingly, Zn(II) that has lower affinity 
for Aβ than Cu(II) is a stronger fibrillization inhibitor (Publication II). This may 
be caused by the fast formation of Zn(II)-Aβ aggregates or by the binding of the 
Zn(II) to the growing end of the fibril observed recently (Innocenti et al. 2010). 
Both Zn(II) and Cu(II) induce Aβ aggregation to nonfibrillar aggregates. It is 
important to notice that the metal-induced aggregates are capable of 
transforming into Aβ fibrils within days and the metal ions can become 
kinetically trapped within these fibrils. The inhibiting effect of the metal ions on 
the fibrillization can be suppressed at least partially by the addition of metal 
chelators (Publication II), which indicates that metal chelators can dissolve 
metal-induced Aβ aggregates and release Aβ monomers into solution, where 
they can participate in fibrillization. It is not excluded that in vivo the metal ions 
can enhance fibril formation through the formation of metal-induced aggregates 
that evolve into fibrils. In the contexts of the metal chelation therapy it is clear 
that chelators may have a preventive role against metal-induced aggregates and 
concomitant fibril formation prior to amyloid deposition. After the formation of 
amyloid plaques, chelators can have only a limited effect, or they can even 
accelerate plaque formation because they can dissolve metal-induced Aβ 
aggregates but they cannot not stop Aβ fibrillization and dissolve Aβ fibrils.  
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CONCLUSIONS 

 
• It was established that the affinity of Aβ peptide for Zn(II) and Cu(II) is 

in a biologically relevant range, so that it is probable that these 
molecules interact in vivo. 

 
• It was shown that the metal ions Zn(II) and Cu(II) exert inhibitory effect 

on fibrillization of Aβ due to formation of metal-induced aggregates and 
metal chelators are able to eliminate this inhibitory effect.  

 
• It was demonstrated that metal-induced aggregates are amorphous and 

that during incubation these aggregates are transformed into amyloid 
fibrils.  

 
• It was suggested that in vivo metal ions could induce seed-independent 

fibrillization of Aβ by formation of metal-induced aggregates that 
transform into amyloid fibrils. 
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SUMMARY  

 
Alzheimer’s disease (AD) is a progressive brain disorder that is the most 
prevalent cause of dementia in the elderly population and the third leading cause 
of death in developed countries. The molecular events that trigger 
neurodegeneration in AD, the likelihood of which rises fast with aging, is not 
completely understood. This makes it more difficult to find a cure for the 
disease. There is increasing evidence showing that the triggers of this cascade of 
events are the amyloid- β (Aβ) peptides that make up the amyloid deposits 
characteristic to the disease. In addition to the fibrillar forms of the peptides 
these deposits contain in high levels biometals copper, zinc, and iron. It has been 
established out of these three at least Zn(II) and Cu(II) interact with the Aβ 
peptides with considerable affinity and affect their fibrillization and toxicity on 
neurons. 
 
The complex formation of full-length Aβ40 peptide with Cu(II) and Zn(II) ions 
was studied. It was found that Cu(II) forms a stable, reversible complex with Aβ 
and for the first time, the buffer independent dissociation constant value for this 
interaction was determined. The KD

app value equal to 35 nM at pH 7.4 suggest 
that this interaction occur at physiologically relevant Cu(II) concentrations in the 
brain. The interaction of Aβ with Zn(II) is more complex. Aβ40 monomers and 
Zn(II) are forming an initial complex with the KD

app value of 63 μM that 
transforms into a tighter complex with affinity close to 2μM within 30 minutes. 
The reasons for a huge variation of the affinity constants of these complexes in 
literature are discussed. 
 
A new approach for Aβ aggregation monitoring was established and used for the 
studies of the effects of Zn(II) and Cu(II) on the Aβ aggregation. This approach 
was also used to validate a high-throughput screening assay for the search of 
inhibitors of Aβ aggregation based on MALDI MS. It was shown that the effects 
of metal ions on Aβ aggregation depend on the aggregation conditions. In 
conditions where the aggregation is fast metal ions inhibit fibrillization in a 
concentration dependent manner by lowering the concentration of free peptide. 
However, under the conditions where aggregation is slow, metal ions enhance 
fibrillization by causing the formation of metal-induced aggregates which 
trasnform into amyloid fibrils. These results suggest that the metal induced 
aggregates may fom in the synaptic cleft which in turn migth spontaneously be 
transformed into amyloid fibrils.  
 
To sum up it can be concluded that the interactions of the Aβ peptide with Zn(II) 
and Cu(II) ions was extensively studied and the results indicate that these metal 
ions may play an important role in the pathophysiology of AD. 
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KOKKUVÕTE 

 
Alzheimeri tõbi (AD) on aeglaselt süvenev neurodegeneratiivne haigus, mis on 
peamine nõdrameelsuse põhjus eakate hulgas ja sageduselt kolmas surma põhjus 
arenenud maades. Molekulaarsel tasemel toimuvad sündmused, mis AD korral 
vallandavad neurodegeneratsiooni, ei ole veel lõplikult selged, kuid nende 
toimumise tõenäosus suureneb kiiresti inimese vanuse kasvades. Teadmatus 
haigust otseselt käivitavate tegurite osas raskendab oluliselt AD ravimite 
väljatöötamist. Viimastel aastakümnetel tehtud uurimused näitavad valdavalt, et 
neuronite suremiseni viiva kaskaadi esmaseks vallandajaks on amüloid-β (Aβ) 
peptiidid, mis moodustavad ajus haigusele iseloomulikke amüloidi deposiite. 
Lisaks fibrillaarses vormis peptiidile sisaldavad nood moodustised kõrgenenud 
kontsentratsioonides kõige levinumaid biometalle – vaske, tsinki ja rauda. On 
kindaks tehtud, et nendest metallioonidest vähemalt Zn(II) ja Cu(II) 
interakteeruvad Aβ peptiididega arvestatava afiinsusega ja mõjutavad nende 
fibrillisatsiooni ning toksilisust närvirakkudele. 
 
Käesolevas töös näidati, et Cu(II) moodustab stabiilse, pöörduva kompleksi Aβ-
ga, mida iseloomustab puhvrist sõltumatu dissotsiatsioonikonstant väärtusega 35 
nM pH 7,4 juures. Aβ vastasmõjud Zn(II)-ga on keerulisemad. Nimelt 
moodustavad Aβ40 monomeerid Zn(II)-ga algse kompleksi KD

app väärtusega 60 
μM, mis muundub tugevamaks kompleksiks, mille afiinsus on ligikaudu 2 μM. 
Saadud tulemused lubavad analüüsida kirjanduses toodud afiinsuskonstantide 
väärtuste ülisuure varieeruvuse põhjuseid.  
 
Aβ agregatsiooni jälgimiseks töötati välja uus lähenemine ja seda kasutati Zn(II) 
ja Cu(II) mõju uurimiseks Aβ agregatsioonile. Seda lähenemist kasutati ka suure 
läbilaskevõimega MALDI MS-l baseeruva Aβ agregatsiooni inhibiitorite 
sõeluuringu metoodika valideerimiseks. Näidati, et metallioonide mõju Aβ 
agregatsioonile sõltub agregatsiooni kulgemise kiirusest. Kiire agregatsiooni 
toimumise korral metallioonid inhibeerivad fibrillisatsiooni kontsentratsioonist 
sõltuvalt, vähendades vaba peptiidi kontsentratsiooni. Samal ajal on metallioonid 
võimelised indutseerima mittefibrillaarsete Aβ agregaatide teket, mis omakorda 
aja jooksul omandavad fibrillaarse struktuuri. Tingimustes kus amüloidi 
moodustumine on aeglane võib see viimase teket oluliselt kiirendada. Need 
tulemused viitavad, et metallioonide poolt indutseeritud agregaatide võimalik 
moodustumine sünaptilises pilus, kus Zn(II) ja Cu(II) esinevad kõrgendatud 
kontsentratsioonis, võib olla isegi amüloidsete naastude moodustumise 
käivitajaks. 
 
Kokkuvõtvalt saab öelda, et käesolevas töös uuriti põhjalikult Aβ peptiidide 
interaktsioone Zn(II)- ja Cu(II)-ioonidega ja saadud tulemused viitavad, et need 
metallioonide olulisele rollile AD patogeneesis. 



63 
 

 
 

 
 
 
 
 
 
 

PUBLICATION I 

 
 
 
 
 
 
Tõugu, V., A. Karafin and P. Palumaa (2008) 
"Binding of Zinc(II) and Copper(II) to the Full-Length Alzheimer's 
Amyloid-Beta Peptide."  
J. Neurochem. 104(5): 1249-1259 



 
 



������������	
�����	�����
�������������������������������������������������� �!"#"$%&&'()(*&(&+,��-,(�".((/012345064789060:0;<67=7>?@:2==A66B6AC03DA4?78:0;<67=7>?@EF2G005A2400@:2==A66@HD476A2

%�IJ�K.�)LM+KM�(M�N%OPKM(&�")�+�#�&�)(QKR�+KM�(M�SJ()(SQ�)KI�+TU+�-�MKQM�V�WQ)(S���"�()(.U��K+-�(X"�M(&+K&Q)(S���"�()&�")�*T)K��()UQ(&#��MK&QJ�T)(K&Y J�-)K&SK-(�S�.-�&�&QM�VQJ�-�(X"�M()�*T)K�MV�).�+�VZ[\Z])�MK+"�M��&#(.U��K+�̂-�-QK+�MN_�P+�)KR�+V)�.S��(R(#��V(.U��K+-)�S")M�)-)�Q�K&N%,,PTU�̂ (&+`̂M�S)�Q(M�MN (&IK(&+a�)Q)(.][[bca��&&�d042=e][[fcg((MM(&+h��i��][[jPY_�(##)�#(QK�&KM(&�MQ(T�KMJ�+-(QJ�#�&KS.�SJ(&KM.�V%O(&+QJ�)�V�)�V(SQ�)MK&k"�&SK&#QJ�_�(##)�#(QK�&()��VJK#JK&Q�)�MQY%##)�#(QK�&�V_�-�-QK+�MKM-)K.()K�U(VV�SQ�+TU(R()K�QU�V#�&�QKS(&++K�Q()UV(SQ�)M��(+K&#Q�K&S)�(M�+S�&S�&Q)(QK�&M�V_�-�-QK+�M�)Q�QJ��WS�MMKR�V�).(QK�&�V_�-�-QK+�MdKQJK&S)�(M�+Q�&+�&SUV�)(##)�#(QK�&K&QJ�T)(K&N (&IK(&+a�)Q)(.][[bca��&&�d042=e][[fcg((MM(&+h��i��][[jPYl�)��R�)$KQJ(MT��&+�.�&MQ)(Q�+QJ(QQJ�K&Q�)(SQK�&�V_�-�-QK+�MdKQJIK&SNl(&QUJ042=emnnoca"MJ042=emnnZTcpM��)042=emnnfca)�d&042=emnnjca"MJ][[ocq"(r"&#S�(&+s(#�Q][[oP(&+S�--�)N%Qd��+042=emnntca"MJ042=e][[oc%+�()+(&+a"MJ][[fcu(##���K042=e][[fPK�&M.(UK&+"S�QJ�(##)�#(QK�&�V_�-�-QK+�M(&+QJ�M��K#(&+M.(U(SQ(M
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������ �!���������>>E����������������#�����������!����#��J�G�89��G�J��>>E�����@FA��@FE=��>>E:���������

 ¡¢£ ¤ ¥¦§̈©ª«ª¬®̄¦



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

���	������������������������ �	���!"�	�
���#���#����	������������� ��	������
������#��	�������� �	����
�������#���#����	��� ������� ������	�#���$�
 ��#%&'()*��+�!,��-��.��#���
�������
	��/���%&'()011+23��%&'()*��4���#���	�	��	5��������#���#����	����������
 ��	�  �#��	�6��#	���������	����������
�	�����		��	 �	�
�� �
�7����������	�������������	���� ����#����������	�����	����!$�����������������8*����

���	����� �	�
����-������� �#�� $9"6-������
��� �

� ���	��� ���������8*����	��-�������:�#��	���� �
��������	�#-�	� �	�
����!/�-�:��6��	�����
���#�������	����0-��.�� �
��#����
�-����
��#�	��	�#��	���� �
���� �	�
���#���#��8*����	��!$���6����

����	�������8*�
����������	������������ �	�
������#�	��

�-�	��		�� �	�
���#���#��8*����	�������	#��#���#���#��	�����8*���� �
���	��	�����	�� �#������ �����	����#��� �����	� ��:�������� �
���
��
��� ��;�!��6��-����	������

���	�	���	�� ��	�	��
����!$���������:�	����������	��

��7�
���	�����	��#���	�����	-������
����#����
	���	�������	�� �	�
����������

���	�������!��	�����#�	����-����	����-	�������
������	����	-��������7���� ��	�� �	�
����������		������

���	�����
�-����	��������	��	������������	�#�!/�-�:��6��#�����#�	����-����	������

���	������
�- �	�
��������������	������

���	���������������������	�#����� �
�	� �	�
���#���#����	��	��	������	���	������� 	�����
�!<�����#	��	 �	�
���
�	���-�	� �#�� ��#��������	���������	��������	��������	�� �	�
��������8*����

���	���6��#	�����##�	���	� �	�
���#���#��8*����	���	� �
�	�����

���	�������8*!$��������
	��
������� 	��	����

����8*��	�� ��	�	��
������� ���
��� ����8*!<���:������	
������	�#	��		�� �	�
���#���#��8�����	������ ���

���
��
�-���	�� �	�
���������=���	���#�� �	�
���
�	����$���%&'()*��4�!��	����������8*	��#�������	�#���	�#� ��� �����������=���	
����	�����	�������

���	���	������>?@ABCDEF

>?@ABCDEF>?@AGHHIF JKGLJKGL JKGL JKGLJKGL
MNAOOFPDNIQBHI>?@KRRSHRKLHGJKGLTUV>WHLKEECLXDCNHDNYDGLDIDNHZ@HLB[N

JKGLWH\]WH\]] ] ]
]]]
WH\]WH\]WH\] WH\]WH\]
JKGLÊC_

>?@ABCDEF >?@ABCDEF >?@̀DaSDEGN

bcdefghijklmnonpqrknnhostuklvwsrmttqxhlhnmnqpy�z{ml|jh}rhnhlihqp~l����qr������mqln�y�z{oqlqohriklsmlvoh|ktmqlqrktmxl�m|j}rhpqrohvwsrmttkrnhhvn��lvnqp|jhxrq�mlxwsrmtnnhr�hkn|ho}tk|hnpqroqlqohrkvvm|mqlnhhvn��jhrhkn|jhqrmxmlqp|jh}rm�okrunhhvnmn�l�lq�l��jhl�oshrqpwsrmthlvnki|mlxknnhhvniklshmlirhknhvsuprkxohl|k|mqlqptmlhkrwsrmtnmlkxm|k|hvnqt�|mql�~l�����y�oqlqohrpqrok|mqlkpphi|n|jh}h}|mvhiqlpqrok|mqlok�mlxm|mlnqt�sthklv|jhuiqttk}nhml|qlql�wsrmttkrkxxrhxk|hn}qnnmstushik�nhqpjuvrq}jqsmiiql|ki|n�ml|jh}rhnhlihqph�ihnn}h}|mvh�prhhy�z{ ikl}kr|mkttuiq�}rhim}m|k|h�m|j~l�����y�z{ ml|q|jhnh
kxxrhxk|hn���qnnqpoh|kt�prhhy�z{prqonqt�|mqlik�nhn|jhmljmsm�|mqlqp|jhwsrmttm�k|mql�gh|ktijhtk|qrniklnh��hn|hr~l����prqo|jhkxxrhxk|hnthkvmlx|qvmnnqimk|mqlqpy�z{oqlqohrn��jmijiql|rms��|h|qwsrmtxrq�|j�gh|kt�mlv�ihvkxxrhxk|hnki��mrhwsrmttkrn|r�i|�rhktnq�m|jq�|kvvm|mqlqpijhtk|qrnv�rmlx}rqtqlxhvmli�sk|mql��|mnlq|ithkr�jh|jhrv�rmlx|jmnmli�sk|mql|jh~l����mlv�ihvy�z{kxxrh�xk|hniklsh|rklnpqrohv|qwsrmttkrpqro|jrq�xjoqlqohrmin|k|h��jmijmnkt�kun}rhnhl|k|tq�h��mtmsrm�oiqlihl|rk|mql�qrktnqvm�rhi|tusurhkrrklxhohl|qpm|nn|r�i|�rh�ynijhohpqr|jh������hpphi|iklshvrk�lsurh}tkihohl|qp~l����su������ml|jh�mx�rh��*��1$����	����������
�� ��
�	����*��1��	����	����
�����	����3������� ��	��6�)�%�����%�)�*��1����60+48�0+1�

� ¡¢ ££ ¤¥¦ §̈ §©ª«¦¥£¬ ̈®̄«°�¥±±¢«±¥¦«² ³ µ́¶́



�����������	���
����������	�������	�����������	�	��	��	����������	
�����	���������	�����	����������		��
����������������	��������	��	��������������������������	�����������������	�������	����	��������	�����������	����������������	��	��	������
������	�������	���
�����	���� ��!"���	�����#��$�����	��	�������$����	�����������	��	��#��%&���#��%���	��	#��'���	����	�	�	����	��$�������������	����������������	���(��������)�*((+$,����-�*((+$,����
��������	����#����������
��	���
�	�����	���������*.������/�����00'1)����23456�00'+���	����������
�����		��	#��$�����	����	��$�������������	����������	�������"��������	����������������������	���	����	�����������
��$����	�����������789
�����	���������	��		���	���$	�������	��	���� 
��	�������	������	���	��:��	�
�������������������������
����	�������	�����������* ��'+*7�����23456�00!1;�	<���23456�00'+=�	���	������������	����������%0>�&���&0>�0��������������	������	�	�����������������������	�	����:������:��	�
���������	����������	�������$��������������	�������* ��'�+(	�������	��	����������#��%&���%������������������
	��	������$��������	���������	����������������	��������	����	��

�

���	��������	��
�
	������<����* ��'�+.���������������	�����������	��	���������	����������	�����	���������	����	��$�����
��������������#������������������	����������	�����"�����	��������		��	��	����������������	�����
	������$��������	�����������%&>%� ����� ����������� ����� ���������	���"���	���	������������������	��	��	��	����������	����		����������	��������	�����������	�����������
�����	���	�����
	�������	������$��������	�����������%0>%������������������������	����	��������������������������������	������-�*((+$�����
�����*?������@����00A+���������	�	�������������	�������	����	�	�����#��'����������	�����	�������������$����	�����	����������������
��������������
����	�	�������	����	�	�����#��%&���#��%�"�������������������������
������	�*"����%+(	��<����	��	�����������	�����������	����������	������	���������$�������
�
	������������
��	����������
����
��	���*B��������23456�00!+�����
������������	���*B����23456�00C+�������	���	��	�����������	�����������	��$���������������	����������������	
�����������������
��	������������	����������	�������DEFDFG��������	��
���������������������	�����������������������	��$�����	����������"�����	��	��������	���������������	����

����
��������	����	����������	������$�����������	���	�$�������������������
	�&00H���IJ)�*((+��������	��	����	�����
	����������K
����������	���	�����	����	���	��	������������	�����������������	�������	������	�%0>&0H���IJ����������	������
	��������* �������<���23456�00'+(	����
��	��		���	�	��		�����������������	����������$����������������������	����	����
���������������
���	������L*B����00&+(�������������	�����<���	��
�	�	���DEFDFG�����	������	���������������$������������
���*!H���IJ)�*((+��0H���IJ���	���	�+)�*((+���������
�������	�������	��$������������������	�����������	��������������$	����������
������	�������	����"�������	���	������	�����	��������
�	���	��������)�*((+�������#�������	�������$�
�����)�*((+$�������
��	���8"$&���	��
������������<�����	�����)�*((+$�����������	��8"$&��������������	����	������	���
��	���
�	���	�������������
	�<���)�*((+��������	������
	������	*K�����23456�00�1B������ ���B����00M+"����������$�����������
���	���8"�����	�	�������N��	��	������������	��	���������)�*((+��������)�*((+$����������������	���8"$&������������������������� ��	��$����������������	������������)�*((+"�����������)�*((+������������������	����������
������	�#��$������	���
��������������������	��	����0%%����IJ�������*.:�����23456�00%+	�����������	���������������� ������� �������<���
������(	����
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̂ *:,R,+D),CO4+,),5-O.5XB)@C56XBB)@ T+.OO0*:,6-0C--0,6.\,+,57,.5-0,;<C88RC14,O:COO43O-C5-.C112O)C11,+-0C5-0C-8+,6.7-,6E+*)-0,G5HIIJ3.56.5/-*T+.O34\,+DO4//,O-.5/-0C--,+5C+27*)81,9,OC+,E*+),6PQ>T0,0./0,+CW5.-2*ELMC//+,/C-,O-*:C+6OG5HIIJ0CO-*3,-C_,5.5-*C77*45-.56,O./5.5/),-C1.*570,1C-*+OE*+-0,+C8,4-.74O,P̂ *:,R,+D.-O0*416C1O*3,7*5O.6,+,6-0C--0,6.OO*7.C-.*5*E),-C1.*5OE+*)81C[4,O.O5*-5,7,OOC+.127*5-+*11,632-0,+)*625C).7ODCO),-C1.*5O)./0-C1O*3,_.5,-.7C112-+C88,6:.-0.5-0,81C[4,OPàbcdefghijkklmnopnjkklfnqrmsstbsmdufnvwxyz{|-0,LM8,8-.6,O7C53,7*5R,+-,6.5-*-28.7C1C)21*.6F3+.1O:.-0C7+*OOKMKO0,,-O-+47-4+,70C+C7-,+.O-.7-*C)21*.681C[4,OD:0,+,CO-0,F3+.11C-.*5O0*:OCO./)*.6C1-.),K74+R,-28.7C1E*+C4-*7C-C12-.78+*7,OO,OPT0,/+*:-0.O.5.-.C-,632-0,E*+)C-.*5*EF3+.11.VC-.*55471,.*+}}O,,6O~~PT0,O-+47-4+,C56-0,+)*625C).7O*E-0,E*+)C-.*5*E-0,O,8C+-.71,O-0C-C+,45O-C31,326,F5.-.*5+,)C.5O,14O.R,D0*:,R,+D-0,+,.OC7*5O,5O4O-0C--0,O,8C+-.71,OC+,+.70.5MKO0,,-O,7*56C+2O-+47-4+,,1,),5-OD:0.70E*+)C-,)81C-,E*+-0,.5-,+C7-.*5:.-0.57*).5/8,8-.6,O-0+*4/0C5.5-,+70C.5026+*/,53*56.5/5,-:*+_PL+,7,5-_.5,-.7O-4620CO+,R,C1,6-0C-D.5-0,7CO,*ELMD-0,7+.-.7C15471,.)C27*5O.O-*E*512-:*8,8-.6,)*1,741,OPUQI5/,5,+C1D-0,F3+.1/+*:-0*774+O64,-*-0,C66.-.*5*E)*5*),+O*5-0,/+*:.5/,56*E-0,F3+.1DC56-0.O8+*7,OO.OE*11*:,632F3+.1}})C-4+C-.*5~~����34561.5/C56E*+)C-.*5*E.5-,+F3+.11C+O-C3.1.V.5/.5-,+C7-.*5OPT0,LMF3+.11C-.*5 8+*7,OO7C5 3,O43O-C5-.C112 C77,1,+C-,6 32C/.-C-.*5*E-0,.5743C-.*5).9-4+,C5632C66.-.*5*EE+C/),5-,68+,E*+),6LMF3+.1O-0C-C7-CO8*12),+.VC-.*5}}O,,6O~~PI5C/.-C-,6O*14-.*5O-0,LMF3+.11.VC-.*58+*7,OO.OECO-C560./012+,8+*647.31,PSNDUQ@,-C1.*5O1._,G5HIIJC56�4HIIJ0CR,CO./5.F7C5-.5�4,57,*5-0,F3+.11C-.*5*ELM8,8-.6,OD0*:,R,+D-0,O-46.,O*E-0,.+,\,7-O0CR,+,R,C1,67*5-+C6.7-*+2+,O41-OC3*4--0,5C-4+,C56,R,5-0,6.+,7-.*5*E-0,,\,7-OP�*+.5O-C57,DG5HIIJ0CO3,,5+,8*+-,63*-0-*.50.3.-SNDUSYXBXC56-*,50C57,F3+.1E*+)C-.*5P>NY>UDXB>I5-0,7CO,*E5C-.R,F3+.1OE+*) 8*O-K)*+-,) L< 3+C.5-.OO4,D70,1C-.*5*EG5HIIJ.57+,CO,O-0,O*143.1.-2*ELMPNX�*-0,\,7-ODO488+,OO.*5C56.5.-.C1.VC-.*5*E LM F3+.11C-.*5D 0CR, C1O* 3,,5 +,8*+-,6 E*+�4HIIJPABDAXDZZD]XDUSDXBBDXBAYXBQI5CE,:7CO,O7*)81,9,\,7-O0CR,3,,5*3O,+R,6XBS *+5*.5�4,57,:CO6,-,7-,6C-C11PXB]�,7,5-12.-:COO0*:5-0C-LMF3+.1OC+,E*+),6.5C/.-C-,6

O*14-.*5O3*-0.5-0,8+,O,57,C56C3O,57,*EG5HIIJC56�4HIIJD34-5*-.5-0,8+,O,57,*E71.*[4.5*1PXB]�@�O-46.,O0CR,O0*:5-0C-LMD7*)81,9,6:.-0,.-0,+�4HIIJ*+G5HIIJD7C5C--C.5-0,C//+,/C-.*5K8+*5,MKO-+C.5K-4+5KMKO-+C.5)*-.EO.).1C+-*-0C-.5F3+.1OPXBU�5-0,*-0,+0C56.-0COC1O*3,,57*57146,6-0C--0,3.56.5/*E�4HIIJ-*LM,1*5/C-,O-0,-.),5,7,OOC+2-*C--C.5-0,OC),MKO0,,-7*5-,5-COE*+-0,),-C1KE+,,8,8-.6,P]X�5,+,CO*5E*+-0,7*5-+C6.7-.*5O.O-0C-D.5-0,,C+128C8,+OD-0,),-C1K.5647,6C//+,/C-.*5:CO6,-,+).5,634--0,5C-4+,*E-0,C//+,/C-,O:CO5*-O8,7.F,6P�C-,+.-:COE*456-0C--0,),-C1K.5647,6C//+,/C-,OC+,8+,6*).5C5-125*5KF3+.11C+DSNDUSDU]DXXBDXXXC5674++,5-12.-.O/,5,+C112C77,8-,6-0C-G5HIIJ.*5O.5647,ECO-C//+,/C-.*5*E3*-0E411K1,5/-0C56-+457C-,6LM8,8-.6,O.5-*5*5F3+.11C+C//+,/C-,OPT0,,\,7-O*EG5HIIJ*5LM)C26,8,56O43O-C5-.C112*5-0,LM7*57,5K-+C-.*5�.-0CO3,,5O0*:5-0C-G5HIIJO,1,7-.R,128+,7.8.-C-,O*1./*),+O8+,O,5-C-0./07*57,5-+C-.*5O*ELMPUXDU> *̂:,R,+DG5HIIJC1O*.5647,O1C-,+C1C//+,/C-.*5*ELMF3+.1OXX>C56D.5O*),7CO,OD,50C57,6E*+)C-.*5*EF3+.11C+O-+47-4+,O.5-0,8+,O,57,*E),-C1.*5O0CO3,,5*3O,+R,6P>NDXBS�4HIIJ.*5O7C5C1O*.5647,LMC//+,/C-.*5D>>DQXDXXA0*:,R,+-0,.+8+,O,57,.50.3.-OG5HIIJK.5647,6C//+,/C-.*5*ELM8,8-.6,ZQDXBNO4//,O-.5/-0C-�4HIIJKLM.O)*+,O*1431,-0C5.-OG5HIIJ7*45-,+8C+-PT0,),70C5.O)32:0.70-0,),-C1.*5O.5647,LMC//+,/C-.*5.O5*-71,C+PT0,),-C1K.5647,67*5KE*+)C-.*57C53,)*+,8+*5,-*C//+,/C-.*5XBU����-0,,\,7-)C23,_.5,-.7PT0,,\,7-)C2C1O*3,-0,+)*625C).7����-0,),-C1KLM7*)81,9)C20CR,1*:O*143.1.-2PI-0CO3,,5O0*:5-0C-G5HIIJD34-5*-�4HIIJD.5647,O1C+/,+026+*80*3.7,98*O4+,O*E-0,LM8,8-.6,+,O41-.5/.5.-O6,O-C3.1.VC-.*5.5O*14-.*5PXXXLM8,8-.6,O:.-0,98*O,6C8*1C++,/.*5O)./0-C//+,/C-,32-0,.5�4,57,*E026+*80*3.7E*+7,OD0*:,R,+D3+.6/.5/*ELM)*1,741,O32),-C1.*5O*+̂ .O+,O.64,O0COC1O*3,,56.O74OO,6COC84-C-.R,),70C5.O)7C4O.5/),-C1K.5647,68,8-.6,C//+,/C-.*5PXUDZ]T0,F3+.11C-.*571,C+127*5O.O-O*E-:*6.\,+,5-8+*7,OO,O�5471,C-.*5C56F3+.1,1*5/C-.*5DC56-0,.5�4,57,*E,\,7-*+O*5-0,O,O-C/,O7C53,6.\,+,5-PT04OD-0,C5O:,+-*-0,[4,O-.*5*E:0,-0,+C7*)8*456.50.3.-O*+,50C57,OF3+.11CK-.*5)C26,8,56*5-0,8C+-.741C+,98,+.),5-C17*56.-.*5OP�.*),-C1OD,O8,7.C112G5HIIJDC+,7C4O.5/ECO-C//+,/C-.*5*ELM8,8-.6,-0C-7C50C88,5.5).11.O,7*56OP]]I-0CO3,,5O0*:5-0C--0,),-C1K.5647,6LMC//+,/C-,OC+,5*-6,C6K,568+*647-O*E8,8-.6,COO,)312C56-0,27C5,R*1R,-*LMF3+.1OPSNT0,E*+)C-.*5*EF3+.1O.5-0,8+,O,57,*EG5HIIJ*+�4HIIJC-AS��6*,O5*--C_,)*+,-0C5>N0XB]C56-0,F3+.1OE*+),67*5-C.5-0,7*++,O8*56.5/),-C1.*5PNBT0,7*5R,+O.*5*E.5.-.C1125*5KF3+.11C+),-C1K.5647,6LMC//+,/C-,O-*F3+.1O7C5C1O*,981C.5-0,7*5-+C6.7-.*53,-:,,5-0,+,O41-O*E),-C1.*5,\,7-O*5LMF3+.11C-.*5*3-C.5,6326.\,+,5-,98,+.),5-OPT0,F3+.11.VC-.*5*ELM.OO1*:456,+[4.,O7,5-O*14-.*5O.5-0,C3O,57,*EF3+.11C+O,,6O�,R,5LMN>.OO-C31,E*+O,R,+C16C2O.5-0,C3O,57,*E),-C1.*5OP>ZLOG5HIIJC56�4HIIJ.*5O7C4O,ECO-8,8-.6,COO,)312.5-*),-C1K.5647,6C//+,/C-,O-0C-7C5-+C5OE*+)-*F3+.1O:.-0.5>N0D-0,*R,+C11F3+.11.VC-.*5 8+*7,OO456,+[4.,O7,5-7*56.-.*5O7C5 3,C77,1,+C-,632),-C1.*5OPI56,,6D.-0CO3,,5O0*:5+,7,5-12-0C-F3+.11C-.*5*ELM.OO./5.F7C5-12C77,1,+C-,632-0,.5�4,57,*EO43O-*.70.*),-+.7�4HIIJ7*57,5-+C-.*5OD456,+
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̂ T 6/0:.3,4V+1._6C1/V71/01/<-656-1*S126:2..72,4C,08.4PP6<,0QQI741:2J@>̀ F/6001*1./H/;FFA-6/6:2.1/0E-,:6*,46:6<<4,<6*1./.8I741:2*+6*.--E41/5:6aE,2J@@bV+,*3.01W,4,/*56*+36S2:,601/<*.I741:8.496*1./cdecfgh1/*+,54,2,/-,.89,*6:1./20,2-417,067.C,64,2E99641R,01/i1<JKJjklmknopqrmqpstmqpuvwxyrpllpz{|pkuV+,4.:,.8}124,210E,2B961/:S}12@K*+6*1291221/<1/4.0,/*2B+627,,/*+,8.-E2.81/*,/21C,4,2,64-+62*+,}12

4,210E,296S9,016*,*+,,W,-*2.8H/;FFA6/0DE;FFA./69S:.108.496*1./J}124,210E,264,1/C.:C,01/9,*6:71/01/<6/0*+,14,/C14./9,/*1246510:S-+6/<1/<0E41/<I741:8.496*1./J@@̀B@@~F*12.8*,/*6Y,/6:9.2*8.4<46/*,0*+6**+,4,5:6-,9,/*.8}12@K31*+L:6.4L4<-.95:,*,:S2E554,22,2*+,9,*6:1/0E-,06<<4,<6*1./.8LMB+.3,C,4B1/*+,565,4@@=3+1-+12.8*,/-1*,0*.-./I49*+12622E95*1./1*3620,9./G2*46*,0*+6**+,2.:E71:1*S.8}@K�LMb�1/*+,5+.25+6*,7EW,4-./*61/1/<+1<+H/;FFA-./-,/*46*1./12*3.*19,2:.3,4*+6/*+6*.831:0*S5,LMb�JV+,4,:,C6/-,.8*+,.72,4C,0:.3,42.:E71:1*S.8*+,*4E/-6*,05,5*10,31*+}12@K1/5:6aE,8.496*1./12,:E21C,JV+,4,5:6-,9,/*.8}124,210E,231*+L:6010/.*6W,-**+,Y1/,*1-56469,*,42.8LMI741::1R6*1./6/0./:S2:1<+*:S2E554,22,0*+,1/+171*1./.8I741::1R6*1./7S9,*6:1./2J=OF*2,,9254.767:,*+6**+,564*.8*+,LM9.:,-E:,-./*61/1/<}124,210E,2121/C.:C,01/7.*+-41*1-6:54.-,22,2.85:6aE,8.496*1./�9,*6:71/01/<6/0I741::6*1./J}.3,C,4B*+,,/,4<,*1--./*417E*1./.8}124,210E,2*.*+,2*671:1*S.8*+,I741::642*6*,6/09,*6:71/01/<2,,92*.7,/.*C,4S21</1IG-6/*0E,*.*+,+,*,4.<,/,1*S.8*+,-.95:,U2*4E-*E4,2JL4,-,/*2*E0S+622+.3/*+6**+,Y,S691/.6-10-+6/<,4,25./217:,8.4*+,01W,4,/*DE;FFA71/01/<.8+E96/6/04.0,/*LM5,5*10,212*+,4,5:6-,9,/*.8L4<̀ 31*+�:E6/0/.**+,}@K�2E72*1*E*1./J@@��klm�tl{ry{���rktuskn|�m�m|{l���ml{|pu�|�mr{�mt|p�{��rk{��puv�D./210,41/<*+,5,425,-*1C,2.8*+,9,*6:-+,:6*1/<*+,465S1*12195.4*6/**.I/0.E*3+1-+2*,5.8I741:8.496*1./126W,-*,07S9,*6:1./2cdeceh\T,*6:-+,:6*1/<*+,465S1264,:6*1C,:S/,3*+,465,E*1-6554.6-+8.4L�O@B@@�6/01*3621/1*16::S622E9,0*+6**+,4,9.C6:.89,*6:1./284.969S:.105:6aE,2:,602*.*+,2.:E71:126*1./.8*+,5:6aE,2JV+12+S5.*+,212+627,,/*,2*,0./*46/2<,/1-L�9.0,:91-,E21/<3,6Y-+,:6*.422E-+62-:1.aE1/.:;D�A6/01*22,-./0<,/,46*1./ 0,41C6*1C, ;��VbAB 3+1-+ 4,0E-,0 5:6aE,:.60J@@�B@b>}.3,C,4B2,C,46:2*E01,20,9./2*46*,*+6**+,9,-+6/129.89,*6:-+,:6*1/<*+,465S129.4,-.95:,U*+6/1/1*16::S54.5.2,0B@b@B@bb8.41/2*6/-,B1*+627,,/2+.3/*+6*D�54.9.*,246*+,4*+6/1/+171*2*+,8.496*1./.8LMI741:2cdecfgh\b~�,-./-:E0,067.C,623,::621/*+,4,-,/*565,4=O*+6*9,*6:1./2-6/,/+6/-,.41/+171*I741:8.496*1./0,5,/01/<./*+,I741::6*1./-./01*1./2JV+,269,12*4E,8.49,*6:-+,:6*.42cdecfgh�*+,S91<+*0,9,*6::6*,9,*6:GLM-.95:,U,26/02.:E71:1R,9,*6:1/0E-,06<<4,<6*,2*.LM9./.9,42B3+1-+-6/1/-4,62,*+,I741::6*1./46*,1/*+,54,2,/-,.82EZ-1,/*69.E/*2.8I741::6*1./2,,02.45:6aE,2J�/*+,.*+,4+6/0B1/*+,672,/-,.82,,02B*+,9,*6:-+,:6*1/<6<,/*2-6/1/+171*I741::6*1./7S54,C,/*1/<*+,8.496*1./.89,*6:1/0E-,06<<4,<6*,2*+6*-6/,C.:C,2:.3:S*.I741::1R6G*1./-,/*,42.4I741:2J�/0,4cdeceh-./01*1./2B3+,4,*+,-./-,/*46*1./.8LM121/*+,/6/.9.:6446/<,B@bK*+,6<<4,<6*1./.89./.9,41-LM9.:,-E:,21262:.36/0E/:1Y,:S54.-,22B,25,-16::S-./210,41/<*+,8.496*1./.8.:1<.9,41-/E-:,18.4I741::6*1./J}.3,C,4B012*E47,09,*6:+.9,.2*62126/0,:,C6*,0:.-6::,C,:2.89,*6:1./296S,/+6/-,9,*6:G1/0E-,0622,97:S.8LM1/*././GI741::646<<4,<6*,2JF8*+,9,*6:1./264,/.*4,9.C,0862*

�p��� i1741::1R6*1./.8LM5,5*10,cdecfgh1/*+,54,2,/-,.89,*6:1./2JF/*+,54,2,/-,.8I741::64/E-:,E2*+,I741:<4.3*+*+4.E<+9./.9,46001*1./12PP862*QQ;+6:8G:18,:,22*+6/./,+.E4AJL00,09,*6:1./28.499./.9,41--.95:,U,231*+LM*+6*54,-151*6*,1/6/./GI741::648.496/06:2.71/0*.<4.31/<I741:,/02B*+E21/+171*1/<*+,862*I741::1R6*1./54.-,226/0*E4/1/<1*1/*.6PP2:.3QQ54.-,22*+6**6Y,268,306S2JV+,8.496*1./.8I741::642,,02124,8,44,0*.62PPC,4S2:.3QQ;1*-6/*6Y,2,C,46:3,,Y2E/0,4aE1,2-,/*-./01*1./2AJF/*+,672,/-,.82,,02*+,71/01/<.89,*6:1./2*.LM:,602*.PP2:.3QQ8.496*1./.8I741:2B*+E21/-4,621/<*+,I741::6*1./46*,J�1/01/<.89,*6:1./2*.I741:212./:S564*16::S4,C,4217:,B*+,9,*6:1./264,PP*4655,0QQ31*+1/96*E4,0I741:2J
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̂_̂̀a\bcdè̂cfĝ_b\gch\bijQ39;.*+*425512<<*:3*@3/23JK3,I9<9319;4*523*@3,3/*2..4*.23*@423/*43/2+3,3/*6,+,6*49<JKB,46DR98*4*+3JK6-5396*4;;32439+.B4,6@96*4;-:3,@,@*<26*4;/2A*0**+;/,P+3,0*<13,3,I9<DkA*43/*52;3B*P1*24;93/2;0**+;/,P+3/23JK9;6,;33,I9<3,<*55<-53-4*;9+3/*B,46,B,59.,6*4;.*+*423*@B4,6 ;-:*4;23-423*@;,5-39,+;,B3/*:*:39@*-;9+.,4.2+9<;,5A*+3;DLOHVlOHVmR95-39,+,B<,+<*+73423*@;,5-39,+;,B,4.2+9<<,6:,-+@;9+R=nk9+3,P23*49;2P*557o+,P+ :4,<*@-4*B,4:4,@-<9+.*6-5;9,+;,469<*55*;O/,P*A*4O3/*4*9;+,09,5,.9<25pp*C-9A25*+3qq,B3/9;:4,<*@-4*9+,4.2+9;6;3/23<2+5*2@3,;9695244*;-53;Dk59.,6*4;24*,0329+*@B4,6 0429+*I342<3;,BJR 6,@*52+9625;OHVE/,P*A*4O3/*4*5239,+0*3P**+3/*2439?<9253,I9<,59.,6*4;2+@3/,;*,0;*4A*@9+0429+*I342<3;9;+,3<5*24D>/*3/*46,@1+269<*C-959049-6 0*3P**+ ,59.,6*4;2+@6,+,6*4;@*:*+@;O2<<,4@9+.3,3/*;96:5**C-959049-66,@*5O,+3/*:*:39@*<,+<*+34239,+9+r3/:,P*4OP/*4*r9;3/*+-60*4,B6,+,6*4;9+3/*,59.,6*4D>/*;:,+32+*,-;B,46239,+ ,B3,I9<26,-+3;,B,59.,6*4;TB,4*I26:5*@,@*<26*4;U9+3/*0429+OP/*4*3/*JK<,+<*+34239,+9;2::4,I9623*51HM+=O9;/9./5196:4,0205*O<,+;9@*49+.3/23JK,59.,6*4;24*+,3;**+*I:*496*+32551srtsuvw23:*:39@*<,+<*+34239,+;0*5,P HMx=D=,4*,A*4Oo9+*39<*A9@*+<*;/,P;3/233/*69+9625;34-<3-4*T;3205*+-<5*-;U3/239+93923*;?0495*5,+.239,+9;2@96*4ym2+@3/*.4,P3/,B9+@9A9@-25:52C-*;9+6,@*52+9625;9;B2;3OHVz;-..*;39+.3/23?04955239,+P,-5@,-37<,6:*3*,59.,6*49W239,+235,P:*:39@*<,+<*+342739,+D>/*;*,0;*4A239,+;;-..*;33/233/*B,46239,+,B:496241T{|}|3/,;*B,469+.@94*<351B4,6 :*:39@*6,+,6*4;UJK,59.,6*4;9+3/*0429+/2;5,P:4,020959319+3/*26,-+3;;-~<9*+33,0*3,I9<DQ3/2;0**+;-..*;3*@3/233,I9<,59.,6*4;<2+,<<-49+3/*0429+2;;*<,+@241:2439<5*;@*49A*@B4,6?0495;DHVy>/-;O9+,-4,:9+9,+3/*4,5*2+@*;:*<925513/*,49.9+,BJK,59.,6*4;9+JR24*;3955,:*+B,4@*023*O2+@3/9;9+@94*<351;-::,43;3/*A9*P3/23JK?0495;249;*B4,66*32579+@-<*@JK2..4*.23*;D
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