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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-f (AP) peptides that are now considered to be
the key molecules in AD pathology. Looking at the brain you find that the
deposition of AP 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(Il) ions with the AP as well
as their role in AP fibrillization. The primary interaction is the binding of the
metal ion to the peptide molecule. The determination of the dissociation
constants of the Cu(I)-Ap and Zn(II)-AB 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 AP fibrillization.
Based on our results we were able to propose a mechanism for the AP
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-p structural motifs (Geddes et al. 1968) and the aggregated peptide f-
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-B-structure,
where the B-strands align perpendicular to the long axis of the fibril and inter-
chain B-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-f (AP)
peptides the individual strands within the B-sheets can be parallel (Torok et al.
2002; Petkova et al. 2005) or antiparallel (Qiang et al. 2012) depending on the
AP 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 SORLI
(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 AP peptides (Masters et al. 1985; Welander et al. 2009)
which are derived from the APP. There are three types of AP deposits in AD
brains, named diffuse plaques, senile plaques, and cerebrovascular deposits
(Morgan et al. 2004). Diffuse plaques are usually smaller than 20 pm in
diameter, amorphous and spherical AB 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 pum, 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 f protein (ASP), 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 AP peptide and enhance the production of
the AP peptide or increase the amount of A4, (Suzuki et al. 1994; Scheuner et
al. 1996; Eckman et al. 1997; Kwok et al. 2003). Those few mutations that are
within the AP peptide are thought to increase the fibrillization propensity of AB
(Wisniewski et al. 1991). 182 mutations in PSENI 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 AP (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 4PP 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 ¢2, APOE €3, and APOE 4. The presence of a single
APOE &4 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 ¢4 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 AP clearance, which results in an APOE isoform-
dependent pattern of AB accumulation in life (Castellano et al. 2011). Therefore
all currently known genetic risk factors influence the disease risk via an AP
dependent mechanism.

Altered A production
Total ARt (DS; APP Sw mutant)
AB42 1 (PS1, PS2, APP mutants)

More amyloidogenic AR (APP artic)

Normal AB levels +
aging, genetic(APOE) and
envrionmetal risk factors

Ap aggregation
and accumulation

Toxicity
Oxidative stress 1
Tau dysfunction and NFT formation
Microglial activation

Neuronal cell death and
dysfunction

Dementia

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 AP 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 A 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 AP 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,

15



primarily in the description of the pathogenic forms of the AP (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 AB 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

AP 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, APPgos, APP75;, and APP;;, 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: a-, B-, and y-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 -
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 a-secretase, between K687 and L688 (APP;7 numbering).
The amyloidogenic pathway begins with APP cleavage by the [-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 y-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 A peptides. The
y-secretase cuts the APP at several different positions and the resulting AP
peptides have different lengths. The dominant species is AB40 peptide, which
normally constitutes 80 to 90 % of all the AP peptides. The second major species
is AB42 (5 to 10 %) (Haass and Selkoe 2007; Jakob-Roetne and Jacobsen 2009;
Detoma et al. 2012).

AP 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). AP exists in three fractions in the brain:
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membrane-linked, aggregated and soluble. The major soluble form of AP in the
blood and CSF is AB40 (Seubert et al. 1992; Vigopelfrey et al. 1993). However
AP42, which is less prevalent in biological fluids, is enriched in amyloid plaques
(Masters et al. 1985). Moreover AP42 has a greater tendency to aggregate and
precipitate as amyloid in vitro (Harper and Lansbury 1997). Therefore it is clear
that AP42 is more amyloidogenic. It cannot be overlooked that the amyloid
plaques contain various minor isoforms of the AP peptides (for example AB4-42,
AB1-43, 3-pyroglutamateAB3-42, 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.

Amyloidogenic pathway Amyloid
plaques

y-secretase AB peptide
%D @

APP

. > W 2> o e
N (S D

e p'4 )
B-secretase |
Neurodegeneration
Non-amyloidogenic pathway *
y-secretase q p3 peptide Dementia
X -
e .
APP = =» No plaque formation
e M NS
a-secretase =
AB16/APPsa
Intracellular Extracellular
space |_| space
Membrane
DAEFRHDSG HH VGSNKG IA A peptide
3 peptide
[ | AB16

Figure 2. APP proteolytic processing and the cascade of events that leads to dementia.
Cleavage of APP by a-, B-, and y-secretases in the amyloidogenic and non-
amyloidogenic pathway are given at the top. The AP sequence is shown at the bottom,
the amino acid residues given in blue form the B-sheet in AP fibrils, histidine residues
are shown in red (Publication V).
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Figure 3. The structures of different AR conformations. (a) a-helix of A (PDB code:
1Z0Q) (Tomaselli et al. 2006); (b) the structure of AP upon Zn(Il) binding (Zirah et
al. 2006) (PDB code: 1ZE9); (c) structure of AP protofilament. The fibril axis is
indicated by the arrow. The AP 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 B-sheet structures. In AB40 fibrils
residues 12-24 and 30-40 form parallel B-sheets and these are connected by a
turn involving residues 25-29 (Petkova et al. 2002). For Ap42 it has been shown
that residues 18-26 and 31-42 form the B-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 AP dimers,
oligomers, amyloid-derived diffusible ligands, nuclei and protofibrils (Fig. 5)
(Fandrich et al. 2011). The structure of AP40 and AP42 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 a-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 AP forms are toxic. At
first it was demonstrated that fibrillar AP is neurotoxic (Lorenzo and Yankner
1994; Fukuda et al. 1999). This was also observed in vivo when fibrillar AR was
injected into mouse brains (Pimplikar 2009). The latest idea is that higher
soluble aggregates, AP 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
AP 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 AB are toxic, however, the spontaneous formation of
toxic amounts of oligomers in vivo, where the concentration of AP 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 AP species
and various other molecules that interact with them. For example, the low
toxicity of AP 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-Ap 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(Il)) or in
the reduced (Cu(l)) 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:

Me™ +H,0, — Me®™"* + OH" +OH"

or Haber-Weiss reaction:

0, +H,0,—*5OH +OH" +0,,

2
2+ - :
where Me”" 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"®M) (Rae et al. 1999). The normal extracellular copper
concentration is between 0.2 and 1.7 uM (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(Il) in the synaptic cleft may be as high as 15-100 uM (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 uM (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(Il) arise in the hippocampus, the amygdala, and the
cortex, that contain zinc-ergic synapses, where Zn(Il) 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 uM after its release from the vesicles (Assaf and Chung 1984).

AP 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 Ap (Dong et al. 2003). Iron is predominantly in
a ferritin bound form in neuritic processes associated with the plaques
(Grundkeigbal 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(Il) into synaptic vesicles
(Lee et al. 2002). The importance of Cu(Il) 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 A, 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(Il)
has an advantageous effect. Transgenic mice that overexpress human APP
carrying the Swedish/London mutation, that were treated with Cu(Il) 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 AB42, that dietary supplements of zinc and
copper enhance cellular damage associated with AP42 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 AP 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)-Ap 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 A

The metal binding affinity of proteins and peptides is an important parameter in
biology, and the quantitative determination of the binding affinity of A peptides
helps to assess the significance of metal binding as a potential inducer of
pathological AP 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(Il) and Zn(II) binding to AP peptides is also crucial for rational drug
design.

Classically the affinity of a protein/peptide (P) for a metal ion (Me*) is
estimated by calculating the dissociation constant Kp, referring to the
equilibrium:
Ko
P+ Me* SMe*P (D),
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_ [P Ix[me ]

K - (2)9
P IMe“PI

where, [P] is the peptide/protein concentration, [Me*'] is the metal ion
concentration and [Me*'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:

KL KL2
L+ Me?* 5 Me?*L +L S Me?L, (3.

In this case the K is calculated by the following formula:

2
K,=K,"” ><(1+%+M) ),

L L2

where Kp is the buffer independent conditional dissociation constant Kp*” is the
apparent dissociation constant, [L] is the ligand concentration, K; is the
dissociation constant of the Me>'L complex, and K, is the dissociation constant
of the Me*'L, 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(Il)
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
Kp™ 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
AP 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 (Kp*” > P) a hyperbolic binding isotherm is used:

+ [Mez+ ]X (Im B Io)

I
" Me |+ K,

I (),

where Iy, I, and L. 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 Kp™” is relatively low and the metal and peptide
concentrations are in the same range then the following equation is used:

I -1
+0,5><( N °°)><

! [P]

=1 ([P] +[Me |+ ko +(Pl+ M ]+ K, | —4x[PIx[Me* ])
(6).

The usage of Scatchard plot for K 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 A for Cu(ll)

The reported affinity of AP towards Cu(Il) 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, Kp*”, arises from the fact that
measurements are carried out in the presence of various Cu(Il) binding ligands.
These components can be taken into account and the buffer independent Kp
values can be calculated by using the appropriate correction functions
(Sokolowska and Bal 2005):

logK, =logK,”™ +C ),

C=log(l+ g, X ) ®),

R
14107

where ¢ is buffer concentration, K, is the deprotonization constant of the buffer
and S, is the dissociation constant for the Cu(Il)-ligand complex (Sokolowska
and Bal 2005).

Table 1. The dissociation constants of Cu(Il)-Ap complexes from the literature.

] = ~
s | = < = -
2| T g T |2 |E
L = 2 =
= | § z E | |3 |3
< | & = O | & 2
40 | 10 mM Tris Tyr-10 - 1.6 |73 (Garzon-
/74" emission Rodriguez et
40 | 10 mM Tris Tyr-10 - 11 12 (Karr et al.
28 | Water/7.8 Tyr-10 Gly, 0.01 | 10- (Syme et al.
emission | His -0.1 | 100 2004)
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40 | 50 mM PBS Tyr-10 - 8 120 (Raman et al.
/7.4 emission 2005)
28 | 10 mM HEPES | Tyr-10 - 25 |77 (Danielsson
/7.2 emission et al. 2007)
40 | 10 mM Tris Tyr-10 - 0.47 | 37 (Publication
/7.4%* emission I
20 mM Tris 1.21 | 35
/7.4%
50 mM Tris 3.82 |24
/7.4%
100 mM Tris 30.1 | 54
/7.4%
20 mM HEPES 0.57 | 36
/7.4%
50 mM HEPES 0.90 | 24
/7.4%
100 mM HEPES 2.5 |34
/7.4%
42 | 20 mM HEPES 0.76 | 48
/7.4%
40 | 20-100 mM Tyr-10 - - 57 (Rozga et al.
HEPES /7.4 emission 2010)
40 | 20 mM HEPES | ITC Gly - 0.091 | (Hatcher et
/1.2 al. 2008)
20 mM HEPES 0.042
/7.4
20 mM 0.011
Pipes/7.2
16 | 20 mM HEPES 0.067
/1.2
20 mM HEPES 0.034
/7.4
20 mM 0.033
Pipes/7.2
16 | 20 mM ACES ITC ACES | - 0.909 | (Sacco et al.
/7.4% 2012)
50 mM ACES 0.961
/7.4%
100 mM ACES 0.943
/7.4%
28 | 20 mM ACES 1.72
/7.4%
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28 | 100 mM KNO3 | Potentio- | - - 0.024 | (Kowalik-
metry Jankowska et

16 0-208 1 41, 2003)

16 | 200 mM KCI Potentio- | - - 0.120 | (Damante et
metry al. 2008)

* physiological saline

In 2008 we found that the K, for the Cu(ll)-Ap complex is 35 £ 10 nM
(Publication I). This value was confirmed by Rozga et al. in 2010, who found the
Kp = 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(Il) 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
AP 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(Il)-Ap
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(Il) forms a 1:1 complex with AP
(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 AP peptide concentrations and reported Kp
values for Cu(Il) 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(I)-Ap 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(Il) binding affinity of AP is in a biologically relevant range, AB can bind
Cu(Il) 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(Il) chelators, such as MT and
human serum albumin.

1.6.2. The affinity of AB for Zn(ll)

The reported Kp values for Zn(II)-AB complex vary between 1 and 300 uM
(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 uM (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(Il)-Ap complex is approximately 60 uM by
using tyrosine fluorescence. In order to see if the Zn(II)-Ap complex changes
with time we used a competing ligand, Zincon. It was demonstrated that the
initial low affinity Zn(II)-Ap complex transformed into a high-affinity complex,
with a Kp ~ 2 uM in 30 minutes (Publication I). Our results demonstrated for the
first time that the change in zinc-binding affinity of AP in time occurs
concomitantly with zinc-induced AP 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 Ap.

High-resolution NMR studies show that in a 1:1 Zn(Il)-Ap complex Zn(Il) is
coordinated by Aspl, His6, His13 and His14 (Danielsson et al. 2007). Glul1 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(Il) binding site in AP (Tsvetkov et al. 2010).

Table 2. The dissociation constants of Zn(II)-Ap complexes from the literature.

AP Buffer/pH Method Kp™ | Ref.

peptide (M)

40 10 mM Tris/7.4%* Tyr-10 300 | (Garzon-

42 fluorescence | 57 Rodriguez et al.

1999)

16 20 mM Tris/7.4* ITC 22 (Talmard et al.

28 10 2007)

40 7

16 20 mM HEPES/7.4* | Zincon 14

28 competition | 12

40 7

42 7

28 10 mM HEPES/7.2 Tyr-10 6.6 (Danielsson et al.
10 mM Na fluorescence, | 3.2 2007)
phosphate/6.5 Cu(I)
10 mM Na competition 1.1
phosphate/7.2

40 10 mM Na NMR, Cu(ll) | 1,2
phosphate/7.2 competition
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40 10 mM Tris/7.4* Tyr-10 60 (Publication I)
100 mM Tris/7.4* fluorescence | 184
20 mM HEPES/7.4* 65

42 20 mM HEPES/7.4* 91

40 10 mM Tris/7.4 ©7n* 32 | (Clements et al.
10 mM HEPES/7.4 displacement | 3.2 1996)

40 20 mM Tris/7.4 ©zn* 52 | (Bushetal. 1994)

displacement
16 50 mM Tris/7.3 ITC 56 (Tsvetkov et al.
2010)

* physiological saline

Therefore it can summarized that the Zn(II) complex with full-length Ap cannot
be characterized by a single dissociation constant. And it can be hypothesized
that the Zn (II) binding affinity of AP monomer is close to 100 uM which
increases to 1-5 uM 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 K values it can be concluded that AP can directly
bind available Zn(II) in certain brain areas which contain zinc-ergic neurons.

1.7. AB aggregation

Fibrillization is a process where polypeptides go from their normal fold into a
predominantly B-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 B-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 AP, 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

30



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).

Nucleation phase Growth phase Stationary phase

Fibrils

Monomers, elongating
protofibrils and fibrils

AL

w‘"&)_:gl;

Monomers, nuclei and
early protofibrlils

& I sessssy

vy Sty -&:&
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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 B-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 1V).

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 uM 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 AB 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:

4, — 4, + 4

y= 1+ e(f—to)xk 2 9,

where A; is the initial fluorescence level, 4, is the maximum fluorescence, #, is
the time when fluorescence has reached half maximum, and % 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:

lag =t, —% (10).

1.7.1. Metals and AB aggregation

The AP 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(ll) and Zn(II) cause AP 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 APy, levels, but had no cognitive effect in patients with mild AD and
a cognitive benefit but no change in plasma AP, 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 Ila trial in AD patients where it reduced A4, 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 AP 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 AP 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 AP fibrils. It has been demonstrated that at first nonfibrillar
aggregates are seen in AP, samples with added Cu(Il) 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(Il) significantly accelerate
AP fibrillization in conditions where fibrillization in the absence of metal ions is
slow (lag period 70-100 h), however, at higher concentrations both Cu(Il) and
Zn(1II) 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(Il)-AB complex. This inhibitory
effect is reversible via the addition of metal chelators (Publication II; Publication
IV). In in vivo conditions, where AP concentration is in the nanomolar range
(Sjogren et al. 2001), the fibrillization of the AP peptide is an unlikely process.
However, metal ions may enhance AP 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(Il) to AB. 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 Af.
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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 AP 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 Kp values for the Zn(II)-AP and Cu(Il)-AP complexes;
2) To determine the effect of metal ions and their chelators on the AR
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

ANANENEN

Publication II
v AB fibrillization monitoring by ThT fluorescence
v" Parameter calculations
v TEM visualizations

Publication III
v AP fibrillization monitoring by ThT fluorescence
v" Parameter calculations
v TEM visualizations

Publication IV

v’ AB fibrillization monitoring by ThT fluorescence
v" Parameter calculations
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4. RESULTS

Publication I

v

It was established by fluorimetric titration in the presence of different
concentrations of HEPES buffer as a weak copper-chelating compound
that AP forms a 1:1 complex with Cu(Il), with a conditional K equal to
35 nM.

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

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

Publication II

v

v
v

Zn(Il) and Cu(Il) exhibited an inhibitory effect on the fibrillization of
the AP peptide.

Metal chelators reversed the effects on the metal ions.

The inhibitory effect of Zn(Il) (/Csp = 1.79 uM) was found to be three
times stronger than that of Cu(Il) (/Cs5y = 4.9 uM).

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 AP fibrillization but none of the His residues
were essential to the process.

It was demonstrated that copper-induced AP 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

v

v
v

A fast and reproducible method for monitoring of A fibrillization was
established.

It was shown that mixing enhances fibrillization rate.

It was established that up to 15 uM concentration of ThT does not affect
fibrillization.
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v It was demonstrated that the fibrillization rate was independent of the
pH range from 7-9, but started to decrease below 7.

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

Publication IV

v The MALDI-TOF MS fibrillization assay was validated by parallel
monitoring of the AP fibrillization by ThT assay.

v" The effect of various compounds on A fibrillization was demonstrated.

v It was shown that several compounds interfere with ThT emission in the
ThT based fibrillization assay.

Publication V

v The literature about the AP complex formation with Cu(IT) and Zn(II)
and also the effect of these metal ions on the aggregation was analyzed
in detail and critically reviewed.

v The mechanism of A 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(Il)-Ap and Zn(I)-Af complex
formation determined in this study are both in a biologically relevant range. This
means that direct interactions of Zn(Il) and Cu(Il) with AB peptides may occur
in certain brain areas and these metal ions may play a role in the
pathophysiology of AD via interactions with AB. 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, AP 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(Il) and
Zn(Il) in the complex with AP 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 AP peptide, where the Zn(Il) is coordinated mainly by
the three His residues (Fig. 3B) (Danielsson et al. 2007; Gaggelli et al. 2008).
Smaller peptide fragments without His6 or Hisl4 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(Il). This suggest that the Zn(Il) binding to full-length AP has a dynamic
nature where different forms of Zn(II)-Ap complexes with comparable
dissociation constants may co-exist. In some of these complexes the His residues
that coordinate the metal ion originate from different A 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(Il) forms a more stable soluble 1:1 complex with AP than Zn(Il) (Karr et al.
2005; Jiang et al. 2007), characterized by a conditional K, equal to 35 nM
(Publication I). At higher Cu(Il) 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(Il)-AB complex. Most likely the soluble Cu(Il)-AB complex has a
dynamic structure existing as a mixture of species with different ligands (Faller
and Hureau 2009; Publication V). At lower pH Cu(Il) is coordinated by two His
and Aspl whereas at higher pH the complex is pleiomorphic with all three His
residues and main chain nitrogen atoms of Aspl 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 A concentrations,
where the dissociation constant values determined show increased affinity, it is
possible that the Cu(Il) is coordinated by ligands from more than one AP
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molecule simultaneously. This process should also enhance peptide assembly
into aggregates.

At neutral pH values Cu(Il) and Zn(II) ions compete for the same binding site on
the AP peptide. However, at lower pH values Zn(II) seems to lack residue
specific ligands, while Cu(Il) 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.

very slow

m A fibrils

H202
o, ros
Ascorbic  Toxicity
acid
Metal-induced Metal-containing

AB aggregates AB fibrils

Figure 6. Fibrillization of AP 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 AP 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 A 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 AP metal ion interactions is the
affinity of AP 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(Il) than the initial AP
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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 AP 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 AP than Cu(ll) is a stronger fibrillization inhibitor (Publication II). This may
be caused by the fast formation of Zn(II)-Ap aggregates or by the binding of the
Zn(II) to the growing end of the fibril observed recently (Innocenti et al. 2010).
Both Zn(Il) and Cu(ll) induce AP aggregation to nonfibrillar aggregates. It is
important to notice that the metal-induced aggregates are capable of
transforming into AP 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 AP aggregates and release AP 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 AR
aggregates but they cannot not stop A fibrillization and dissolve AP fibrils.
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CONCLUSIONS

e It was established that the affinity of AP peptide for Zn(II) and Cu(Il) is
in a biologically relevant range, so that it is probable that these
molecules interact in vivo.

e [t was shown that the metal ions Zn(II) and Cu(Il) exert inhibitory effect
on fibrillization of AP due to formation of metal-induced aggregates and
metal chelators are able to eliminate this inhibitory effect.

e [t was demonstrated that metal-induced aggregates are amorphous and
that during incubation these aggregates are transformed into amyloid
fibrils.

e It was suggested that in vivo metal ions could induce seed-independent
fibrillization of AP 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- B (AP) 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(Il) and Cu(Il) interact with the AP
peptides with considerable affinity and affect their fibrillization and toxicity on
neurons.

The complex formation of full-length AR, peptide with Cu(Il) and Zn(II) ions
was studied. It was found that Cu(Il) forms a stable, reversible complex with AP
and for the first time, the buffer independent dissociation constant value for this
interaction was determined. The Kp*” value equal to 35 nM at pH 7.4 suggest
that this interaction occur at physiologically relevant Cu(Il) concentrations in the
brain. The interaction of AP with Zn(Il) is more complex. AB4 monomers and
Zn(Il) are forming an initial complex with the Kp*” value of 63 uM that
transforms into a tighter complex with affinity close to 2uM within 30 minutes.
The reasons for a huge variation of the affinity constants of these complexes in
literature are discussed.

A new approach for AP aggregation monitoring was established and used for the
studies of the effects of Zn(I) and Cu(Il) on the AP aggregation. This approach
was also used to validate a high-throughput screening assay for the search of
inhibitors of AP aggregation based on MALDI MS. It was shown that the effects
of metal ions on AP 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 AP peptide with Zn(II)

and Cu(Il) 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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KOKKUVOTE

Alzheimeri tdbi (AD) on aeglaselt siivenev neurodegeneratiivne haigus, mis on
peamine nddrameelsuse pohjus eakate hulgas ja sageduselt kolmas surma pohjus
arenenud maades. Molekulaarsel tasemel toimuvad siindmused, mis AD korral
vallandavad neurodegeneratsiooni, ei ole veel 16plikult selged, kuid nende
toimumise tdendosus suureneb kiiresti inimese vanuse kasvades. Teadmatus
haigust otseselt kédivitavate tegurite osas raskendab oluliselt AD ravimite
viljatootamist. Viimastel aastakiimnetel tehtud uurimused niitavad valdavalt, et
neuronite suremiseni viiva kaskaadi esmaseks vallandajaks on amiiloid-f (Ap)
peptiidid, mis moodustavad ajus haigusele iseloomulikke amiiloidi deposiite.
Lisaks fibrillaarses vormis peptiidile sisaldavad nood moodustised kdrgenenud
kontsentratsioonides kdige levinumaid biometalle — vaske, tsinki ja rauda. On
kindaks tehtud, et nendest metallioonidest vdhemalt Zn(Il) ja Cu(ll)
interakteeruvad AP peptiididega arvestatava afiinsusega ja mojutavad nende
fibrillisatsiooni ning toksilisust nérvirakkudele.

Kéesolevas tods néidati, et Cu(II) moodustab stabiilse, poorduva kompleksi A[-
ga, mida iseloomustab puhvrist sdltumatu dissotsiatsioonikonstant viartusega 35
nM pH 7.4 juures. AP vastasmdjud Zn(Il)-ga on keerulisemad. Nimelt
moodustavad AB40 monomeerid Zn(II)-ga algse kompleksi Kp™” védrtusega 60
uM, mis muundub tugevamaks kompleksiks, mille afiinsus on ligikaudu 2 uM.
Saadud tulemused lubavad analiiiisida kirjanduses toodud afiinsuskonstantide
vaartuste iilisuure varieeruvuse pdhjuseid.

AP agregatsiooni jalgimiseks tootati vilja uus ldhenemine ja seda kasutati Zn(II)
ja Cu(Il) mdju uurimiseks AP agregatsioonile. Seda ldhenemist kasutati ka suure
labilaskevdoimega MALDI MS-I baseeruva AP agregatsiooni inhibiitorite
soeluuringu metoodika valideerimiseks. Néidati, et metallioonide moju AP
agregatsioonile soltub agregatsiooni kulgemise kiirusest. Kiire agregatsiooni
toimumise korral metallioonid inhibeerivad fibrillisatsiooni kontsentratsioonist
soltuvalt, vihendades vaba peptiidi kontsentratsiooni. Samal ajal on metallioonid
vOimelised indutseerima mittefibrillaarsete AP agregaatide teket, mis omakorda
aja jooksul omandavad fibrillaarse struktuuri. Tingimustes kus amiiloidi
moodustumine on aeglane voib see viimase teket oluliselt kiirendada. Need
tulemused viitavad, et metallioonide poolt indutseeritud agregaatide vdimalik
moodustumine siinaptilises pilus, kus Zn(Il) ja Cu(ll) esinevad korgendatud
kontsentratsioonis, vO0ib olla isegi amiiloidsete naastude moodustumise
kaivitajaks.

Kokkuvdtvalt saab oelda, et kdesolevas t6ds uuriti pohjalikult AP peptiidide

interaktsioone Zn(II)- ja Cu(Il)-ioonidega ja saadud tulemused viitavad, et need
metallioonide olulisele rollile AD patogeneesis.

62



PUBLICATION I

Tougu, V., A. Karafin and P. Palumaa (2008)

"Binding of Zinc(II) and Copper(Il) to the Full-Length Alzheimer's
Amyloid-Beta Peptide."

J. Neurochem. 104(5): 1249-1259

63






@ JOURNAL OF NEUROCHEMISTRY | 2008 | 104 | 1249-1259

doi: 10.1111/1.1471-4159.2007.05061.x

Binding of zinc(ll) and copper(ll) to the full-length Alzheimer's

amyloid-[3 peptide

Vello Tougu, Ann Karafin and Peep Palumaa

Department of Gene Technology, Tallinn University of Technology, Akadeemia tee, Tallinn, Estonia

Abstract

There is evidence that binding of metal ions like Zn®* and
Cu?* to amyloid beta-peptides (AB) may contribute to the
pathogenesis of Alzheimers disease. Cu®>* and Zn* form
complexes with AP peptides in vitro; however, the published
metal-binding affinities of Ap vary in an enormously large
range. We studied the interactions of Cu?* and Zn®* with
monomeric A4 under different conditions using intrinsic Ap
fluorescence and metal-selective fluorescent dyes. We
showed that Cu®* forms a stable and soluble 1 : 1 complex
with AB4o, however, buffer compounds act as competitive
copper-binding ligands and affect the apparent Kp. Buffer-
independent conditional Kp for Cu(ll)-AB4o complex at pH 7.4
is equal to 0.035 umol/L. Interaction of ABs with Zn?* is
more complicated as partial aggregation of the peptide oc-

Alzheimer’s disease (AD) is a neurodegenerative disease
characterized by deposits of extracellular amyloid plaques
and intracellular neurofibrillary tangles in the brain. The
principal components of the plaques are fibrils formed of 40—
42 residues long amyloid B-peptides (AP) derived from
cleavage of amyloid precursor protein (APP) by B- and vy-
secretases (Tanzi and Bertram 2005; Blennow et al. 2006;
Haass and Selkoe 2007).

AP aggregation is an established pathogenic mechanism of
AD and therefore factors influencing the A aggregation are
of high interest. Aggregation of AP peptides is primarily
affected by a variety of genetic and dietary factors leading to
increased concentrations of AB peptides or to the excessive
formation of AP peptides with increased tendency for
aggregation in the brain (Tanzi and Bertram 2005; Blennow
et al. 2006; Haass and Selkoe 2007). Moreover, it has been
demonstrated that the interaction of AP peptides with zinc
(Mantyh et al. 1993; Bush et al. 1994b; Esler et al. 1996,
Brown et al. 1997; Bush 2003; Cuajungco and Faget 2003)
and copper (Atwood et al. 1998; Bush ef al. 2003; Adlard
and Bush 2006; Gaggelli e al. 2006) ions may induce the
aggregation of AP peptides and these ligands may act as

© 2007 The Authors
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curs during zinc titration experiment and in the same time
period (within 30 min) the initial Zn-ABs complex
(Ko = 60 umol/L) undergoes a transition to a more tight
complex with Kp ~ 2 pmol/L Competition of A4 with ion-
selective fluorescent dyes Phen Green and Zincon showed
that the Kp values determined from intrinsic fluorescence of
AB correspond to the binding of the first Cu®* and Zn?* ions
to the peptide with the highest affinity. Interaction of both
Zn?** and Cu?* ions with AB peptides may occur in brain
areas affected by Alzheimer's disease and Zn?*-induced
transition in the peptide structure might contribute to amyloid
plaque formation.

Keywords: Alzheimer’s disease, amyloid-p peptide, binding
constants, copper, zinc.

J. Neurochem. (2008) 104, 1249-1259.

seeding factors in the formation of amyloid plaques. Indeed,
the levels of Zn*" and Cu®" are clevated in the amyloid
deposits (Lovell ef al. 1998; Miller et al. 2006) and the
homeostasis of these metals is mis-regulated in the AD brain
(Adlard and Bush 2006).

The availability of zinc and copper in the brain varies in a
large range. In the majority of brain regions extracellular
concentrations of Cu?* and Zn?* are very low (Masuoka and
Saltman 1994; Frederickson et al. 2006). However, certain
brain regions like the hippocampus, the amygdala, and the
cortex are rich in specific zinc-enriched synapses, where
Zn*" jons are concentrated into synaptic vesicles by a
specific zinc transporter Zn-T3 (Frederickson and Bush
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2001). The role of synaptic zinc is largely unknown, yet, the
estimate of its maximal local concentration in the synaptic
cleft upon activation is as high as 300 pmol/L (Assaf and
Chung 1984; Howell et al. 1984). As zinc-enriched synapses
are present mainly in the brain regions most affected in AD,
many authors have suggested the causative role of synaptic
zinc in AD (Deibel et al. 1996; Adlard and Bush 2006,
Konoha et al. 2006). In animal experiments lowering the
concentration of synaptic zinc by the knock-out of Zn-
transporter Zn-T3 leads to a reduced plaque formation in AD
model mice suggesting that synaptic zinc might contribute to
plaque formation also in the case of AD (Lee et al. 2002).

There is evidence suggesting that similarly to zinc, copper
ions are also released from vesicles of neurons during
synaptic transmission (Hartter and Barnea 1988; Kardos
et al. 1989; Schlief et al. 2005). Recently, it was demon-
strated that activation of NMDA-type of glutamate receptors
of hippocampal neurons leads to the release of copper ions
from post-synaptic neurites, however, the molecular and
cellular basis for functioning of copper ions within the
nervous system is not well understood (Schlief et al. 2005).

The primary interaction of A peptides with metal ions, the
reversible formation of metal-AB complexes, is extensively
studied; however, the estimates for the affinity of A towards
both Zn>" and Cu®" ions vary in an enormously large range.
Dissociation constant (Kp), values for Zn(II)-A 4o complexes
lie between 100 nmol/L (Bush et al. 1994a) and 300 pmol/L
(Garzon-Rodriguez et al. 1999), and those for Cu(Il)-ABy4o
complexes between 0.1 nmol/L (Atwood et al. 2000) and
10 pmol/L (Karr ef al. 2005). Similar variability in the
estimates of Kp values (0.1-47 pmol/L) is observable also
in the case of shorter AP,g and AB;s peptides (Karr et al.
2005; Guilloreau et al. 2006; Ma et al. 2006). Stoichiometry
of the interactions of AP with metal ions is also elusive: the
presence of up to four binding sites for metal ions in the
peptide molecule is proposed. Recent NMR studies demon-
strate that AB,g forms a 1 : 1 complex with Cu(Il) ions via
histidine residues, (Karr et al. 2005; Syme and Viles 2006).
Formation of 1 : 1 Cu(I)-AB4, complexes was confirmed
also by ESI-FTICR-MS (Jiang et al. 2007). However, at high
copper concentrations binding of the second Cu*" to the Ap
molecule has also been detected (Ali et al. 2006; Guilloreau
et al. 2006; Ma et al. 2006). For Zn(II)-AB complexes
stoichiometry from 1:1 (Clements et al. 1996) to 3 : 1
(Atwood et al. 2000) have been reported. The formation of
different oligomeric Zn(II)-Ap complexes with the involve-
ment of metal and His residues from two different AB
molecules have also been suggested (Miura et al. 2000,
Curtain et al. 2001; Syme and Viles 2006).

Inconsistency between published metal-binding parame-
ters for AP may arise from many reasons including different
composition of peptide samples used in the experiments
(presence of oligomers in the sample of monomeric AR),
different reaction conditions (nature and concentration of

© 2007 The Authors

buffer, which acts as competitive metal-binding agent, pH,
incubation time) as well as from differences in methodology
used for determination of binding constants etc.

In the present study, we paid special attention to the
generation of monomeric and relatively stabile APy, and
APg, samples and to the determination of the reliable
thermodynamic parameters for reversible 1:1 complex
formation of A with Zn>" and Cu®" ions. These parameters
are necessary for understanding the biological role of metal
ions in the aggregation of AP peptides and in the formation
of amyloid plaques characteristic for AD. We demonstrated
that the type of buffer and its concentration have a substantial
influence on the apparent affinity of AP towards Cu®>" ions
and derived the value for the conditional (buffer indepen-
dent) dissociation constant for Cu(I)-Ap complex. In the
case of zinc we showed that some peptide aggregation occurs
during metal-binding experiment and the initial and weak
Zn(I1)-AB complex transforms relatively fast to a complex
with an affinity in the micromolar range.

Experimental procedures

Materials

Lyophilized APsy and AP4, peptides, NaOH salts (ultra pure,
recombinant) were purchased from rPeptide (Bogart, GA, USA).
Fluorogenic metal chelators Newport Green (NG) and Phen Green
(PG) were from Invitrogen Molecular Probes (Eugene, OR, USA).
Tris and HEPES, both Ultrapure, MB Grade were from USB
Corporation (Cleveland, OH, USA), 1,1,1,3,3,3-hexafluoro-2-pro-
panol (HFIP), Zincon, Thioflavin T (ThT), a-cyano-4-hydroxycin-
namic acid, trifluoroacetic acid, CuCl, X 2H,O and histidine
hydrochloride were from Sigma—Aldrich (St. Louis, MO, USA);
bathocuprinedisulfonic acid disodium salt (BCS) was from Fluka
Biochemika (Milwaukee, WI, USA), ZnCl, and NaCl were extra
pure from Scharlau (City, Spain). All solutions were prepared in fresh
MilliQ water.

Sample preparation
Stock solution of A peptides was prepared as follows: 50-80 pg of
the peptide was dissolved in HFIP at a concentration 500 pumol/L to
disassemble preformed aggregates (Stine et al. 2003). HFIP was
evaporated in vacuum and the dissolving/evaporation procedure was
repeated also for a second time. The obtained AR HFIP film was
dissolved in water containing 0.02% NHj at a concentration of 50—
100 umol/L. After 30 min the AP solution was sonicated for 30 s.
The AP4o stock solution was kept in a refrigerator and used for
experiments during the same day. The experiments with AB,, were
carried out immediately after solubilization because of concerns
about the stability of the stock solution.

The fluorescent dyes were dissolved and their concentrations
measured as described in the catalogue from Molecular Probes.

Fluorescence spectroscopy
Fluorescence spectra were collected on a Perkin—Elmer LS-45
fluorescence spectrophotometer equipped with a magnetic stirrer
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(Perkin Elmer, Waltham, MA, USA). For the detection of intrinsic
tyrosine fluorescence of AP peptides, excitation at 270 nm was used
and the emission spectra were recorded in the range of 290-360 nm.
The excitation wavelengths for fluorescent dyes Newport Green and
Phen Green were 506 and 492 nm and the fluorescence intensities
were determined at 535 and 517 nm, respectively. ThT fluorescence
at 490 nm was measured with 3.3 umol/L ThT solution in 50 mmol/
L glycine buffer pH 9.0 using excitation at 445 nm.

The titration of Ap and fluorescence ligands with copper and zinc
ions was carried out in a 0.5 cm path length quartz cell with a
magnetic stirrer by adding of 1-2 pL aliquots of stock solutions of the
respective metal salt to the 400 pL of the peptide solution. After each
metal addition the solution was stirred until the stabilization of the
fluorescence (1-2 min) and the average fluorescence intensity was
measured over a 30 s period. In the control experiments the intrinsic
fluorescence of the peptide was constant for at least 30 min. Thus, the
peptide solution is stabile and the changes in the fluorescence upon
addition of metal salts are caused by the binding of metal ions to Ap.
At the end of the metal titration experiments the reversibility of the
fluorescence changes was checked by adding 50 pumol/L histidine as
a metal complexing agent to the reaction mixture. To check the
presence of aggregates at the end of metal-titration experiments the
solution was centrifuged at 10 000 g for 15 min, 50 pumol/L histidine
was added to the supernatant and A fluorescence was measured and
compared to that of the initial sample.

MALDI mass spectroscopy

An APy peptide sample was checked by MALDI-MS before and
after experiments with Cu?* ions on a Voyager STR instrument
(Applied Biosystems, Foster City, CA, USA) using 10 mg/mL o-
cyano-4-hydroxycinnamic acid matrix in 50% acetonitrile/water
containing 0.1% trifluoroacetic acid.

UV-VIS spectroscopy

Colorimetric determination of metal ions was performed on a
Shimadzu UV-2401PC spectrophotometer (Shimadzu Corp., Kyoto,
Japan). Concentration of free Zn>" ions was determined by using a
colorimetric zinc-specific dye Zincon. Zincon forms a 1 : 1 complex
with Zn?*, which absorbs at 620 nm (g = 23 500 cm/mol/L at pH
7.4) and has a Kp = 12.7 pmol/L (Shaw et al. 1990). Aliquots of
Zincon solution were subsequently added to the 10 pmol/L solution
of Zn?" in 50 mmol/L HEPES/100 mmol/L NaCl in the absence and
presence of 12 umol/L of AP and the OD values at 620 nm were
recorded. Cu” ions were determined by using a specific high-affinity
dye BCS forming a complex with Cu' absorbing at 483 nm
(e = 13 300/cm/mol/L) (Xiao et al. 2004).

Calculation of dissociation constants

The dissociation constants and stoichiometry of the Cu(Il)-Af
complexes were calculated by fitting the titration data to the
following equation:

0.5 x (Iy — Io)
[4]

(] + [Ce] + Ko) =4 x [4] x [ce]) (1)

=1+ x ([4] + [Cu®™] + Kp

where [A] and [Cu®'] are the total concentrations of the peptide
and Cu®" jons, Kpy is the dissociation constant of Cu(I1)-A  complex
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and /o, / and 7. are the fluorescence intensities of the peptide sample
in the absence, the presence, and the saturation of Cu?" jons.

Dissociation constants for the complexes of fluorogenic ion-
specific ligands with metal ions were calculated according to a
similar equation:

0.5 x (Ip — o) -
Tx ([L] + [Me*"] + Kp

(1] + M) + Kp) 4 x [1] x M) (2)

I=I+

where [L] and [Me?"] are the concentrations of the ligand and metal
ion respectively, I, I, and [. correspond to the fluorescence
intensities of the sample, free dye, and metal-complexed dye,
respectively.

The dissociation constants for the AP complexes with Zn*"
and those for binding of Cu®" at higher Tris buffer concentrations
were calculated by fitting the fluorescence titration data to the
hyperbolic binding isotherm since in these experiments the
concentration of the AP peptide as a ligand was lower than Kp:

[Me?*] x (I, — Io)

I=ht T

3)

Non-linear least-square fitting and statistical analysis of data was
performed by using KyPlot 2.0 program (Koichi Yoshiaka, Japan).

Results

Determination of the conditional dissociation constant of
Cu(I)-AB(1-40) complex by intrinsic fluorescence
titration

Addition of CuCl, leads to the decrease in the intrinsic
fluorescence of the single tyrosine residue in AR molecule
(Fig. 1). Fitting the data to Eqn. (1) resulted in
Kp*™P = 0.57 umol/L and binding stoichiometry close to
1:1 in 20 mmol/L HEPES, pH 7.4 considered as the
standard conditions. The binding of Cu®" to AP was
completely reversible, since the fluorescence intensity
returned to its starting value after addition of 50 umol/L of
histidine. Centrifugation of the sample after the titration with
subsequent addition of 50 umol/L histidine to the superna-
tant exposed more than 80% of initial AP fluorescence
confirming that most of the peptide was in a non-precipitated
form after the copper titration experiments. Similar results
(Kp™ = 0.62 pmol/L) were observed when APy, was
solubilized in 0.02% NH; without HFIP pre-treatment.
However, the stability of the peptide stock solution without
HFIP pre-treatment was poor: its fluorescence decreased
significantly within 1 h incubation, whereas fluorescence of
HFIP treated sample was stable. Considering this, we used
the HFIP pre-treated peptide solutions throughout the study.
We found that the Kp™" values observed vary in a large
range when different buffers are used. For instance, the
affinity of Ap towards Cu®" in 100 mmol/L Tris buffer at pH
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Emission at 305 nm

Cu2* (umol/L)

Fig. 1 Intensity of the intrinsic fluorescence of AB4 as a function of
added Cu®*. Reaction conditions: pH 7.4 in 20 mmol/L HEPES (O)
and in 100 mmol/L Tris (CJ) containing 100 mmol/L NaCl; 4 pmol/L
APg4o. Excitation at 270 nm.

7.4 was approximately 70 times lower than that in 10 mmol/
L Tris at the same pH. The experimental Kp™™ values for
Cu(Il)-AB complexes together with the data from the
literature are presented in Table 1. Addition of calcium ions
(3 mmol/L) in the buffer in the concentration close to that
in extracellular space, did not affect the Cu®* binding neither
in HEPES nor in Tris buffer. The affinity of APy, towards
Cu?" jons in 20 mmol/L HEPES was similar to that of ABao.

In order to explain the buffer-dependent variability of
Kp™ we accounted for the concentrations and type of metal-
binding compounds in the reaction mixture. It is known that
Tris base forms relatively weak 1 : 1 and 2 : 1 complexes
with Cu*" ions, characterized by the stability constants
578 x 10°/mol/L.  and  4.46 x 10°mol/L?, respectively
(Takahashi ez al. 1981). Recently, it was demonstrated that

the ‘non-coordinating’ HEPES buffer also associates with
Cu*": the buffer anion forms a 1:1 complex with the
stability constant equal to 1.66 x 10*/mol/L (Sokolowska
and Bal 2005). Since HEPES does not form ternary
complexes with metal ions, it is still recommended for
copper binding studies; however, its influence to the binding
equilibrium should be taken into account by calculating the
binding/dissociation constants at zero buffer concentration
(conditional binding/dissociation constant) (Sokolowska and
Bal 2005).

Conditional constants Kp in HEPES can be calculated
from the apparent dissociation constants using the appropri-
ate correction functions (Sokolowska and Bal 2005):

logKp = log K" + C 4)

) (5)

C = log(1 + By % T 0Pk,

where ¢, is the buffer concentration, K, is the deprotoniza-
tion constant of the buffer and B¢, is the dissociation
constant for the Cu(II)-HEPES complex (Sokolowska and
Bal 2005). We used analogous expressions for the calculation
of conditional dissociation constants for Cu(Il)-Ap complex
presented in Table 1. With the exception of phosphate buffer,
the conditional KT, values were in good agreement suggesting
that the differences in the Kp™" values for Cu(II)-Af
originate mainly from the copper binding properties of the
buffer species. We also found that the addition of 10—
20 pmol/L Cu** to 10 mmol/L phosphate buffer leads to a
sharp increase in the light scattering of the solution indicating
the appearance of insoluble particles in the buffer solution

Table 1 The values for apparent (Kp®*®) and conditional (Kp) dissociation constants of the Cu(ll)-AB4o complexes in various buffer solutions

determined by intrinsic fluorescence measurements

Kp®®P (umol/L) Conditions C Kp (umol/L) References
1.6 2.0% 10 mmol/L Tris 100 mmol/L NaCl, pH 7.4 1.34 0.073 0.091 (Garzon-Rodriguez
et al. 1999)

11 28° 100 mmol/L Tris 150 mmol/L NaCl pH 7.5 2.94 0.012 0.032 (Karr et al. 2005)

8 50 mmol/L PBS, 100 mmol/L NaCl, pH 7.4 1.82 0.12 (Raman et al. 2005)

250 50 mmol/L HEPES, pH 7.2 10 mmol/L 0.87 1.51 0.370.077 (Danielsson et al. 2007)
HEPES, pH 7.2

0.01-0.1° Water, pH 7.8 0 0.01-0.1 (Syme et al. 2004)

0.47 £ 0.23 pH 7.3, 10 mmol/L Tris, 100 mmol/L NaCl 1.10 0.037

1.21 + 0.41 20 mmol/L Tris, 100 mmol/L NaCl 1.53 0.035

3.82 + 0.89 50 mmol/L Tris, 100 mmol/L NaCl 2.20 0.024

30.1 +5.7 100 mmol/L Tris, 100 mmol/L NaCl 2.74 0.054

0.57 + 0.23 20 mmol/L HEPES, 100 mmol/L NaCl 1.19 0.036

0.90 + 21 50 mmol/L HEPES, 100 mmol/L NaCl 1.57 0.024

25+0.6 100 mmol/L HEPES, 100 mmol/L NaCl 1.86 0.034

0.76 = 1.0% 20 mmol/L HEPES, 100 mmol/L NaCl 1.19 0.048

“ABag: °A Bos.

© 2007 The Authors
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and disturbing spectroscopic measurements of Cu®” binding
constants. Such a behavior is a result of very low solubility of
copper(Il)phosphate.

The Kp value for Cu(Il)-ABs equal to 0.035 +
0.010 pmol/L was calculated from our data as an average
and this value should be used for the comparison of the Cu-
binding properties of AP with that of competing metabolites
and proteins.

Determination of AP(1-40) affinity towards Cu®* using
Phen Green as a fluorescent dye

Theoretically AP molecule can bind multiple metal ions and
it is possible that the binding of the first Cu®>" ion with the
highest affinity does not affect fluorescence of the tyrosine
residue. In order to exclude this possibility and to confirm the
Kp value determined from intrinsic fluorescence, the ability
of AP to compete for Cu>" with a copper-selective fluores-
cence dye Phen Green was also studied. Phen Green
molecule binds a single Cu®" ion with submicromolar
affinity and this process leads to the disappearance of its
fluorescence. Addition of a competing ligand (AP) to the
reaction mixture should shift the fluorescence decrease of
Phen Green to higher Cu®>" concentrations while the Kp®P
value and (or) binding stoichiometry for the competing
ligand can be determined by regression analysis.

Titration of Phen Green with Cu" ions in the absence and
presence of different concentrations of Af4o is shown in
Fig. 2a. The Kp*™P value for Cu(Il)-PG complex determined
by fitting the results to Eqn (2) is equal to 0.015 pmol/L.
Presence of APy, shifts the titration curve towards higher
copper concentrations indicating the ability of the peptide to
compete with the dye for metal ions. Kp*? value for Cu(II)-
PG complex depended linearly on the concentration of AB
(Fig. 2b), and assuming 1 : 1 stoichiometry of the Cu(Il)-AB
complex, Kp value equal to 0.5 pmol/L was estimated
from this dependence. The Kp™® value observed is similar to
the Kp™ = 0.9 umol/L determined from the Cu®'-induced
changes of intrinsic fluorescence of AP,y under similar
conditions. Formation of a small amount of Cu(Il),-AB
complex at high copper concentrations cannot be excluded.
Binding of the second Cu®" ion with low affinity would
decrease the Kp value estimated from competition experi-
ments and increase the value of the Kp determined from
direct measurements.

Determination of the Cu(l) ions and oxidized Ap forms

Copper ion is electrochemically active when bound to AB
(Huang et al. 1999a; Lynch et al. 2000), which may rise
concerns that Cu” may accumulate and the peptide may get
oxidized during copper titration experiments. In order to
check the occurrence of redox processes under our experi-
mental conditions, we have performed following tests.
Figure 3a shows that when BCS was added to the solution
containing Cu®" and HEPES the OD,g; increased because of
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Fig. 2 Estimation of the affinity of Cu?* towards A4, by competition
with the fluorescent dye Phen Green. (a) Fluorescence of Phen Green
with addition of increasing amounts of copper in the absence (O) and
presence of 0.5 (0J); 1 (A); 2 (V) and 3 (<>) umol/L of Ap in 50 mmol/L
HEPES and 100 mmol/L NaCl, pH 7.4, excitation at 492 nm. Lines
correspond to the simulated curves assuming Kp = 0.5 pmol/L.
(b) Influence of Ap on the apparent dissociation constant of Cu(ll)-PG
complex estimated by fitting of experimental data to Eqn. (2).

BCS-assisted reduction of Cu®" in HEPES buffer, which was
observed also earlier (Hegetschweiler and Saltman 1986).
The rate of the increase in the ODyg; corresponds to the
copper reduction, since the association of Cu* with the dye is
almost instant and reduction of Cu®" under aerobic condi-
tions occurs only in the presence of strong Cu” stabilizing
agents like BCS (Hegetschweiler and Saltman 1986; Sayre
1996). When Cu®" ions are pre-incubated with AB, before
addition of BCS, the ODyg3 increases with the same rate
without any ‘burst’ phase, which is indicative for absence of
Cu" ions in the system. Separate MALDI MS experiment
(Fig. 3b) demonstrated that after 2 h incubation of A4, with
Cu?' ions there are no oxidized AP4y products formed.
Obtained results together confirm that Cu®* is not reduced
and Ay is not oxidized under our experimental conditions.

Determination of the dissociation constant of
Zn-AB(1-40) complex using intrinsic fluorescence
Addition of Zn*" to the solution of 2-5 pmol/L of AP
without continuous stirring resulted in an increase in the
intrinsic fluorescence of the tyrosine residue similar to that
observed in the literature (Garzon-Rodriguez ef al. 1999;
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Fig. 3 Reduction of copper ions in the presence on A4, (a) Reaction
of BCS with 25 umol/L copper ions without A4 (solid line) and with
1 h pre-incubation with 4 pmol/L A4 (dotted line) in 50 mmol/L HE-
PES, 100 mmol/L NaCl, pH 7.3. (b) MALDI-TOF MS spectrum of the
4 umol/L A4 peptide after the 2 h incubation with 25 yumol/L Ccu?*
ions in 50 mmol/L HEPES, 100 mmol/L NaCl, pH 7.3.

Ricchelli et al. 2005). However, the reproducibility of the
results was very poor. Literature data about the effect of Zn>"
on the intrinsic fluorescence of AP is also not in agreement:
zinc increases the fluorescence of ARy in 10 mmol/L Tris/
0.1 mol/L NaCl, pH 7.4 by a factor of 2.16 and binding was
characterized by Kp™ =300 pumol/L (Garzon-Rodriguez
et al. 1999), whereas similar measurements in 100 mmol/L
Tris/150 mmol/L NaCl, pH 7.4 revealed only a 1.3-fold
increase in fluorescence intensity with an estimate for Kp**P
lower than 20 umol/L (Ricchelli et al. 2005). Moreover, zinc
had no effect on intrinsic fluorescence of AP in phosphate
buffer (Raman et al. 2005).

In search for reproducibility, we observed that stirring of
the solution has a substantial influence on the fluorescence of
AB in the presence of Zn>" ions. Since mixing the samples
seemed to be critical we carried out the zinc-binding
experiments using continuous stirring, which also substan-
tially improved the reproducibility of the experiments. In
contrast to Cu(Il)-A showing stable fluorescence for at least
20 min, the fluorescence intensity of AP in the presence of
Zn*" ions showed substantially lower stability. The initial
stabilization occurring within 1.5-2.5 min was followed by a
slow decrease in the intensity, which formally corresponds to
increased metal-binding and might be also connected to
aggregation phenomena. We determined Kp* values from
readings taken after 3 min incubation with stirring giving
stabile readings.

© 2007 The Authors
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Fig. 4 Intensity of the intrinsic fluorescence of 4 umol/L AB4 as a
function of added Zn?*. Reaction conditions: 4 umol/L AB4q at pH 7.4
in 20 mmol/L HEPES (O) and in 100 mmol/L Tris (CJ) containing
100 mmol/L NaCl. Excitation at 270 nm.

Decrease in the intrinsic fluorescence of Ay at increasing
concentrations of Zn>* ions under the conditions of contin-
uous stirring is shown in Fig. 4. Kp values calculated from
the respective titration curves according to Eqn. (3) are listed
in Table 2. Table 2 shows that K" for Zn(I)-Af complex
is higher at higher concentrations of Tris, but there is no
difference between the Kp™P values in 20 mmol/L HEPES,
and in 10 mmol/L Tris. The Kp™ value for APy, in
20 mmol/L HEPES was also similar to that of AP, The
Zn(II)-AB complex formation was reversible since the AP
fluorescence returned to the initial level after the adding of
50 pmol/L of histidine. However, centrifugation of the
reaction mixture and separation of the supernatant before
addition of histidine showed that a substantial fraction of
AB4o (up to 50%) was aggregated at the end of the titration,
indicating that zinc in contrast to copper induces aggregation
of AP peptides during metal-titration experiment. The
absence of ThT fluorescence in the corresponding tests
showed that despite the aggregation, no fibrillar A,
aggregates were formed during metal ion titration experi-
ments.

Table 2 The values for apparent (Kp®*) for the Zn(ll)-AB4o com-
plexes in various buffer solutions determined by intrinsic fluorescence
measurements

Kp®PP(umol/L) Conditions

65+ 3 20 mmol/L HEPES, 100 mmol/L NaCl, pH 7.4
124 + 322

91 = 16°

60 + 14 10 mmol/L Tris, 100 mmol/L NaCl, pH 7.4
184 + 30 100 mmol/L Tris, 100 mmol/L NaCl, pH 7.4
300° 10 mmol/L Tris, 100 mmol/L NaCl, pH 7.4°

2Emission was measured immediately after zinc addition; bABI,Q;
°From Garzon-Rodriguez et al. (1999).
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Fig. 5 Influence of Zn®* on the fluorescence of Newport Green.
Experimental data in the absence (O) and presence of 5 umol/L of
AP4o (H). 20 mmol/L HEPES, 100 mmol/L NaCl, pH 7.4, 0.55 umol/L
NG. Simulated curves corresponding to the values of
Kp = 0.107 umol/L (——-) and Kp = 3.2 umol/L (——-). Excitation at
506 nm.

Titration of Newport Green with Zn?* in the absence and
presence of AB(1-40)
Interaction of AB with Zn>" ion was also studied with a zinc-
specific fluorescent dye Newport Green. Upon binding Zn**
ions, the fluorescence of the dye increases. Kp value for the
Zn(II)-NG complex is equal to 1.0 pumol/L (Catalogue of
Molecular Probes). Titration curves of the NG with Zn*>* in
the absence and presence of 5 umol/L of AP determined
without pre-incubation of AP with Zn>" ions are shown in
Fig. 5. The Kp™" value for the Zn(I)-NG complex constant
was found to be equal to 3.5 pmol/L in 20 mmol/L HEPES/
100 mmol/L NaCl at pH 7.4. Fig. 5 shows that 5 pmol/L of
APy did not affect the fluorescence intensity of NG in the
presence of increasing amounts of Zn>". Thus, AP, is not
able to compete with NG for Zn*" ions and its affinity
towards zinc is substantially lower than that of NG. We
simulated the effects of AP on zinc titration of NG by using
the high-affinity binding constants and stoichiometry pro-
posed in the literature (Bush er al. 1994a), and the resulting
curves are also presented in Fig. 5. Disagreement between
simulated and experimental data indicates that the fast
binding of Zn?' ions to AP in a micromolar range is not
observed. A control experiment showed that the binding of
Zn*" by Tricine buffer [¢ = 10 pmol/L; Kp = 10 umol/L
(Paoletti et al. 1997)] was clearly detectable under similar
experimental conditions.

The KpP value for the Zn(II)-NG complex increased to
20 pmol/L in 50 mmol/L Tris, thus, it is more influenced by
buffer than the Kp™” value for Zn(Il)-A B4 complex.

Determination of the time-dependent binding of Zn?* to
AB

In the presence of Zn>" ions we observed a time-dependent
decrease in the intrinsic fluorescence of AP, which suggests
that the initial fast-forming Zn(II)-AfB complex may undergo
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Fig. 6 Titration of 12 pmol/L Zn?* in the absence (filled circles) and
presence (open symbols) of 12 pmol/L AB4o with Zincon. pH 7.3 in
50 mmol/L HEPES, 100 mmol/L NaCl. The peptide was pre-incubated
with Zn2* ions for 0 min (O); 30 min (CJ) and 4 h (A) before titration
with Zincon.

a slow transformation and/or aggregation. In order to
estimate the K, value for the resulting complexes we carried
out the titrations of Zn®" containing AB solutions with
Zincon after different incubation times. The titration curves
presented in Fig. 6 show that the Kp value for the fast
forming initial Zn(Il)-A B4 complex (incubation time 3 min)
is higher than that for the complex of Zn** with Zincon
(Kp = 11.5 pmol/L). However, when A4y was incubated in
a solution containing 10 pmol/L Zn*" for 30 min or for a
longer period before titration with Zincon, the titration curve
was shifted towards higher Zincon concentrations suggesting
that upon incubation the initial weak Zn(II)-AB4 complex
was transformed into a high-affinity complex with affinity
~ 2 umol/L. Similar curves were observed also with Ap,,.
The binding of Zn*" jons to APy is still reversible as all zinc
was extracted from Zn(II)-AB4, complexes at high concen-
trations of Zincon. A similar result was obtained also after a
4-h incubation of Zn(I)-A B4 solution before titration with
Zincon suggesting that the process of transformation is
almost complete within 30 min.

Discussion

Our results demonstrate that despite the apparent similarity in
chemical properties of Zn*" and Cu®" their mode of
interaction with APy, is substantially different: interaction
of Cu®" with APy, is limited to a fast and reversible
formation of a stable complex, whereas the formation of
initial weak Zn(II)-A P40 complex is followed by its relatively
fast transition to high-affinity complexes.

Interaction of AB with Cu(ll) ions

Although the interaction of Cu®* ions with Ay is described
by a simple reversible 1 : 1 complex formation, the apparent
binding constant values vary in a very large range under
different experimental conditions (Table 1). Making use of
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the appropriate correction functions that take into account the
metal-binding properties of buffers, we demonstrated that,
with the exception of the phosphate buffer, the values for the
calculated conditional K in different buffers are close to
0.035 pmol/L. The very low solubility of copper(Il)phos-
phate makes phosphate buffer unsuitable for metal-binding
experiments. Thus, we concluded that the large variability in
the Kp™*? values for Cu(II)-A B complex determined here and
reported in the literature is mainly caused by interactions of
the Cu®" ions with buffer components. Experiments with
competing fluorescent dye Phen Green resulted in a Kp**P
value similar to that determined from intrinsic fluorescence
of AB4o and showed no evidence for the ability of A4 to
bind copper with extra high-affinity (Kp = 0.1 nmol/L)
suggested in the literature (Atwood et al. 1998). It should
be noted that Atwood and colleagues used prolonged (24 h)
incubation of AP peptide with Cu®" ions: it is likely that
during prolonged incubation the peptide oligomerizes and
aggregates in the presence of metal ions, or even undergoes
oxidative modifications, which may lead to the formation
high-affinity binding sites for copper ions. Latter hypothesis
is supported by the observation that during prolonged
incubation the initial soluble 1: 1 Cu(I)-AB complex is
transformed to sodium dodecyl sulfate-resistance aggregates
and the peptide can undergo chemical modifications, for
instance, tyrosine cross-linking after 3 days incubation at
37°C (Atwood et al. 2004). In our experimental conditions
there was no Cu’ accumulation in the ABy4o solution and
according to MALDI MS analysis the peptide was not
oxidized during the in vitro experiments. Our data are in
agreement with recent ESI-FTICR-MS results showing that
APy, forms a soluble monomeric 1 : 1 complex with Cu®"
ions whereas the tyrosine and methionine residues are not
oxidized during the experiment and the bound copper is in
the Cu®" oxidation state (Jiang et al. 2007).

There is substantial evidence in the literature that at high
concentrations of AP and Cu?* the formation of Cu(IT)-Ap
complexes with 1 : 2 and 2 : 1 stoichiometry can also occur
(Ali et al. 2006; Guilloreau et al. 2006; Ma et al. 2006).
These complexes, if present, may complicate the determina-
tion of binding constants; however, because of the low
concentrations of copper ions and AP in vivo, such
complexes are practically absent in physiological conditions.
Taken together, the fast-forming reversible 1 : 1 Cu(Il)-A B4
complex is characterized by buffer independent conditional
Kp value equal to 0.035 umol/L at pH 7.4. This Kp, value is
applicable for the comparison of copper-binding affinity of
AP with that of other peptides, proteins and biological
ligands. The affinity of ABy, towards Cu®" was very similar
to that of APyo.

Interaction of Ap with Zn(ll) ions

The hypothesis on the physiological importance of the
interaction between Zn*" ions and A and the role of zinc in
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AD often rely on the assumption that AP, binds one Zn>"
ion with high-affinity (Kp = 100 nmol/L) and two additional
Zn*" jons with somewhat lower affinity (Kp =5 pmol/L)
(Bush et al. 1994a). These values were obtained from the
binding of radioactive Zn*>" ions to the AB4o immobilized
onto polyvinylidene difluoride membranes. However, later
results obtained by a similar method showed the formation of
only 1: 1 complex with Kp = 3.2 umol/L (Clements et al.
1996). Micromolar affinity for the binding of Zn*" to AP,
was obtained also from NMR-studies and from fluorimetric
experiments where AP bound Zn®" was displaced by Cu*"
(Danielsson et al. 2007). At the same time, the K, values for
Zn-AByo determined from zinc-induced changes in the
intrinsic fluorescence of A are substantially higher and lie
in the range from 20 pmol/L (Ricchelli et al. 2005) to
300 pmol/L (Garzon-Rodriguez et al. 1999).

By using the intrinsic fluorescence of AP4 and zinc-
specific dye Zincon, we demonstrated that AP, formed an
initial low-affinity Zn(II)-A4y complex (Kp = 60 umol/L),
which was transformed to a high-affinity complex with
Kp ~ 2 pmol/L in a period of 30 min. Our results demon-
strate for the first time the change of zinc-binding affinity of
AP with time occurring concomitantly with zinc-induced Af
aggregation. It can be suggested that Kp = 60 pumol/L
represents the relatively low ‘true’ affinity of monomeric
APB4o-peptide towards Zn*>" ion, whereas micromolar Zn>"
binding affinity is characteristic for metal-binding sites in
zinc-induced oligomers or aggregates of Afgo.

The fact that the interaction of Zn>" with AP, depends on
the incubation time (in the timescale of performing exper-
iments) and mixing conditions should be taken into account
in experimental studies of the formation of this complex.
Comparing different methods used in zinc-binding studies,
we noticed that radioligand binding, NMR and metal
displacement experiments, where binding constants values
in the micromolar range were detected (Bush et al. 1994a;
Clements et al. 1996; Danielsson et al. 2007), are all
characterized by longer incubation times of A with Zn**
ions as compared with measurements of intrinsic fluores-
cence of AP, from which Kp values 60 pmol/L or larger
(Garzon-Rodriguez et al. 1999) were obtained.

The changes in the Kp**" value for Zn(Il)-AB4o complex in
different buffers were not parallel to the changes in those for
Zn-NG complex. Thus, in contrast to the Cu(I)-Apy
complexes, the interaction of Zn>* with the amyloid peptides
cannot be characterized by a single conditional Kp, value.
This behavior might be caused by the formation of ternary
Zn(II)-AB-buffer complexes. Moreover, considering the
instability of the fluorescence intensity, partial aggregation
of AP in zinc-containing solutions and relatively fast
transformation of the initial complex to high-affinity com-
plex, it is likely that in the case of zinc the K, value does not
belong to a single and well-defined Zn(II)-Ap complex, but
is an average value characterizing the heterogeneous mixture
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of monomeric Zn(II)-Af and various Zn(II)-AB oligomeric
complexes and aggregates. This conclusion is in agreement
with the results of NMR and CD studies of metal-AB
complexes indicating that Zn>" coordination is dominated by
intermolecular coordination and formation of polymeric
species (Syme and Viles 2006). Dynamic changes in the
composition of such species might cause a 100-fold differ-
ence in the ‘apparent’ zinc-binding affinities of AP,y as
follows from the Kp measurements at different incubation
times. Recent observation that Zn>" ions can precipitate out
soluble aggregates of AP4o, also indicate their increased
affinity towards zinc ions (Garai et al. 2007).

Biological context

The availability of zinc ions in the brain varies in a large
scale. The tonic level of free Zn>" in the extracellular fluid of
the rat, rabbit, and human brain is as low as 19 nmol/L
(Frederickson et al. 2006), however, concentration of free
zinc ions in the regions of zinc-enriched neurons is much
higher. The theoretical upper limit of Zn** ions in the
synaptic clefts of zinc-enriched neurons (Madsen and Gitlin
2007) reaches 300 umol/L (Assaf and Chung 1984; Howell
et al. 1984) and the experimentally determined level of Zn>*
during the release of pre-synaptic zinc into the extracellular
space is 10-30 umol/L [for review, see Frederickson and
Bush (2001)]. Considering the values of Kp for Zn(II)-Af
complex, it can be concluded that the probability for the
Zn(Il)-Ap complex formation is high only in certain brain
areas containing synapses of zincergic neurons. However,
interaction of Zn>" with AP is not limited to the fast
reversible binding: initial binding of zinc to AP induces
transformation of the peptide to an oligomeric or a polymeric
complex with increased zinc-binding affinity. The latter
phenomenon potentiates the effect of zinc on AB and might
enable zinc to act as a seeding factor in the process of
amyloid plaque formation. Recently, it has been demon-
strated that Zn** ions precipitate out soluble oligomeric Ap
forms and lower their toxicity (Garai et al. 2007), which
indicates that Zn>" might be protective against oligomeric Ap
species, which are considered to be most toxic to neurons
(Klein et al. 2001).

The conditional dissociation constant for the Cu(IT)-A 4o
complex, equal to 0.035 pmol/L, is close to the affinity of
copper towards amino acids and other low-affinity ligands
and proteins present in extra-cellular environment (Mas-
uoka and Saltman 1994). The extracellular copper concen-
tration is generally low, however, there is evidence that in
upon excitation of certain neurons copper ions are released
into synaptic clefts in concentrations up to 15-100 pmol/L
(Hartter and Barnea 1988; Kardos ef al. 1989) and may
also play a role in synaptic transmission (Madsen and
Gitlin 2007). Recently the release of Cu®" from synapto-
somes was detected using tetrakis-(4-sulfophenyl)porphine
(TSPP) (Hopt et al. 2003). Since the Kp™P value for
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Cu(I)-TSPP complex (Kp*™P = 0.44 umol/L) is very sim-
ilar to that of Cu(II)-AB4y complex, in 10 mmol/L HEPES,
this observation suggests that concentration of synaptically
released copper ions might be sufficient for the formation
of Cu(Il)-AB4o complex. This complex formation may
significantly affect the homeostasis and metabolism of A
peptides and may lead to the insertion of Cu®" ions to
amyloid plaques. As A associated copper is electrochem-
ically active, it might also induce the production of reactive
oxygen species causing oxidative stress in AD (Huang
et al. 1999b).
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Abstract

Aggregation of amyloid-p (AB) peptides is a central phenom-
enon in Alzheimer’s disease. Zn(ll) and Cu(ll) have profound
effects on AP aggregation; however, their impact on amyloi-
dogenesis is unclear. Here we show that Zn(ll) and Cu(ll)
inhibit AB,, fibrillization and initiate formation of non-fibrillar
AB4o aggregates, and that the inhibitory effect of Zn(ll)
(ICs0 = 1.8 umol/L) is three times stronger than that of Cu(ll).
Medium and high-affinity metal chelators including metallo-
thioneins prevented metal-induced Af4, aggregation. More-
over, their addition to preformed aggregates initiated fast A4
fibrillization. Upon prolonged incubation the metal-induced
aggregates also transformed spontaneously into fibrils, that
appear to represent the most stable state of ABs.. H13A and
H14A mutations in AB4» reduced the inhibitory effect of metal

Alzheimer’s disease (AD) is a devastating neurodegenerative
disorder and leading cause of senile dementia. One of the
main histopathological hallmarks of the AD brain is the
formation of extracellular amyloid plaques, composed
mainly of fibrillar amyloid-B (AB) peptide, small amounts
of other proteins (Liao e al. 2004), and transition metal ions
(Lovell et al. 1998; Miller et al. 2006). According to the
amyloid cascade hypothesis, AP aggregation and the
subsequent age-related accumulation of amyloid plaques
triggers a cascade of molecular and cellular events leading
ultimately to neurodegeneration (Hardy and Selkoe 2002;
Walsh and Selkoe 2007). Within the plaques, A molecules
are organized into insoluble fibrils with a diameter approx-
imately 610 nm and similar amyloid fibrils are also formed
by synthetic AP in vitro (Castano et al. 1996). According to
current opinion, the fibrillization of AP in vitro involves
nucleation dependent polymerization where an initial slow

© 2009 The Authors

ions, whereas an H6A mutation had no significant impact. We
suggest that metal binding by H13 and H14 prevents the
formation of a cross-p core structure within region 10-23 of
the amyloid fibril. Cu(ll)-AB4> aggregates were neurotoxic to
neurons in vitro only in the presence of ascorbate, whereas
monomers and Zn(ll)-AB4> aggregates were non-toxic. Dis-
turbed metal homeostasis in the vicinity of zinc-enriched
neurons might pre-dispose formation of metal-induced A
aggregates, subsequent fibrillization of which can lead to
amyloid formation. The molecular background underlying
metal-chelating therapies for Alzheimer’s disease is discussed
in this light.

Keywords: aggregation, Alzheimers disease, amyloid-p,
fibrillization, metal chelating therapy, zinc and copper ions.
J. Neurochem. (2009) 110, 1784-1795.

nucleation (‘seeding’) period is followed by a rapid fibril
growth and final fibril maturation (Lomakin et al. 1996;
Harper and Lansbury 1997). There is consensus that the
extended B-conformation seen in fibrils is pivotal to their
formation, and that interchain hydrogen bonds with neigh-
boring A units forms the cross-f3 amyloid core of the fibril
(Tycko 2003; Petkova et al. 2006).

The formation of plaques in vivo may also involve
molecules and ions other than AB. Importantly, A interacts
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with Zn(I) and Cu(ll) ions and their binding can initiate
peptide aggregation (Bush et al. 1994; Atwood et al. 1998).
The content of extracellular zinc and copper in the brain is
generally low. However, high levels of zinc are present in the
hippocampus, the amygdala, and the cortex that are rich in
specific zinc-ergic synapses, where Zn(II) is concentrated in
synaptic vesicles with the assistance of a specific zinc
transporter Zn-T3 (Frederickson and Bush 2001). Strikingly,
Zn-T3 knock-out transgenic AD model mice do not develop
amyloid plaques in the brain (Lee er al. 2002), which
indicates that synaptic zinc may have a causative role in
amyloid formation and pathology of AD (Deibel et al. 1996;
Adlard and Bush 2006; Konoha et al. 2006). As with zinc,
copper ions are also released from vesicles into the synaptic
cleft of hippocampal neurons (Schlief et al. 2005). The
affinity of full-length A for Zn(Il) and Cu(Il) is in the same
concentration range as synaptic levels of these metal ions in
the brain (Tougu ef al. 2008), further suggesting that Af-
metal interactions may be significant in vivo. Zn(Il) and
Cu(ii) are also elevated in amyloid plaques (Lovell et al.
1998; Miller et al. 2006).

The putative role of metal ions in promoting AD pathology
underlies a therapeutic approach called ‘metal chelating
therapy’ (Cherny ez al. 2001; Bush and Tanzi 2008) which in
part, suggests that removal of Cu(Il) and Zn(Il), from amyloid
plaques leads to their solubilization. This approach has been
tested by using weak metal chelators like clioquinol (CQ) and
its second generation derivatives (PBT2), which reduce plaque
load in transgenic mice models of AD (Cherny et al. 2001;
Adlard et al. 2008). PTB2 promoted improvement in cognitive
efficacy of AD patients in phase Ila clinical tests, however, the
clinical effectiveness of the drug remains to be finally
established (Lannfelt et al. 2008). Several studies demonstrate
that the mechanism of metal chelating therapy is more complex
than initially proposed (White ez al. 2006; Crouch ez al. 2009).
It has been demonstrated that besides metal chelating ability,
CQ has other systematic effects both in cell culture models and
in whole animal experiments (White et al. 2006). Recently it
was observed that CQ promotes rather than inhibits the
formation of A fibrils in vifro and the authors have proposed
a careful reconsideration of the potential of CQ-based chelation
therapy (Bolognin ef al. 2008). It is evident that further
evaluation of the metal chelators as potential therapeutics
should rely on the proper understanding of two fundamental
aspects — (i) the effect of metal ions on the aggregation of Af;
(ii) the effect of metal chelators on metal-induced AP aggre-
gates, both of which are currently incompletely understood.

The influence of zinc and copper ions on aggregation of
AP has been intensively studied over the last decade;
nevertheless, many important aspects like the effect of metal
ions on aggregation kinetics and the effect of chelators on
metal-induced aggregation of AP are still elusive. In early
studies metal ions have been reported to enhance the rate of
AP fibrillization and metal chelators acted in an opposite

© 2009 The Authors

Fibrillization of metal-induced AP aggregates | 1785

direction by reversing the aggregation (Bush ef al. 1994;
Esler et al. 1996; Cherny et al. 1999). Later it was found that
the metal-induced AP aggregates are predominantly non-
fibrillar (Yoshiike ef al. 2001; Raman et al. 2005), however,
enhanced fibril formation in the presence of metal ions has
also been observed (Klug et al. 2003; Ricchelli et al. 2005).
It has even been suggested that the presence of trace levels of
metal ions is absolutely necessary for AP fibrillization
(Huang et al. 2004). Reasons for the inconsistency from
different studies are unknown.

In this work, we have systematically studied the effect of
Zn(I) and Cu(Il) on the aggregation of Ay, and its His to
Ala mutants, and the transition between insoluble aggregates
and fibrils. We further examined the effect of metal chelators
on these processes, and the subsequent neuronal toxicity of
fibrils and aggregates. Our results allow us to propose a model
which reconciles the interaction of Zn(II) and Cu(Il) with
A4, under physiological conditions, and the emergence of
different forms of polymerized A over time.

Experimental procedures

Materials

Lyophilized A4, peptide and its H6A, HI3A and H14A mutants
(ultra pure, recombinant) were purchased from rPeptide (Bogart,
GA, USA) as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) form.
HEPES Ultrapure, MB Grade was from USB Corporation
(Cleveland, OH, USA). EDTA, HFIP, Zincon, Thioflavin T,
CuCl, x 2H,0 and, glycine, cysteine and histidine hydrochloride
were from Sigma-Aldrich (St. Louis, MO, USA); ZnCl, and NaCl
were extra pure from Scharlau (Barcelona, Spain). All solutions
were prepared in fresh MilliQ water. Metallothionein-3 (MT-3) was
expressed and purified as reported previously (Eriste e al. 2003).

Sample preparation

Stock solutions of AR were prepared as follows: AP HFIP film was
dissolved in water containing 0.02% NHj at a concentration of 10—
20 uM. After 10 min of incubation the AP stock solution was
diluted with buffer and used for experiments.

Monitoring AB,, fibrillization by thioflavin T fluorescence
Freshly prepared stock solutions of AP, were diluted to a final
concentration of 5 pmol/L in 20 mmol/L HEPES and 100 mmol/L
NaCl, pH 7.4 containing 3.3 pmol/L of thioflavin T (ThT) and an
appropriate amount of Zn(IT) or Cu(I). 400 pL of each sample was
incubated in a 0.5 cm path length quartz cell and agitated with a
magnetic stirrer at 250 rpm. The increase in ThT fluorescence was
measured at 480 nm using excitation at 445 nm on a Perkin-Elmer
LS-45 fluorescence spectrophotometer (Perkin-Elmer, Waltham, MA,
USA) equipped with a magnetic stirrer.

Aggregation parameters were determined by fitting the fluores-
cence intensity versus time to Boltzmann sigmoid curve

Ay — A
Y= T oo T4

)

where A, is the initial fluorescence level, 4, is the maximum
fluorescence, #, is the time when fluorescence has reached half
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maximum and £ is the rate constant of the fibril elongation. ICs,
values were calculated according to hyperbolic dose-response curves.
Conditional dissociation constants for Cu(II)-Af4, were deter-
mined by intrinsic tyrosine fluorescence of AP as described in
(Tougu et al. 2008). Parameter values are given with + SD.

Transmission electron microscopy

The grids were placed on an adhesive solid surface and 3 pL of
previously centrifuged (30 min, 12 000 g) peptide solution was
pipetted on each grid and allowed to air-dry. Then drops of 2%
uranylacetate were spotted on a parafilm plate and grids were placed
on them with the upper side down (to bring the probe and the
contrasting solution in contact). Probes were kept in uranylacetate
for 10 min, then removed and washed with milliQ water. Excess
water was then removed with filter paper and the grids were placed
into a special carrier. Transmission electron microscopy (TEM)
images from the samples were created on SELMI-SUMY EM-125
instrument at 75 kV accelerating voltage and recorded onto high
resolution, 60 x 90 mm negative film.

Rat cortical neuron toxicity assay

Cortical neuron cultures were prepared as reported previously
(Chung et al. 2004) and described in Appendix SI. At 3 days
in vitro, rat cortical neurons were treated with 5 pmol/L of
monomeric APy, Zn(Il)-, and Cu(Il)-induced APy, aggregates, in
the presence or absence of 300 pumol/L ascorbate (Sigma). After
24 h, the cells were washed three times with pre-warmed culture
medium and incubated with 10% (v/v) alamar Blue® (Invitrogen,
Carlsbad, CA, USA) in culture medium for 1 h. Cell viability was
measured by the degree of cellular metabolic reduction of alamar
Blue®. The degree of reduction was determined by fluorescence
(hex =535 nm and ey, = 595 nm) using the Tecan GENios™
microplate reader (Tecan, Méinnedorf, Switzerland). Neuronal
viability was expressed as the percentage of the signal obtained
from vehicle-treated cultures (Page et al. 1993; Chung et al. 2004).
In parallel experiments we confirmed using direct cell counts of
neuronal survival following A treatments that a reduction in cell
number correlated proportionately with decreased levels in alamar
Blue reduction. Treatments were tested in at least five duplicate
wells per experiment. Statistical analysis was completed using SPSS
16.0 (Chicago, IL, USA). Statistical significance was calculated
using one-way ANovAa with Tukey’s post hoc test. Statistical
significance was considered as p < 0.05.

Results

Monitoring the in vitro formation of Ap,, fibrils

First, we established experimental conditions for fast and
reproducible monitoring of APy, fibrillization. For this
purpose HFIP treated, non-fibrillated peptide was used and
the fibrillization process was continuously monitored by an
increase in detection of fluorescence of the dye ThT present
in the incubation mixture. A fast increase in ThT fluores-
cence was observed in accordance with a typical two-phase
growth curve (Fig. 1), but only when the incubation mixture
was agitated. When A4, was incubated without agitation the
fibrillization process was extremely slow and only a slight
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Fig. 1 Effect of metal ions on fibrillization of A, as followed by ThT
fluorescence in the presence of (a) Zn(ll) and (b) Cu(ll). Conditions:
5 umol/L of AB42 in 20 mmol/L HEPES, 100 mmol/L NaCl at pH 7.3
was incubated at 25°C in a quartz cell with continuous agitation in the
presence of 3.3 pmol/L ThT. Solid lines correspond to fits of the data
to Boltzmann equation (egn 1).

increase in ThT fluorescence was observed during prolonged
incubation (3—5 days). A positive correlation was observed
between fibrillization rate and stirring intensity, and remained
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constant at stirring rates above 200 rpm. The kinetic curves
of fibrillization were fitted to several sigmoidal functions
including Avrami, Gompertz and Boltzmann equations and it
was found that the latter (eqn 1) provides the best fit of the
experimental data and allows calculation of rate constants for
the fibrillization process (k= 0.45 + 0.09 per minute). We
established that £ did not change when ThT concentration
was varied in the range from 3.3 pmol/L to 15 pmol/L
indicating that ThT does not affect the fibrillization at the
concentrations used. All further fibrillization measurements
were carried out at 250 rpm in the presence of 3.3 umol/L
ThT. In these conditions the value of the fibrillization rate
constant £ = 0.51 + 0.20 per minute was also independent of
the AP concentration in the range of 2—-10 uM, confirming
that it is a reliable kinetic constant useful for quantitative
characterization of the fibrillization process.

Effects of Zn(I1) and Cu(ll) on the formation of A, fibrils
Both Zn(II) and Cu(Il) inhibited A4, fibrillization (Fig. 1).
Metal ions decreased the fibrillization rate constant, and
increased the lag period of the process in a concentration
dependent manner, whilst at high Zn(II) and Cu(I) levels the
maximal level of ThT fluorescence was also reduced. In the
case of Zn(Il) a twofold decrease of the fibrillization rate
constant (considered as ICs), was observed in the presence
of 1.8 pmol/L Zn(I), whereas addition of two molar
equivalents of Zn(II) almost completely suppressed the
formation of ThT-reactive fibrils. The inhibitory effect of
Cu(Il) was characterized by ICsy = 4.9 umol/L showing that
Cu(Il) is approximately a three times weaker suppressor of
APy, fibrillization than Zn(II). Our results are consistent with
earlier data indicating that Zn(IT) and Cu(Il) suppress the
final level of ThT-reactive AP fibrils (Yoshiike ez al. 2001;
Smith et al. 2006).

We demonstrated that as well as suppression of A,
fibrillization, metal ions initiated fast assembly of APy, into
insoluble aggregates that sediment during centrifugation at
10 000 g. Zn(Il)-mediated aggregation of AP as near-
instantaneous whereas precipitate formation with Cu(ll)
occurred within 30 min. Continuous agitation was not
necessary to ensure the fast metal-induced peptide aggrega-
tion. As 4.2 + 0.2 pmol/L of copper or 4.3 £ 0.3 umol/L
zinc co-precipitated with 4 pmol/L of AB4, we can conclude
that metal to peptide ratio in the aggregates formed in the
presence of excess metal ions is approximately 1 : 1.

Effect of metal chelators on the inhibition of Ap
fibrillization by Zn(l1) and Cu(ll)

In order to study the reversibility of the effects of Cu(II) and
Zn(I) upon AP fibrillization, and evaluate the strength of
metal-amyloid interactions, we examined these processes in
the presence of different metal chelating reagents. In
the presence of 40 pmol/L glycine, 5 pmol/L Zn(II) still
inhibited fibrillization of AP4, (Fig. 2a). However, partial
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fibrillization was observed in the presence of 40 pumol/L
glutamate or histidine, showing that Glu and His compete
with APy, for Zn(II). Cysteine also prevented Zn(II)-induced
inhibition of A4, fibrillization, however, the process was
delayed. Addition of high affinity chelators like EDTA
(Kp™ =32 aM) and apo-MT, (Kp™™ = 0.14 pM) (Kigi
1993) completely abolished the inhibitory effect of Zn(II) on
APy, fibrillization. The chelating effect of amino acids
correlates well with their metal binding affinities, character-
ized by constant § (logarithm of the stability constant of the
corresponding MeL, complex) for Zn(Il) binding:
B(Gly) =9.2, B(Glu)=9.5 PB(His) =11.8 and PB(Cys) =
18.2 (Dawson et al. 1986). The metal chelators also
prevented Cu(Il)-induced inhibition of A4, fibrillization
(Fig. 2b). In fact, their effect was more pronounced than in
case of Zn(Il): even Gly was able to reverse the inhibitory
effect of 10 pmol/L Cu(II) on fibrillization of Afy,.

These results indicate that metal chelators prevent metal-
induced APy, aggregation, however, it is also important to
establish the effect of metal chelators on pre-existing metal-
induced APy, aggregates. Figure 2(c) shows that addition of
the high-affinity metal chelators to freshly prepared Zn(I)-
induced APy, aggregates gave rise to a fast increase in ThT
fluorescence, reflecting the conversion of the aggregates into
amyloid fibrils. Zn(I)-induced aggregates were also con-
verted to fibrils in the presence of higher (mmol/L)
concentrations of His.

Aggregation of APy, was also carried out in an environ-
ment mimicking putative in vivo conditions in regions of
zinc-enriched glutamate-ergic synapses, composed from
saline buffer, pH 7.4, Zn(Il) and glutamate that are co-
released into the synaptic cleft. Figure 2(d) shows that
5 umol/L Zn(Il) inhibits the fibrillization of APy, in the
presence of 10 pmol/L glutamate. On the other hand, in the
presence of 1 pmol/L brain specific apo-MT-3, 5 pmol/L
Zn(II) had no effect on AP fibrillization. Moreover, addition
of apo-MT-3 to the Zn(Il)-induced APy, aggregates induced
rapid formation of ThT-reactive APy, fibrils.

We similarly examined the effect of CQ in this system
(Fig. 2¢). We found that CQ alone had no effect on Ay,
fibrillization at concentrations up to 50 umol/L. In the
presence of 10 umol/L CQ, 5 umol/L Zn(Il) still inhibited
fibrillization of the AP4,. However, inhibition was weaker
than in the absence of CQ, indicating that CQ can partially
prevent Zn(Il)-induced aggregation of Ap4,. Addition of
10 pmol/L CQ to the Zn(Il)-induced APy, aggregates
induced a limited fibrillization of the peptide, demonstrating
that CQ acts similarly to medium affinity metal chelators.

Our results show that the inhibitory effect of Zn(II) and
Cu(II) on fibrillization of APy, is reversible, and that removal
of metal ions from metal-induced A4, aggregates initiates
peptide fibrillization in our experimental conditions. Only
medium and high-affinity metal chelators were able to
reverse the effects of metal ion on the APy, fibrillization,
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indicating that the effect of metal chelators is non-specific
and depends mainly on their metal binding affinity.

Affinity of His to Ala mutants of AB,, to metal ions

The affinity of A4, mutants towards Cu(Il) was determined
by monitoring the intrinsic fluorescence of Y10, which in the
case of wild-type peptides is quenched by addition of metal
ions (Garzon-Rodriguez et al. 1999; Tougu et al. 2008).
Addition of Cu(Il) also decreased the intrinsic fluorescence
of the mutant peptides, and fitting the data to the quadratic
binding equation resulted in apparent dissociation constant
(Kp™) values for Cu(Il)-peptide complexes equal to
Kp™P(H6A) = 2.55 + 0.60 pmol/L, Kp™P(HI3A) = 0.88 +
0.20 pmol/L, and Kp*PP(H14A) = 3.59 £ 0.60 pmol/L. The
Kp™P values for HI4A and H6A mutant peptides are
considerably higher than the Kp™ = 0.76 pmol/L for wild-
type AP4, under similar conditions (Tougu et al. 2008),
confirming their involvement in the formation of metal-
peptide complex. However, the contribution of H13 to the
Cu(Il) binding affinity of A4, is surprisingly low as the
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Kp™P value for HI3A mutant is similar to that for wild-type
AP4,. The affinity of monomeric His-Ala mutant peptides
towards Zn(II) could not be determined by this method as
there were no substantial changes observed in the intrinsic
fluorescence of mutant A4, up to 500 uM concentration of
Zn(Il) and fast aggregation of peptides occurred in these
conditions.

Fibrillization of His to Ala mutants of Af,, in the absence
and presence of Zn(ll) and Cu(ll)

In order to determine the role of His residues in the metal-
induced aggregation of A4, we studied the fibrillization of
all three His to Ala mutants of AB4, and compared the
obtained results with the wild-type peptide (Table 1 and
Fig. S1). In the absence of metal ions the fibrillization rate of
H13A and H14A peptides was similar to that for wild-type
APy4o, whereas HOA mutant fibrillated approximately two
times faster. The fibrillization rates of all mutant peptides in
the presence of metal ions were similar. The ICso(Zn) and
IC50(Cu) values were higher for the HI3A and H14A mutant
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Table 1 Effect of metal ions on fibrillization of Af4, and its His to Ala
mutants

AB42 peptide  ko* per minute  Zn(ll) I1Cso, pmol/L  Cu(ll) ICso, pmol/L

Wild-type 0.45 + 0.09 1.8+£09 49141
H13A 0.60 + 0.01 52+1.4 43 £ 16
H14A 0.37 £ 0.01 11+6 78 £ 25
H6A 1.16 £ 0.05 1.75 + 0.1 75+16

*ko was calculated by fitting the fibrillization curve to Boltzmann
equation (eqn 1) in the absence of metal ions and ICs, values from the
metal-induced decrease in the k values. Parameters are given with
+ SD.

peptides in comparison with the ICsq values for wild-type
AB4> (Table 1). In the case of the H6A mutant, the ICs,
values for Zn(II) and Cu(Il) were similar to those for wild-
type peptide because of higher fibrillization rate in the
absence of metal ions. The inhibitory effect of metal ions on
the fibrillization of mutant peptides was also reversed by the
addition of high-affinity metal-chelating agents like EDTA,
which induced fast formation of ThT-reactive fibrils as
observed for wild-type peptide.

Fig. 3 TEM images of AB42 samples. (a)
ABa» agitated for 5 min; (b) APs. agitated
for 30 min; (c) A4 agitated with 5 umol/L
Zn(ll) for 30 min; (d) same sample as in
(c) incubated for 1 week; (e) ABs» agitated
with 5 umol/L Cu(ll) for 30 min; (f) same
sample as in (e) incubated for 1 week.
Incubation conditions: 20 mmol/L HEPES
and 100 mmol/L NaCl, at pH 7.3, 25°C.

© 2009 The Authors
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Characterization of Ap complexes with TEM

To confirm results obtained by ThT fluorescence, APy, fibrils
and metal-induced A,, aggregates were studied by TEM.
No fibrils were detected in the samples of APy, before the
appearance of ThT fluorescence (~5 min). However, A4,
samples showing high ThT fluorescence (agitation for
30 min) showed a high content of fibrils (Fig. 3) confirming
that the increase of ThT fluorescence reflects peptide
fibrillization in our assay. In A4, samples with added
Cu(Il) and Zn(Il), only a small amount of non-fibrillar
aggregates was detected after short (~30 min) incubation.
After prolonged incubation (~1 week) AB,, samples with
added Cu(Il) and Zn(Il) also exhibited fibrils in TEM
(Fig. 3), confirming that the metal-induced A4, aggregates
are converted slowly to fibrils.

Toxicity of metal-induced Af complexes in rat cortical
neuron toxicity assay

Treatment with monomeric Ay, in the absence of ascorbate
had no neurotoxic effect on cultured rat cortical neurons, but
instead resulted in a substantial increase in cellular metab-
olism relative to vehicle-treated cultures (Fig. 4a). Similar
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results were observed in the presence of ascorbate (Fig. 4b).
In the absence of ascorbate, the Zn(II)-AB4, and Cu(ID)-
APy, aggregates induced a similar increase in cellular
metabolism as monomeric AB,,. However, in the presence
of ascorbate, the Cu(Il)-AP aggregates became highly
neurotoxic and caused a significant decrease in neuronal
metabolism (and subsequently neuronal viability) relative to
the vehicle-treated neuron cultures (Fig. 4a). Furthermore, in
the presence of ascorbate, the Zn(II)-AP aggregates were not
neurotoxic. Immunocytochemical labelling of neuronal
cultures for the cytoskeletal protein tau indicated that there
was no discernable degeneration in any of the treatments in
the absence of ascorbate. In the presence of ascorbate,
however, treatment with Cu(Il)-AB,, aggregates caused
substantial neuron death and loss of tau immunostaining
(Fig. 4b-iii).

Discussion

Cerebral accumulation of AP is central to AD pathology, and
can be affected by numerous endogenous factors including
metal ions. Our study of the aggregation of wild-type ABa4,
and its His to Ala mutants in the presence of Zn(II), Cu(Il),
and metal chelating agents has elucidated several new
aspects about the influence of metal ions on the AP
fibrillization in vitro that may also help to understand the
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cytoskeletal protein tau without treatment (i)

and after treatment with 5 UM monomeric

ABaa (i), Cu(ll)- (iii), or Zn(ll)-induced AP,

* aggregates (iv) in the absence of ascorbate.

(b) Cellular metabolism measured by the

reduction of Alamar Blue of in vitro cultured

cortical neurons without treatment (i) and

after treatment with 5 M monomeric A42

* (i), Cu(ll)- (iii), or Zn(ll)-induced AP

aggregates (iv) in the absence of ascorbate.

(c) and (d) Same as (a) and (b) in the

presence of 300 uM ascorbate. *p < 0.01

compared to vehicle treated cultures. All

data are means + SEM; n=6, except
control n= 5.

role of endogenous metal ions and metal chelating agents in
amyloid plaque formation in brain.

In our study, A4, fibrillization was monitored by using
continuous detection of the fluorescence of ThT, where fast
and reproducible fibril growth was catalyzed by agitating the
solutions in a quartz cell. We suggest that agitation
accelerates peptide fibrillization by multiplying the number
of growing ends of the fibrillar seeds by disruption of the
early linear fibrils into smaller pieces.

Both Zn(II) and Cu(Il) exhibited a pronounced inhibitory
effect on Ay, fibrillization. The concentration-dependent
inhibitory effect of Zn(II) (ICso = 1.8 pmol/L) was three
times stronger than that of Cu(Il) (ICso = 4.9 pmol/L). This
is in contrast to their relative binding affinities towards the
A4, monomer, which is 75-fold higher for Cu(Il) (Tougu
et al. 2008). However, we have observed earlier that the
affinity of Zn(Il) towards AP is enhanced more than tenfold
(reaching to ~1 puM) during partial aggregation of APg
(Tougu et al. 2008), which might explain the appearance of
the inhibitory effect of Zn(I) at low micromolar concen-
tration. Both metal ions induced formation of insoluble
APy, aggregates containing stoichiometric amounts of metal
ions. We suggest that the inhibitory effect of metal ions is
caused by the decrease in the concentration of free soluble
A4y, necessary for the growth of fibrils. In the case of
Cu(ll) the affinity of AP monomers towards copper is
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sufficiently high (Kp™ << ICsp) to cause inhibition of the
fibrillization because of Cu(II)-Af formation. Metal-induced
aggregation of AP occurs most probably according to a
conformational change induced aggregation mechanism as
suggested in (Talmard e al. 2007). Our work and earlier
results (Huang et al. 1997; Noy et al. 2008) indicate that
Zn(Il)-induced aggregation of AP is almost immediate, and
therefore it is reasonable to suggest that metal complexes of
AP aggregate because of fast-forming hydrophobic inter-
actions.

The suppression of APy, fibrillization by metal ions was
confirmed by TEM, where only a small amount of
amorphous AP4, aggregates was observed in the samples
incubated with metal ions. However, after prolonged incu-
bation (1 week) amyloid fibrils were also detected in the
samples of metal-induced APy, aggregates. Thus, fibrilliza-
tion of Ay, also occurs in the presence of metal ions and it
follows that the metal-induced APy, aggregates are not dead-
end products of AP,, assembly but rather intermediary
components of a dynamic system of various A molecular

AR (coil) AR (coil)
& M
AB (seed) Fast
[ — ==y
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Nw
AB (coil)
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* EDTA
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Histidine, etc.
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Fig. 5 Mechanisms for assembly and fibrillogenesis of Af4. in the
presence of Zn(ll) or Cu(ll) ions. AB42 monomer can bind metal ion or
align with preformed fibrillar seeds. Ends of the growing fibrils serve as
templates for monomer addition seeds, whereas the origin of the pri-
mary seeds is unknown. The number of fibril ends acting as seeds can
be increased by fragmentation of linear fibrils in agitated solution.
Zn(I1)-Ap monomer formation affects the peptide conformation making
it insoluble and they collapse into non-fibrillar aggregates possibly
because of hydrophobic contacts (in the presence of excess peptide,
free APgp can partially co-precipitate with Zn(ll)-AB,e into these
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forms (Fig. 5), of which the fibrillar state is the most stable
one. These observations can partially explain the contradic-
tion between published results on the effect of metal ions on
fibrillization of AP. In the conditions where the growth of
fibrils is fast (as it was in our experiments) metal ions inhibit
the fibrillization by lowering the concentration of free
peptide. However, under conditions where the fibrillization
is slow metal ions can enhance the fibrillization process by
causing peptide assembly to metal-induced aggregates that
can further transform to fibrils.

We found that metal chelators with medium and high
affinity suppress the inhibitory effect of metal ions on Ay,
fibrillization, and their addition to metal-induced AP4,
aggregates stimulate fibrillization of AB4,. These results also
confirm that fibrillar Ay, is the most stable biochemical
form of APs,. We have recently reported that the metal-
induced A, aggregates became fully soluble when the
metal ions are sequestered by metal chelators (Tougu et al.
2008). In the case of APy, the dissociated peptide monomers
can subsequently participate in fibrillization through a

AB (coil)

N AB fibrils

Fast
=

Fast / %

Fast

xx.

‘ TN
Zn(ll)-induced

AP aggregates

aggregates). Loss of metal-free A4, from solution causes the inhibi-
tion of the fibrillization. Metal chelators can sequester Zn(ll) from the
aggregates leading to dissociation of AB4> monomers, which contrib-
ute to fibril growth. Metal-induced aggregates acquire fibrillar structure
also without addition of chelators during prolonged incubation. It is not
clear whether during this incubation the Zn(ll) induced AB., aggre-
gates can be transformed to fibrillar form through monomeric state,
which is always present at low equilibrium concentration, or also di-
rectly by rearrangement of its structure. A scheme for the Cu(ll) effect
can be drawn by replacement of Zn(ll) by Cu(ll) in the Figure.
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monomer addition process. Kinetic results also indicate that
metal ions do not prevent fibrillization but only inhibit the
process by lowering the concentration of soluble monomer.
A schematic model describing the effect of metal ions on the
fibrillization of A4, consistent with our experimental
results is presented in Fig. 5.

The study of His-Ala mutants of full-length AP,
demonstrated His13 and Hisl4 but not His6 contribute to
the metal-induced inhibition of AP fibrillization. In soluble
Zn(IT)-AB and Cu(II)-AP complexes all three His residues
participate in metal binding (Syme and Viles 2006; Zirah
et al. 2006) and therefore we predict that His-mediated
metal-binding inhibits fibrillization of AP. The current
model of fibrillar AP, constructed on the basis of exper-
imentally derived NMR parameters, shows that the struc-
tural unit of the AP protofilament consists of two
juxtaposed AP molecules, which is replicated along the
fibril axis (Fig. 6) (Nelson et al. 2005; Petkova et al. 2006).
Within the AP molecule the residues 10-23 and 30-40 are
in B conformational state and form hydrogen bonds with
the adjoining juxtaposed AP units by forming the cross-f3
amyloid core of the fibril (Fig. 6¢). It follows that in A
fibrils His 13 and 14 residues should adapt extended (-
conformation, where their imidazole units are located on the

(a) 10 20 30 40
DAEFR:DSGYEV;-I;IQKLVFFAEDVGSNKGAIIGLMVGGWIA
= B1 = [ BZ =
(b)
(c)

N- Fibril axis

Fig. 6 Structure of A in the protofilament according to Petkova et al.
(2006). (a) Sequence of human A4, showing His residues (indicated
by asterisk) and two beta regions (indicated by arrows). (b) Positions
of His 13 and His 14 in the extended beta sheet region of fibrillar Ap.
The first nine residues are mobile and their positions are not known.
(c) AP protofilament repeating unit consists of two juxtaposed AB
molecules, which form hydrogen bonds with the adjoining juxtaposed
Ap peptide units and form cross-$ amyloid core structure of the fibril.
Fibril axis is indicated by an arrow.
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opposite sides of the peptide backbone (Fig. 6b). Such an
arrangement differs substantially from the conformation of
this segment in metal-Af3 complexes, where all His residues
coordinate a single metal ion. Thus, it is evident that metal
binding hinders the adoption of B-conformation in region
13-14 which is necessary for AP fibrillization. The
structural analysis indicates that metal ions might exert
their inhibitory effect on fibrillization of AB,, by preventing
the adoption of extended B-conformation in region 10-14,
which has also been suggested on the basis of molecular
dynamic calculations of Cu(Il)-AB complexes (Jiao and
Yang 2007). According to this conclusion the effect of
mutation on His6, which is not directly involved in B-sheet
formation, should be less pronounced as compared to the
effect of mutation of Hisl3 and Hisl4. This was also
observed in our experiments (Table 1). It is known that
binding of metal ions affects fibrillization of other amyloi-
dogenic peptides as well as proteins such as prion protein
(Bocharova et al. 2005) and superoxide dismutase (Banci
et al. 2009), indicating that binding of metal ions and
metal-induced conformational changes might play a general
role in protein fibrillization.

Aggregation of AP in vivo occurs in the presence of
endogenous metal ions as well as various metal-chelating
ligands. The content of zinc in the brain is highest in
hippocampus and cortex in the region of the zinc-enriched
glutamate-ergic neurons, where up to 300 pmol/L Zn(II) is
concentrated into synaptic vesicles. Upon release, together
with glutamate, the levels of extracellular zinc can transiently
rise to 10-30 pmol/L or higher in the synaptic region
(Frederickson ez al. 2006). It is important to note that the
brain regions containing zinc-enriched neurons are also the
sites of primary amyloid deposition in AD (Bush 2003). In
an environment mimicking the putative in vivo conditions in
the regions of zinc-enriched synapses (5 pmol/L Zn(1Il),
20 umol/L glutamate) Zn(II) induces rapid formation of
metal-induced APy, aggregates and inhibits APy, fibrilliza-
tion in our experimental conditions. Thus, glutamate cannot
effectively compete with AB,, for Zn(Il) binding. However,
the brain-specific Zn(IT)-binding protein MT-3 in its apo form
can block formation of Zn(II)-AP,, aggregates. MT-3 is
released by astrocytes and it may participate in the binding
and uptake of Zn(II) ions from the synaptic cleft (Uchida
et al. 2002; Barnham and Bush 2008). The high zinc-
buffering capacity of MTs might stabilize fluctuations in
concentration of free Zn(Il) and avoid Zn(Il)-induced A
aggregation. MT-3 can also solubilize AP, from metal-
induced AP aggregates by removing Zn(II). The removal of
Zn(I) induced AP fibrillization in our experiments. How-
ever, at low physiological AP concentrations 0.11 nmol/L in
brain (Sjogren et al. 2001) the fibrillization of monomeric
AP is a slow and unlikely process. It is repeatedly
demonstrated that introduction of APy, into brain cannot
induce amyloid formation in vivo (Meyer-Luehmann et al.
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2006). However, if environmental metal buffering capacity is
low, metal-induced AP aggregates could be formed in the
brain and eventually transform to A fibrils. It follows that
metal buffering and uptake mechanisms might play a crucial
role in the formation of metal-induced AP aggregates and
defining their fate in the brain. It is known that the levels of
MT-3 are substantially (10-fold) lower in AD patient’s brains
as compared with normal brains (Tsuji et al. 1992; Yu et al.
2001). In the light of current results it is feasible that lower
levels of MT-3 might reduce zinc buffering capacity thus
promoting the formation of Zn(Il)-induced AP aggregates
followed by their spontaneous transformation into fibrils,
which start to grow by trapping AB monomers and thus
forming amyloid plaques. The proposed scenario is also
supported by elevated concentration of zinc and copper in the
cores of pathological amyloid plaques isolated from the
brains of AD patients (Lovell et al. 1998; Hutchinson et al.
2005).

By using a rat cortical neuron toxicity assay we demon-
strate that micromolar concentrations of copper-induced
APy, aggregates are toxic to neurons in vitro only in the
presence of the reducing agent ascorbate. However, Zn(II)-
APy4, aggregates had no neurotoxic action, either in the
presence or absence of ascorbate, which indicates that toxic
action of copper-induced A4, aggregates arises from
copper-catalyzed redox reactions that generate toxic reactive
oxygen species. These results are in accordance with
previous studies (Multhaup et al. 1997). It has also be
shown that AP can reduce Cu(Il) to Cu(l) in the presence of
biological reducing substrates in vitro, with parallel produc-
tion of H,O, (Huang et al. 1999). The formation of toxic
reactive oxygen species is believed to be a major cause of
neurodegeneration in AD, and accordingly a substantial
component of oxidative stress might be induced from copper
ions bound to metal-induced A4, aggregates or fibrils
(Donnelly et al. 2007; Meloni et al. 2008).

Our results show that the first generation metal chelating
drug candidate CQ itself has no direct effect on AR,
fibrillization and it acts as a medium affinity metal chelator
that can partially prevent or reverse the formation of Zn(II)-
induced A4, assembly. However, enhanced peptide fibril-
lization was observed in our experimental conditions. As we
discussed earlier, the metal ions apparently can inhibit or
enhance the fibril formation depending on the limiting step of
the process. The same must also hold for metal chelators that
convert metal-induced AP aggregates to monomeric pep-
tides, which can be cleared or enhance fibrillization in the
presence of fibrillar seeds. Consequently the outcome of
metal-chelation therapy might vary between two opposite
scenarios: First — prevention of the formation of metal-
induced AP aggregation and subsequent fibrillization and
secondly — removal of metal ions especially of Cu(Il) and
reduction of their toxicity, however, solubilization of metal-
induced AP aggregates might lead to parallel promotion of
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AP fibrillization and amyloid formation under certain
conditions. The beneficial effect of CQ in animal trials may
arise also from ionophore properties of CQ or from the
activation of AP degradation (White et al. 2006; Crouch
et al. 2009).

In summary, we conclude that the concentration of free
Zn(1I) and zinc-buffering capacity in regions of zinc-enriched
neurons may play a crucial role in amyloid formation.
Subsequently, any age- or stress-related disturbance in zinc
homeostasis and zinc-buffering capacity in the brain can
increase the risk for rapid and amplified Zn(II)-induced
AP aggregation and further fibrillization leading to the for-
mation of amyloid plaques and downstream AD pathology.
From the viewpoint of AP fibrillization and amyloid
formation, the metal-chelating therapy for AD can have
potential only as a preventive measure; thus, alternative
mechanisms should be applied to stop amyloidogenesis and
reduce amyloid load of AD patients.
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Abstract

Fast Abeta fibrillation was achieved in agitated solutions of defibrillized peptide
monitored by increase of ThT fluorescence present in the mixture. The elaborated
protocol can be applied for physico-chemical studies of the fibrillation process as
well as for screening of fibrillation inhibitors.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by
amyloid deposits in the brain that are composed mainly from fibrillar amyloid-p (Ap) pep-
tides (/). The mechanism for amyloid formation is suggested to occur through a nucleation-
dependent polymerization of AP peptides and formation of cross-f amyloid core (2-5).

Thioflavin T (ThT) is a fluorogenic dye widely used in the studies of protein fibril-
lation. The protocols used for the studies of AP fibrillation are often time and material
consuming and poorly reproducible. On the other hand, there is data indicating that
agitation can sufficiently accelerate AP fibrillation and ThT dye has a weak effect on
the fibrillation (6, 7). The aim of the present study was to elaborate a fast and reliable
method for monitoring the fibrillation of AP, which can be used for the determination
of the effect of various endogenic and exogenic factors on Af fibrillation.

Materials and Methods.

AP, peptide (1 mg) from rPeptide (Athens, USA) was treated with 1,1,1,3,3,3-he-
xafluoro-2-propanol (HFIP) to disassemble preformed aggregates.

Fibrillation of 5 uM AB,, was monitored by an increase in the ThT fluorescence
intensity at 480 nm (hex=445 nm) on a Perkin-Elmer LS-45 fluorimeter equipped
with a magnetic stirrer (250 rpm) in 20 mM HEPES and 100 mM NaCl, pH 7.4
containing 3.3 uM of ThT.

©2009 by MEDIMOND s.r.L. L311C0799 255
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Figure 1. Effect of mixing on Ap42 fibrillation followed by ThT fluorescence (a) and TEM images are taken
after 5 min (b) and 30 min (c) of incubation with agitation.

The kinetic parameters for fibrillation were determined by fitting the time curve
of fluorescence intensity to Boltzmann equation:

A, - A,
(t—to)yk

= + 4, M
l+e

where A, is the initial fluorescence level, A, — maximal fluorescence intensity,
t;— is the time when fluorescence is reached half maximum and k — is the rate con-
stant of the fibril elongation.
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Figure 2. Effect of ThT on AB42 aggregation. Ap42 Figure 3. Effect of AB concentration on the peptide
was incubated in a quartz cell with continuous aggregation. Amax and k values were calculated
agitation with 3.3 uM or 15 uM ThT. In a separate according to Eq. 1.

experiment ThT was added at different time points.
Solid lines correspond to Eq. 1. - (a). Titration of 5
wM AB42 solution preincubated for 30 min under
agitated conditions with ThT - (b)

Results

First, we established experimental conditions for fast and reproducible monitoring
of AB,, fibrillation. For this purpose the fibrillation process was continuously mo-
nitored by an increase in ThT fluorescence present in the incubation mixture. Fast
fibrillation of “unseeded” AP was observed only in agitated solutions (Fig.1a). The
typical sigmoidal growth curves observed could be described by Boltzmann equation
(Eq.1). In quiescent AP solutions the fibrillation process was extremely slow and only
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Figure 4. Effect of pH on the Ap42 aggregation rate. k values were calculated from fits of the data to
Boltzmann equation (Eq. 1).

a slight increase in the ThT fluorescence was observed during prolonged incubation
(3-5 days). The presence of AP fibrils in the growth phase and in the end phase of
fibrillation was checked with TEM (Fig.1b,c).

We found that ThT concentration of 3.3 uM is sufficient to monitor the fibrillation
(Fig.2b) as increase of ThT concentrations up to 15 uM did not affect the kinetics
of Ap,, fibrillation (Fig.2a). Also there was no difference in the kinetics if ThT was
added to the aliquots of fibrillization mixture and thus, the fibrillation of AR, can
be monitored continuously using ThT signal. All further fibrillation measurements
were carried out with agitations on magnetic stirrer at 250 rpm in the presence of
3.3 uM ThT.

The intensity of the ThT fluorescence in the end of the incubation depended line-
arly on the AP concentration (Fig.3). The fibrillation rate constant & was independent
on the peptide concentration in the range from 2 to 10 uM which confirms that it is
a reliable kinetic constant useful for quantitative characterization of the fibrillation
process (Fig.3).

The fibrillation rate constant & did not change in the pH range from 7 to 9, but
started to decrease below 7 (Fig.4). The decrease arises most likely due to protonation
of His residues.

Conclusions

The influence of different Ap aggregation effectors and environmental factors on
the peptide fibrillation can be studied in a fast and reproducible way in well-agitated
solutions by monitoring the fluorescence intensity of ThT dye present in the reaction
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mixture. The knowledge about AP aggregation mechanism is required for understan-
ding the pathogenic mechanism of amyloidogenesis in AD.
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Label-Free High-Throughput Screening Assay for
Inhibitors of Alzheimer’s Amyloid-f Peptide
Aggregation Based on MALDI MS

Kairit Zovo, Eneken Helk, Ann Karafin, Vello Tougu, and Peep Palumaa*

Department of Gene Technology, Tallinn University of Technology, Akadeemia tee 15, Tallinn 12618, Estonia

Aggregation of amyloid-f (Af) peptides is causatively
linked to Alzheimer’s disease (AD); thus, suppression of
this process by small molecule inhibitors is a widely
accepted therapeutic and preventive strategy for AD.
Screening of the inhibitors of Af aggregation deserves
much attention; however, despite intensive efforts, there
are only a few high-throughput screening methods avail-
able, all of them having drawbacks related to the applica-
tion of external fluorescent probes or artificial Af deriva-
tives. We have developed a label-free MALDI MS-based
screening test for inhibitors of Af,, fibrillization that
exhibits high sensitivity, speed, and automation pos-
sibilities suitable for high-throughput screening. The
test was evaluated by transmission electron microscopy
and compared with a fluorimetric thioflavin-based
assay, where interference of a number of tested com-
pounds with thioflavin T binding and/or fluorescence
caused false-positive results. The MALDI MS-based
method can significantly speed up in vitro screening
of compound libraries for inhibitors of Af,, fibrillization.

Alzheimer’s disease (AD) is an age-dependent neurodegen-
erative disorder, affecting almost every fifth person at the age of
75—85 years and every other person aged over 85 years. As the
population in developed countries ages, the number of people
afflicted by AD is expected to increase dramatically. Currently
there is still no effective treatment available for AD patients, and
their nursing is associated with high and increasing care and
medication costs.! Given these trends, there is a tremendous need
to develop effective therapeutics or preventive tools for AD.

The description of AD pathology by Alois Alzheimer in 1906*
and the definitive diagnosis of AD nowadays imply the presence
of proteinaceous aggregates in the brain.® Major extracellular
aggregates called amyloid plaques are composed mainly of
amyloid-8 (AB) peptides* produced by the proteolytic cleavage of
amyloid precursor protein (APP) by - and y-secretases.*® Major

*To whom correspondence should be addressed. E-mail: peepp@staff.ttu.ee.
Phone: +372 6204410. Fax: +372 6204401.
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(2) Alzheimer, A. Allg. Z. Psychiatr. Psych.-Gerichtl. Med. 1907, 64, 146-148.
(3) (a) Blennow, K; de Leon, M. J.; Zetterberg, H. Lancet 2006, 368, 387
403. (b) Hardy, J. Neuron 2006, 52, 3-13.
(4) Liao, L.; Cheng, D.; Wang, J.; Duong, D. M.; Losik, T. G.; Gearing, M.;
Rees, H. D.; Lah, J. J.; Levey, A. L; Peng, J. J. Biol. Chem. 2004, 279,
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AP peptides are composed of 40 and 42 amino acid residues. AByo
is produced in great abundance in the brain, but AB,, forms
aggregates more readily and comprises the major component
of amyloid plaques.® Numerous genetic and biochemical studies
confirm that Af aggregation in the brain triggers a cascade of
events leading to the development of intracellular neurofibrillar
tangles and neurodegeneration.>S Thus, compounds that inhibit
the production and/or aggregation of A are attractive candidates
as therapeutics for the prevention and/or treatment of AD as they
target the underlying molecular cause of AD.”

Since the discovery of the amyloid pathway and the formulation
of the amyloid cascade hypothesis, many efforts have been made
to find inhibitors of AB aggregation/fibrillization.® During the
recent decade many small molecules that inhibit aggregation/
fibrillization of AB in vitro have been identified,”® and it has been
shown that such types of compounds inhibit A aggregation/
fibrillization also in transgenic animal models.'° Moreover, small
molecule methylene blue, which exerts a broad spectrum of
pharmacological actions including inhibition of ABy, oligomer-
ization!! and fibrillization of other amyloidogenic proteins such
as 7,'2 has also been successfully tested in phase II clinical
trials, where it slowed cognitive decline of AD patients.'*

Despite the relative success, the search for effective inhibitors
of AB aggregation/fibrillization is still complicated by two major
hindrances: First, application of structure-based rational drug
design is limited since AS peptides are conformationally labile and

(5) (a) Roher, A. E.; Lowenson, J. D.; Clarke, S.; Woods, A. S.; Cotter, R. J;
Gowing, E.; Ball, M. J. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 10836—
10840. (b) Gravina, S. A.; Ho, L.; Eckman, C. B.; Long, K. E; Otvos, L., Jr.;
Younkin, L. H.; Suzuki, N.; Younkin, S. G. J. Biol. Chem. 1995, 270, 7013—
7016. (c) Jarrett, J. T.; Berger, E. P.; Lansbury, P. T., Jr. Biochemistry 1993,
32, 4693-4697.
(6) (a) Hardy, J. A.; Higgins, G. A. Science 1992, 256, 184-185. (b) Hardy, J.
J. Alzheimer’s Dis. 2006, 9, 151-153.
(7) Estrada, L. D.; Soto, C. Curr. Top. Med. Chem. 2007, 7, 115-126.
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1592. (c) Rochet, J. C. Expert Rev. Mol. Med. 2007, 9, 1-34.
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175, 2557-2565.
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the structure of the AB conformer(s) crucial for aggregation is
not known. Accordingly, the inhibitors of AB aggregation can
mainly be searched for by extensive screening of large libraries
rather than by rational design. Second, AS aggregation is a
complicated multistep process that may be affected by subtle
changes in the structure of AS peptides, external ligands, and
environmental conditions, and the success in identifying effective
inhibitors depends largely on the reliability and performance of
the screening test used.

Screening for the inhibitors of A aggregation has been
conducted using several different methods characterized by
inherent advantages and disadvantages.” The most common
techniques for in vitro monitoring of the A aggregation apply
amyloid-binding dyes such as thioflavin T (ThT), Congo red, and
others, exhibiting spectral changes upon binding to amyloid
fibrils.!* Although these dyes have proven useful in aggregation
studies, their mechanism of action and possible contribution to
the aggregation are not fully understood. Moreover, their signals
can be substantially affected by the compounds tested as potential
inhibitors, which may lead to unreliable results.!® As a rule, a
common ThT-based screening test requires prolonged periods of
time reaching up to 12 h or use of artificial peptide sequences.'®
Several cell-based assays have also been developed for searching
the inhibitors of AB aggregation.” These methods make use of
fusion proteins such as GFP—Ap; however, the aggregation
properties of fusion proteins might differ from those of native Aj
peptide. Moreover, potential drug candidates that do not pass
cellular membranes or bacterial cell walls cannot be detected in
the cell-based assays.

Mass spectrometry is a contemporary and very promising
technique for high-throughput screening; however, its application
for the screening of the inhibitors of A aggregation has been
quite limited. An attempt has been made to use LC—ESI MS for
screening of AB aggregation inhibitors;'® however, LC—MS
analysis is a relatively slow and expensive technique that is not
very suitable for high-throughput screening. At the same time,
MALDI-TOF MS, which has superior potential for development
of high-throughput screening tests, has not been used for this
purpose yet.

In the present study we developed a highly sensitive, fast, and
automated screening assay for inhibitors of AS aggregation based
on monitoring of the loss of Af;; monomer from solution by
MALDI-TOF MS. The assay provides a unique possibility to
work in a labelfree system containing only native Af,, peptide
and the compounds tested. The applicability of the test was
evaluated using 80 compounds including known inhibitors of
Ap aggregation, and comparison of the obtained results with
the fluorimetric ThT assay identified several false-positive

(14) (a) Esler, W. P,; Stimson, E. R;; Ghilardi, J. R; Felix, A. M; Lu, Y. A.; Vinters,
H. V,; Mantyh, P. W.; Maggio, J. E. Nat. Biotechnol. 1997, 15, 258-263.
(b) Blanchard, B. J.; Chen, A.; Rozeboom, L. M.; Stafford, K. A.; Weigele,
P.; Ingram, V. M. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 14326-14332.

(15) Hudson, S. A.; Ecroyd, H.; Kee, T. W.; Carver, J. A. FEBS J. 2009, 276,
5960-72.

(16) Dolphin, G. T.; Ouberai, M.; Dumy, P.; Garcia, J. ChemMedChem 2007, 2,
1613-1623.
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Chem. Biol. 2006, 1, 461-9. (b) Hong, H. S.; Maezawa, ; Yao, N.; Xu, B;
Diaz-Avalos, R.; Rana, S.; Hua, D. H.; Cheng, R. H.; Lam, K. S,; Jin, L. W.
Brain Res. 2007, 1130, 223-34.

(18) Cheng, X.; van Breemen, R. B. Anal. Chem. 2005, 77, 7012-7015.

responses in the ThT-based test. The elaborated screening test
can significantly speed up and increase the reliability of the
initial in vitro screening of AD drug candidates and identify
active compounds suitable for further detailed studies.

EXPERIMENTAL SECTION
Materials. Lyophilized ASy, peptide (ultra pure, recombi-
nant) was purchased from rPeptide (Bogart, GA) in the HFIP
(1,1,1,3,3,3-hexafluoro-2-propanol) form. HEPES (ultrapure, MB
grade) was from USB Corp. (Cleveland, OH). Insulin, ThT, and
CuCl,-2H,0 were from Sigma-Aldrich (St. Louis, MO); ZnCl,
and NaCl were extrapure from Scharlau (Barcelona, Spain).
a-Cyano-4-hydroxycinnamic acid (CHCA), 3,5-dimethoxy-4-
hydroxycinnamic acid (SA), and 2,5-dihydroxybenzoic acid
(DHB) were from Fluka (Buchs, Switzerland). Trifluoroacetic
acid (TFA) was from Riedel de-Haén (Seelze, Germany), and
acetonitrile (AcN) was from Rathburn (Walkerburn, U.K.). The
list of compounds tested as putative inhibitors of the fibrilliza-
tion is presented in Supporting Information Table S-1. All
solutions were prepared in fresh Milli-Q water. Electron micros-
copy grids were obtained from Ted Pella, Inc. (Redding, CA).
Preparation of MALDI Matrixes. Several commercial MAL-
DI MS matrixes (CHCA, SA, and DHB) in solution with different
AcN and TFA contents were tested for quantitative determination
of Afys. Matrix compounds (10 mg/mL) were dissolved in
50—70% AcN—water containing 0.1—0.3% TFA. After vortexing,
the solutions were centrifuged for 3 min at 6000 rpm, and the
supernatant was collected. From the matrixes tested, the
highest sensibility and the best reproducibility were observed
with 10 mg/mL CHCA matrix dissolved in 60% AcN and 0.3%
TFA, which was used throughout the following study.
MALDI-TOF MS Measurements. AS,, solution was mixed
with matrix solution at a ratio of 1:2 on 100-well MALDI plates
by using an Ettan Spotter (Amersham Biosciences, Sweden),
and the spots were air-dried. MALDI MS spectra were
registered on a Voyager DE STR BioSpectrometry workstation
(Applied Biosystems, Foster City, CA) in the linear mode.
Instrument parameters in the reflector mode: accelerating
voltage, 25000 V; grid voltage, 65%; delay time, 500 ns; shots
per spectrum, 100 (CHCA), 50 (DHB), 30 (SA); mass range,
1500—10000 Da; low mass gate, 600 Da; laser intensity, 2250
V; number of spectra accumulated, 10. Instrument parameters
in the linear mode: accelerating voltage, 25000 V; grid voltage,
93%; delay time, 485 ns; shots per spectrum, 40; mass range,
1500—10000 Da; low mass gate, 1000 Da; laser intensity, 1900
V; number of spectra accumulated, 10. Spectra were recorded
in the automatic regime controlled by the program Sequence
Control (Applied Biosystems). The spectra were processed with
Data Explorer software (version 4, Applied Biosystems).
MALDI-TOF MS Calibration Curves. To elaborate the
conditions for the quantitative MALDI-TOF MS measurements,
first a series of MALDI MS measurements at a 0.1-2 uM
concentration of insulin were recorded and the corresponding MS
peak intensity was correlated with the peptide concentration. In
another series of experiments, the concentration of Af,, was
varied between 0.0625 and 12 uM and the concentration of
insulin was kept constant (0.3 #M). Insulin was added to the
matrix solution before automatic spotting. MS measurements
were performed in the linear mode as described above, and

Analytical Chemistry, Vol. 82, No. 20, October 15, 2010 8559



the concentration of AS,, was correlated with the fractional
content of AB,, in the MALDI MS spectra, calculated from the
peak heights after automatic baseline correction (intensities).

Ap,» Aggregation Assay. A stock solution of Ap,, peptides
was prepared as follows: An AB,, HFIP film was dissolved in
water containing 0.02% NHj at a concentration of 10—20 M
and vortexed for 1 min. After 10 min of incubation the ASy,
stock solution was diluted in HEPES buffer with a final
concentration of 20 mM, pH 7.3, containing a fixed concentra-
tion of tested compounds. Aggregation of HFIP-treated AS
peptide was induced by addition of 2—10% (v/v) A, fibrillar
seeds. ABy, fibrils were prepared by stirring a 5 uM ABy
solution in 20 mM HEPES, 0.1 M NaCl, pH 7.3, for 1 h, which
is sufficient to complete AS,, fibrillization under the particular
conditions.'® The fibril formation was also confirmed by ThT
fluorescence measurements of an aliquot from the fibrillization
mixture. Af,, seeds were obtained from the fibrils by sonication
of the solution at 130 W, 20 kHz, and amplitude 50% pulse
05:10 for 1 min (Sonics Vibra-Cell, Newtown, CT). The seeds
were used within 1 h of their preparation.

Monitoring A4, Fibrillization by ThT Fluorescence. ThT
fluorescence assay to monitor ASy;, fibrillization was performed
as described earlier.'® Briefly, 5 uM ABy, in 20 mM HEPES,
0.1 M NaCl, pH 7.3, containing 3.3 uM ThT was incubated in
a 0.5 cm path length quartz cell and agitated with a magnetic
stirrer at 250 rpm. The ThT fluorescence measurements were
performed on a Perkin-Elmer 1.S-45 fluorescence spectrometer
at Aex = 440 nm and A, = 480 nm.

Validation of the MALDI MS screening assay was performed
by diluting an aliquot of the AB,, solution in 20 mM HEPES, pH
7.3, incubated with added seeds under quiescent conditions in
the fluorescence microcuvette containing 0.1 mL of 3.3 uM ThT
solution. The curves were fitted to first-order rate equations
using the program Origin 6 (OriginLab, Northhampton, MA).

Transmission Electron Microscopy. Ay, incubation mix-
tures were centrifuged (30 min, 12000g), 3 uL of the sedimented
probe was pipetted into electron microscopy grids, and the
probes were air-dried. The grids were brought into contact with
2% (w/v) uranyl acetate, incubated for 10 min, and washed with
Milli-Q water. Transmission electron microscopy (TEM) im-
ages from the samples were created on a SELMI-SUMY EM-
125 instrument at a 75 kV accelerating voltage and recorded
onto high-resolution, 60 x 90 mm negative film.

RESULTS

Determination of the Af;» Concentration by MALDI-
TOF MS. AB,, aggregation can be monitored by quantitative
detection of the concentration of soluble Afy, during aggrega-
tion. At the level of individual measurements the MALDI MS
technique is generally not quantitative; we observed variation
in the intensities of the MALDI MS peaks, which is common
for MALDI-TOF measurements and is caused by many factors
such as (i) the quality of the individual MALDI spot, (ii) the
microstructure of the laser-excited location on the spot, and
(iii) the laser intensity used, among other factors. However,
quantitative data can be obtained by using a special approach.

(19) Tougu, V.; Karafin, A.; Zovo, K.; Chung, R. S.; Howells, C.; West, A. K.;
Palumaa, P. J. Neurochem. 2009, 110, 1784-1795.
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First, the data must be averaged from different randomly
chosen locations in the spot. MALDI MS experiments with
different peptides (insulin, insulin A-chain) demonstrated that
computing an average of 10 individual measurements from
different locations in the spot chosen by a predefined pattern
gives a relatively good linear correlation between the peak
intensity and the concentration of the peptide in the sample.
This procedure was used in all following MALDI MS experi-
ments. Further, to eliminate matrix-dependent variations and
to improve reproducibility, an internal standard was introduced.
Although deuterated ABy and an ABy, with one or more
modified residues are most suitable as internal standards for
determination of the ABy, concentration, these peptides have
several disadvantages in application as internal standards in
the fibrillization assay: (i) solutions of deuterated or modified
AP are unstable as they have a tendency for fibrillization; (ii)
to get MALDI peaks with similar intensities, these internal
standards must be used at micromolar concentrations similar
to those of native ASy,, where they can cofibrillize with the
probe during spot drying or within the matrix solution; (iii)
the use of deuterized AS,, would considerably increase the cost
of the test. After testing of several peptides we have selected
insulin as the internal standard as it has a molecular weight
close to that of Af,, and exhibits a good ionization efficiency
and solutions of insulin showed the best stability and reproduc-
ibility of MALDI MS spectra. The optimal concentration of
insulin was 0.3 M. To achieve better automation, the insulin
was added to the matrix solution before spotting. MALDI MS
spectra from samples with different concentrations of ASy, and
0.3 uM insulin are presented in Figure la. The correlation
between the relative peak intensity of A, compared to the sum
of the peak intensities for Af,, and insulin and the concentration
of ABy, in the sample is provided in Figure 1b. The obtained
linear dependence demonstrates the applicability of MALDI-TOF
MS for quantitative determination of the Af,» concentration in
the micromolar range suitable for performing fibrillization
experiments. The small y-intercept value in Figure 1b arises
because of the noise in the baseline that makes a small contribu-
tion to peak heights after automatic baseline correction.
Monitoring of Af,» Fibrillization by MALDI-TOF MS. To
ensure the reproducibility of the fibrillization process, an alkaline
solution of HFIP-treated ASs, was used as a stock solution.
Fibrillization of AS,, was initiated by diluting the alkaline stock
solution of HFIP-treated ABy, with HEPES buffer at a physi-
ological pH value containing an appropriate amount (0.25 xM)
of Apy, seeds. ABy, seeds that are seen as short fibril fragments
in TEM images (Figure S-1a, Supporting Information) were
prepared by sonication of preformed Ay, fibrils. At different time
points aliquots from the reaction mixture were spotted together
with an insulin-containing matrix solution onto MALDI plates
and analyzed by MALDI-TOF MS. Figure 2a shows that in the
absence of seeds the 5 uM Ap,, solution was stable at least for
1 h, whereas after addition of Af,, seeds a relatively fast
decrease in the peak intensity of Af,, was observed (Figure
2b). Disappearance of the AS;» monomer peak in MALDI-TOF
MS experiments occurs according to first-order Kkinetics
characterized by the rate constant £ = 0.044 + 0.008 min ! (z1/»
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Figure 1. MALDI MS spectra of AfBs: (a) averaged spectra of
different concentrations of A4, in the presence of 0.3 uM insulin (A,
0.25 uM AByz; B, 4 uM ABsp; C, 6 uM Afyz; D, 10 uM ABy); (b)
correlation between the concentration of Af4, and the ratio of the Af4,
peak intensity to the sum of AB4, and insulin peak intensities in the
MALDI MS spectra. The solid line corresponds to the linear fit.

= 15.2 + 3.5 min) (Figure 3a). After 60 min of incubation of 5
uM ABy, with seeds, the peak intensity decreased to 10% of
the initial value and the presence of typical amyloid fibrils in
the sample was detected by TEM (Figure S-1b). As a rule, AS,
preparations without HFIP pretreatment aggregated spontane-
ously without the addition of external AS,, seeds; however,
batch to batch and day to day variation of the initial height of
the peptide peak in MALDI MS spectra was large, and the
reproducibility of the results on a quantitative level was poor.
Therefore, HFIP-pretreated peptide and Af,, seeds were used
in further experiments. Under the conditions used the seed-
induced Ag,, aggregation was almost completed within 60 min,
which is suitable for fast screening.

The kinetics of seed-free AB,, fibrillization monitored by ThT
fluorescence could be described as sigmoid curves, and the
aggregation parameters were determined by fitting the plot of
fluorescence intensity versus time to a Boltzmann curve:
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Figure 2. Dynamics of the ASs, peak in MALDI MS spectra: (a)
averaged spectra of 5 uM Af,, registered at different incubation times
in the presence of 0.3 uM insulin as an internal standard; (b) averaged
spectra of 5 uM ABy, after addition of 0.25 uM ApB,, fibrillar seeds
registered in the presence of 0.3 M insulin as an internal standard.
Incubation conditions: 20 mM HEPES, pH 7.3, 25 °C.

where A; is the initial fluorescence level, A, corresponds to the
fluorescence at the maximal fibrillization level, x, is the time
when fluorescence reaches the half-maximum, and % is the rate
constant of fibril growth. Fitting of the data was performed
using the program Origin 6.

Validation of the MALDI-TOF MS Fibrillization Assay. To
confirm that the disappearance of monomer peaks in MALDI-
TOF MS experiments (Figure 3a) reflects the fibrillization of Af,s,
the process was in parallel monitored by a ThT assay, which
is a widely accepted method for quantitative determination of
amyloid fibrils. For this purpose aliquots from the Afy
incubation mixture were diluted in a fluorescence cuvette
containing 0.5 mL of 3.3 uM ThT solution, and the ThT
fluorescence was registered. The results in Figure 3b show that
the time-dependent increase in the fluorescence intensity is
parallel to the decrease in the relative intensity of the AS,, peak
in MALDI MS spectra, and they are characterized by similar
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Figure 3. Kinetics of seed-induced Ay, fibrillization: (a) monitored
by a decrease of the intensity of the A4, peak in MALDI MS spectra;
(b) monitored by an increase of ThT fluorescence. Incubation
conditions: 20 mM HEPES, pH 7.3, 25 °C. Excitation at 440 nm and
emission at 480 nm were used in the fluorescence experiment with
3.3 uM ThT. Solid lines correspond to first-order kinetic curves with
k values.

values of the first-order rate constant & = 0.042 + 0.006 min !
(t1/2 = 15.0 + 1.2 min). The obtained results confirm that ASy,
monomer loss in the MALDI MS assay occurs due to peptide
fibrillization. This also suggests that ABy fibrils do not
dissociate in the course of MALDI MS sample preparation.

Screening of the Inhibitors of Af Aggregation by MALDI-
TOF MS. Using the elaborated MALDI MS assay, we performed
seven test runs with a set of 80 compounds, including substances
that have been reported to interfere with fibrillization of Af. A
complete list of the tested compounds and the results of
screening are provided in Table S-1 (Supporting Information)
and in Figure 4. Representative MALDI MS spectra in the
presence of some tested compounds are presented in Supporting
Information Figures S-2 and S-3. Ten of the tested compounds
showed a statistically relevant (95%) inhibitory effect on the fibril
growth in our test. The first group of compounds that tested
positive consisted of metal ions Zn(II), Cu(II), and Ni(Il). Accord-
ing to recent publications, Cu(I) and Zn(II) inhibit fibrillization
of ABys by inducing formation of nonfibrillar Ay, aggregates.'®?°
The inhibitory effect of metal ions on the fibrillization of ABy, is
clearly seen in our assay, which means that the metal-induced
nonfibrillar AS,, aggregates dissociate to monomers during the
preparation of samples for MALDI MS.

Seven of the organic compounds also tested positive in our
screening. Already known inhibitors of Aj aggregation such as
azure C, hemin, basic blue 41 (BB),?* and tannic acid?® suppressed
the aggregation of Af, at a 5 uM concentration in our test

(20) Lee, S.; Ryu, J.; Park, C. Anal. Chem. 2009, 812751-2759.
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Figure 4. Effect of selected compounds on the aggregation of AS,,
monitored by MALDI-TOF MS (control, relative intensity of the AS4,
monomer peak after 1 h of incubation without additional substances;
other columns, intensity of the 5 uM Af4, monomer peak after 1 h of
incubation with a 5 M concentration of the tested substance): (a)
diagram for all tested compounds (a list of compounds together with
the fraction of soluble Aj4, together with +SE is given in Supporting
Information Table S-1); (b) effect of selected compounds.

(Figure 4). Moreover, alcain blue 8, Nile blue, and toluidine blue
also suppressed fibrillization of Afy,. It is noteworthy that some
compounds that were identified as inhibitors of Afy, fibrilliza-
tion in ThT tests, such as curcumin® and quercetin,?* did not
inhibit the fibrillization of AS,, at a 5 uM concentration in the
MALDI MS assay.

Inhibition of Af Aggregation According to the ThT As-
say. To elucidate reasons for the discrepancy between earlier
results obtained by ThT-based methods and our results obtained
by MALDI-TOF MS, we performed two types of control experi-
ments. First, we tested representative compounds BB and cur-

(21) Taniguchi, S.; Suzuki, N.; Masuda, M.; Hisanaga, S.; Iwatsubo, T.; Goedert,
M.; Hasegawa, M. J. Biol. Chem. 2005, 280, 7614-7623.

(22) Ono, K; Hasegawa, K.; Naiki, H.; Yamada, M. Biochim. Biophys. Acta 2004,
1690, 193-202.

(23) Ono, K.; Hasegawa, K.; Naiki, H.; Yamada, M. J. Neurosci. Res. 2004, 75,
742-50.

(24) Ono, K; Yoshiike, Y.; Takashima, A.; Hasegawa, K.; Naiki, H.; Yamada, M.
J. Neurochem. 2003, 87, 172-81.
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Figure 5. Effects of curcumin and BB on Ap,;, fibrillization. Sup-
pression of the time-dependent increase of ThT fluorescence in an
agitated solution of seed-free AB4, (O), by 1 uM (a), 2 uM (A), and 7
uM (@) curcumin (a) and by 0.1 uM (A), 0.2 uM (a), and 1 uM (V)
BB (b). Solid lines correspond to the fitted curves. Insets: dependence
of the calculated kinetic constant of fibril growth (k) and maximal level
of ThT emission from the concentration of the tested compounds.

cumin with the ThT test according to the protocol described in
ref 19, and second, we tested putative interference of selected
compounds with ThT fluorescence using preformed Afy, fibrils.
Figure 5 shows that BB and curcumin suppress the time-
dependent increase in ThT fluorescence whereas total suppression
was achieved at 1 M BB and 10 4M curcumin in conformity with
data presented in the literature.?*** However, quantitative analysis
of the kinetic curves shows that curcumin and BB do not affect
the kinetic constant of fibril growth but lower only the final level
of ThT fluorescence (Figure 5 insets), which makes the inhibition
data obtained by ThT tests highly suspicious.

It has been demonstrated recently that the decrease in the
fluorescence intensity in the ThT test might also be caused by
interference of the tested compounds with binding of ThT to the
fibrils or with ThT fluorescence.'®'6 We tested putative interfer-
ence of selected compounds with ThT binding and fluorescence
by adding 1 and 5 uM concentrations of the selected compounds
to preformed Ap,, fibrils labeled with ThT. Figure 6 shows that
the addition of 1 or 5 uM ascorbic acid, imidazole, nicotinic acid,
phenolphthalein, riboflavin, clioquinol, Zn(II), and Cu(Il) did not
affect the fluorescence intensity of ThT bound to the preformed
ABy, fibrils, demonstrating that these compounds do not
interfere with ThT binding and fluorescence at the concentra-

tions used. At the same time, addition of tannic acid, azure C,
Nile blue, curcumin, and BB led to a fast and concentration-
dependent decrease in the ThT fluorescence intensity (Figure
6a) that can be explained by competitive displacement of ThT
from its binding sites on the fibrils or quenching of the fluores-
cence of bound ThT by the compounds studied as suggested
earlier.” The effect of BB was studied in a wide concentration
range (Figure 6b), and it was established that a 50% decrease of
the ThT fluorescence intensity occurs already at a 0.1 uM
concentration of BB, which is similar to the effect of BB in the
ThT fibrillization assay (Figure 5b).

Quantitative Determination of Inhibitory Potency by
MALDI-TOF MS. The potential of selected compounds such as
BB and Zn(Il) to inhibit Aj,, fibrillization has been determined
by MALDI MS by performing Ay, fibrillization assay in the
presence of different concentrations of these substances. In
the case of BB 50% inhibition was observed at a 1.6 uM
concentration of the compound, which is 20 times larger than
the apparent ICs, value determined by the ThT assay. In the
case of Zn(II) 50% inhibition occurred at a 3 uM concentration,
which is in agreement with the ICs value of 1.8 uM determined
earlier by using the ThT assay.!®

DISCUSSION

The aggregation of Af peptides is considered to be a key factor
in the development of AD. According to the current knowledge,
the fibrillization of AS and other amyloidogenic peptides/proteins
is a multistep process initiated by the formation of oligomers acting
as nucleation seeds that self-propagate and grow into amyloid
fibrils through sequential addition of monomers.® The fibrilliza-
tion mechanism and cytotoxicity of different aggregation states
of AB are still under debate; at the same time, it is widely accepted
that inhibition of Ap fibrillization and amyloid formation is the
main strategy for the prevention, control, and therapy of AD.

An initial search of Ag fibrillization inhibitors can be performed
by using in vitro screening assays. These assays should adequately
reflect fibrillization of native AS and meet the highest criteria for
reliability and reproducibility. It is desirable to use unmodified
ApBys peptide in these tests since it is considered to have a
crucial role in the formation of amyloid plaques in the brain.
To guarantee reproducibility and eliminate batch to batch
variations in peptide quality, the materials used in the test
should be standardized. We achieved this by using defibrillated
ABy monomers and initiating the fibrillization process by
addition of a controlled amount of preformed ApS,, fibrils as
fibrillization seeds. In the design of the MALDI MS screening
assay we paid special attention to the solubilization and
monomerization of synthetic ABy, peptide: commercial Ay,
peptides were always treated with HFIP prior to use. SEC
analysis on a Superdex 75 column indicated that HFIP-treated
Apy» stock solution was predominantly monomeric. Under
quiescent conditions the HFIP-treated monomeric Afy, is stable
at least for 1 day before fibrillization begins; however, its
fibrillization can be started by intensive stirring of the peptide
solution'® or by addition of fibrillar seeds. We demonstrated
that seed-initiated Apy, fibrillization assay is well controlled,

(25) Esler, W. P.; Stimson, E. R.; Jennings, J. M.; Vinters, H. V.; Ghilardi, J. R.;
Lee, J. P.; Mantyh, P. W.; Maggio, J. E. Biochemistry 2000, 39, 6288-6295.
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gives reproducible results, and could be performed on multiwell
plates necessary for high-throughput tests. This assay detects
inhibitors of the fibril growth phase of the overall fibrillization
process that may affect the process by two mechanisms: (i)
stabilization of monomeric AS;, by complex formation; (ii)
blocking the growing ends of the fibrils. Our assay does not
detect inhibitors of ABy, oligomerization and fibril nucleation.
However, we think that this shortcoming is common for most
in vitro fibrillization tests. In principle, agitation-induced AS
fibrillization tests can identify additionally compounds that
block early seeding steps; however, it is very likely that
nucleation processes in agitated solutions where shearing can
induce significant secondary seeding are totally different from
seeding processes occurring in vivo.

Comparison of the elaborated MALDI MS-hased screening test
for inhibitors of AS,, fibrillization with alternative tests allows
highlighting the following advantages. Foremost, MALDI MS-
based assay relies on the use of a well-defined label-free system
containing only native Ay, peptide and the putative inhibiting
substance. Many alternative assays make use of modified A3*®
or artificial peptides,'® which might behave differently from
the native AS;. Common fluorimetric tests make use of
reporter compounds, which change their emission intensity
upon binding to fibrillar structures. It has been shown recently
that several putative fibrillization inhibitors such as curcumin
and quercetin interfere with ThT binding and fluorescence,

8564 Analytical Chemistry, Vol. 82, No. 20, October 15, 2010

which generates false-positive results in the particular tests.!>¢

In the current study we confirmed these findings for curcumin
and quercetin. Moreover, we also demonstrated that the interfer-
ence of tested low-molecular-weight compounds with ThT fluo-
rescence is a rather common phenomenon and occurs also in the
case of tannic acid, azure A, Nile blue, and BB. In the case of
fibrillization inhibitors that do not interfere with ThT binding and
fluorescence such as Zn(I) and Cu(ll), the MALDI MS assay
yielded apparent inhibitory constant values similar to those of the
ThT assay.!® The inhibitory constant value for BB obtained by
MALDI MS (ICs5y = 1.6 uM) is substantially higher than that
determined by the ThT test (apparent ICs5y = 0.1 uM) (Figure
5b), demonstrating that its inhibitory efficiency is overestimated
in ThT-based studies due to the interference with ThT emission.
On the basis of the presented results, we can conclude that the
efficiency of a wide series of inhibitors of the fibrillization of AS4,
should be critically revised. A putative drug candidate, meth-
ylene blue, also did not show an inhibitory effect in our test;
however, this compound is shown to inhibit formation of AS
oligomers but not fibrils.'*

(26) (a) Kim, W.; Kim, Y.; Min, J.; Kim, D. J.; Chang, Y. T.; Hecht, M. H. ACS
Chem. Biol. 2006, 1, 461-469. (b) Hong, H. S.; Maezawa, L; Yao, N.; Xu,
B.; Diaz-Avalos, R.; Rana, S.; Hua, D. H,; Cheng, R. H.; Lam, K. S,; Jin,
L. W. Brain Res. 2007, 1130, 223-234. (c¢) Chang, P. T.; Kung, F. L,
Talekar, R. S; Chen, C. S.; Lai, S. Y.; Lee, H. Y.; Chern, J. W. Anal. Chem.
2009, 81, 6944-6951.



MALDI MS-based assay can be characterized as a fast method.
Using automatic spotting from 96-well plates combined with
automated MALDI MS measurements enables testing of 80
samples in approximately 2.5 h. The elaborated MALDI-TOF MS
assay consumes considerably smaller amounts of peptide for
individual measurements than most of the ThT tests as each
individual assay can be performed in 25 uL of solution.

In summary, the elaborated MALDI MS-based screening test
can significantly speed up in vitro screening of large compound
libraries for reliable identification of the inhibitors of ABy
fibrillization, and MALDI-MS can be also used for quantitative
characterization of their inhibitory potential necessary for
selection of lead compounds suitable for AD drug development.
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Amyloid-B peptides (AP) are key molecules in Alzheimer’s disease (AD) pathology as they form
amyloid plaques that are primary hallmarks of AD. There is increasing evidence demonstrating
that the biometals zinc(i1) and copper(i) interact with AP peptides and have an influence on their
fibrillization and toxicity. Zinc and copper ions are abundantly present in the synaptic areas of
the brain, and it is likely that the age-related dyshomeostasis of these biometals is associated with
AD pathology. In this review we summarize the knowledge of the interactions of zinc and copper
ions with AP peptides, their role in AP fibrillization and toxicity and provide a critical analysis of
the conflicting results in the field. Copper ions entrapped in A fibrils are electrochemically active
and can generate ROS in the presence of hydrogen peroxide and reducing agents. This might
provide a key for understanding the putative role of copper in AP toxicity and AD pathology.

Introduction

Alzheimer’s disease (AD) is the most common neuro-
degenerative disease, comprising more than 50% of dementia
in the elderly. The disease is characterized by the extracellular
deposition of amyloid-B peptides (AP) in the form of senile
plaques and the intracellular deposition of hyperphosphory-
lated tau protein, oxidative damage and neuronal death in the

Department of Gene Technology, Tallinn University of Technology,
Akadeemia tee 15, Tallinn 12618, Estonia. E-mail: vello.tougu(@ttu.ee
+ This article is published as part of a themed issue on Metals in
Neurodegenerative Diseases, Guest Edited by David Brown.

brain. The progressive loss of neurons and synapses
throughout the brain during the disease slowly destroys
memory and cognitive skills and eventually leads to death.
According to the amyloid cascade hypothesis, the AP
aggregation and formation of amyloid plaques is the key
upstream event, which in turn causes formation of intra-
cellular neurofibrillary tangles and cell death.’

The AP peptide is derived from amyloid precursor protein
(APP) through its limited proteolysis. The APP can be cleaved
in two alternative ways: the non-amyloidogenic and the
amyloidogenic (Fig. 1). In the non-amyloidogenic pathway
APP cleavage by a-secretase prevents AP formation and
subsequent cleavage by y-secretase liberates the P3 peptide
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Fig. 1 The amyloid cascade in AD. Formation of AB peptide by
amyloidogenic cleavage of APP, formation of fibrillar “nucleus” or
metal-induced AP aggregates, their evolution to Cu(i) containing
redox-active amyloid plaques leading to neurodegeneration.

corresponding to AP residues 17-40 (or 42). In the amylo-
idogenic pathway the APP is first cleaved by [-secretase,
allowing its large ectodomain to be shed into the luminal
and extracellular fluid and leaving a membrane bound
C-terminal fragment that is subsequently cleaved by y-secre-
tase causing the AP peptide to be released. The exact point of
cleavage by the y-secretase determines the length of the AP
peptide, that is usually composed of either 40 or 42 residues.”
The production of A is a normal physiological process and it
is present in the brain and cerebrospinal fluid throughout life.?
In most cases AD occurs sporadically, but approximately 5%
of AD cases belong to multiple familial forms of early onset
disease that are generally caused by mutations in the APP
gene or genes encoding the enzymes that process the APP
(PSENI, PSEN2) or protein related to Ap turnover (4APOE).
Generally these mutations lead to increased production of Af,
especially the more aggregation-prone Ay, form, supporting
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the view that AP fibrillation and plaque formation is a key
event in AD etiology. The mechanism that triggers the
age-dependent AP aggregation is still elusive, however,
substantial evidence has been gathered suggesting that inter-
actions of AP with transition metal ions, especially with
biometals Cu(i) and Zn(11), may be involved in the processes
leading to AP aggregation and toxicity, and the dysregulation
of copper and zinc homeostasis in the brain may be linked to
the development of AD.*!°

The brain comprises 2% of body mass but contains 7.3% of
total copper and exhibits the highest rate of oxidative
metabolism. As a rule Cu(i1) and Zn(n) in the body are tightly
bound to enzymes and other proteins, but in the brain they
also exist in synaptic vesicles as “free” ions (e.g. loosely bound
to low affinity ligands, for instance to glutamate) that can be
released into the synaptic cleft during neurotransmission.”*!!
After excitatory release the concentrations of ionic zinc and
copper in the synaptic cleft of glutamaergic neurons located
mainly in the cortex and hippocampus may reach 60 pM'? and
15 uM,” respectively. AP is also present in the synaptic cleft
region where it has the potential to interact with Cu(ir) and
Zn(11) and form amyloid. In the synaptic cleft area there are
also other more potent metal-binding proteins present such as
metallothionein-3 (MT-3) released by neuronal cells, which
have the potential to suppress metal-Af interactions, but
MT-3 levels are decreased in AD.’

The role of altered metal homeostasis as a pathogenic factor
in AD has been intensively studied, moreover, assumption
about the causative role of metal ions in AD has laid the basis
for the elaboration of the metal chelation therapeutic
approach aimed at the elaboration of therapeutic agents,
which modulate metal bio-availability in the brain and
have the potential to demetallate and dissolve plaques and
ameliorate several of the dysfunctional events characteristic of
AD.S,I3AI4

To understand the potential of the metal chelating
therapeutic approach in AD we have to understand the role
of metal ions in amyloid plaque formation, which considers
both—interaction of metal ions with A peptides as well as the
effect of metal ions on fibrillization and toxicity of A
peptides.

As a rule, the following arguments are listed to point out the
important role of Cu(ir) and Zn(11) ions in plaque formation
and toxicity: (i) Zn(i1) and Cu(n) levels are elevated in AD
brain and enriched in amyloid plaques;'>'® (ii) metal ions bind
to AP in vitro'®*? and A directly coordinates the metal ions
within the plaques;* (i) Zn(ir) and Cu(1r) cause AP aggrega-
tion and may enhance fibril formation in vitro;** ! (iv) metal
ions enhance amyloid formation and plaque load and toxicity
in AD model animals;**>>* (v) AB coordination of Cu(ir) leads
to the generation of ROS that can cause oxidative stress and
neurotoxicity;*>3® (vi) toxicity of the amyloid aggregates
depends on their copper content;*"*7** (vii) treatment with
metal chelators results in the dissolution of aggregated AP
from AD brain extracts.'*#!

The direct interaction of transition metal ions with A is by
far not the only interaction that can relate Zn(i1) and Cu(i)
dyshomeostasis in the brain with AD progression (for a review
see ref. 6 and 7), however, in the current review we focus solely

This journal is © The Royal Society of Chemistry 2011
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on the analysis of this interaction and the role of transition
metal ions in the neurotoxicity of the amyloids.

Interactions of monomeric Af with Cu(i)

The primary interaction of AP peptide with metal ions is the
fast formation of a reversible complex where the metal ion is
coordinated with metal-ligating groups of the peptide. An
exhaustive critical review of the divergent propositions on
the structure and affinity of these complexes has recently been
given by Faller and Hureau,*? thus we give only a brief
overview of the earlier findings in this field, and provide an
alternative explanation for the divergence of the observed
metal binding affinities of AP in the light of the most recent
papers.

Structure of the Cu(i1)-Ap complex

AP forms predominantly a mononuclear Cu(i)-AB complex
with 1:1 stoichiometry at physiological pH, and a large set of
experimental results indicate that the ligands coordinating the
copper ion are either three His side chains or two His and
the N-terminal.*? The presence of all three His residues
(His6, His13 and His14) in the Cu(i1) coordination sphere is
supported mainly by earlier NMR studies'**>** and by using
a combination of complementary experimental techniques,
namely sedimentation assay, Fourier transform infrared
spectroscopy, and X-ray absorption spectroscopy.*’ Involve-
ment of His13 and His14 in Cu(i1) binding is also confirmed by
ESI MS.*® Depending on the pH value of the environment the
Cu(1)-AB complex acquires at least two different structures
(Fig. 2).%47% At higher pH the NMR signals from Aspl
Ala2 and from side chains of all three His residues are affected
by copper binding, whereas at pH 6.6 the line broadening
observed in "*C['"H] NMR spectra supports the involvement of
multiple groups in Cu(ir) coordination, suggesting the presence
of several energetically equivalent (or similar) binding
modes.*” The &-N atoms of His6, His13 and His14 and an O
atom from the carboxylate group of Aspl were found in the
Cu(1) coordination sphere at high pH, and only two His
residues at low pH by EPR.*** The transition between the
high and low pH forms has a mid-point at pH 8-8.7**° for
truncated peptides, but this value may be close to 9 for full-
length AP,,.%" The combination lines that would be expected if
several His residues were bound simultaneously to a single
Cu(ir) ion were not observed in these EPR studies, and it was

concluded that at high pH the Cu(i)-AB complex is very
dynamic and the His residues in the Cu(i) coordination are
continuously changing.”>> Using hyperfine sublevel coordi-
nation (HYSCORE) of AB analogues with site-specific °N
labelling, the presence of two forms of the Cu(i)-Ap complex
with His6 as a common and His13 and Hisl4 as alternative
ligands at pH 67 was confirmed.*>>* However, in contrast to
the study by Dorlet and colleagues, the carboxylate of Aspl
has been found in an equatorial position and coordination
of Cu(u1) by three His residues has been suggested for
component II at pH 8.4%3

An important property of the metal ion-Af complex is
stability in the solution. The copper complex of truncated
1-16 and 1-28 AP peptides is usually relatively stable in
solution* at physiological pH, whereas aggregation and
precipitation has often been detected in the case of full-length
AB.*3577 Since the full-length peptide precipitates at lower
pH values in the presence of Cu(ir) (precipitation at pH 5.5 is
almost immediate®?), protonation of His residues at slightly
acidic pH may lead to the formation of insoluble Cu(ir)-Ap, it
can be speculated that the coordination sphere of Cu(i) in
Cu(i)-APB aggregates may resemble that of the low pH
component. The Cu(i)-Ap complex at physiological pH is
tetragonal with four ligands in the equatorial plane and
usually one axial ligand.>? The data on the fourth (and fifth)
ligand for Cu(i) is very divergent, suggesting that most likely
the Cu(i)-Ap complex may exist as a mixture of different
metalloforms, whereas the distribution between the different
forms can be substantially affected by small variations in the
environment (pH, peptide and salt concentration, presence of
solvents efc.) and peptide length and structure. The
pleiomorphic, highly dynamic nature of the Cu(i)-Af complex
might also explain the partially conflicting results in the
literature regarding the metal-coordinating groups, since the
buffer compounds used can also have a profound influence on
the Cu(r) coordination sphere.**® Such a behaviour could be
expected since AP peptide does not have a “‘predefined”” metal
binding site as the metalloproteins do, and the Cu(i)-Ap
complex has a dynamic structure where the dominant set of
ligands (two His residues) is complemented with at least two
additional ligands. This important feature of the complex has
to be considered in the analysis of the Cu(ir) binding affinity of
AP in the presence of low affinity competing ligands.

AP can also bind a second Cu(ir) ion.>”#* 443559 Ag a rule,
the binding of the second Cu(i) ion is assumed to be

\

His13/14

Fig. 2 Schematic presentation of ligands involved in Cu(ir) coordination in “high” and “low” pH Cu-Ap complexes.
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physiologically irrelevant due to the low affinity of the binding.
At high Cu(n) concentrations, AP can bind as many as four
Cu(ir) ions.*

Metal-binding affinity of Ap

The metal binding affinity of proteins and peptides is an
important parameter in biology, and the quantitative determi-
nation of the binding affinity of AP peptides helps to assess the
significance of metal binding as a potential inducer of patho-
logical AP aggregation. Besides some exceptions there is
generally no free Cu(i) (or Zn(i)) available in the living
organism and, thus, Cu(ir) ions can bind in vivo only to the
peptides that have sufficiently high affinity in order to compete
for Cu(n) ions with other metal-binding biomolecules.
Disclosing the thermodynamics and kinetics of Cu(i) and
Zn(1) binding to AP peptides is also crucial for rational design
of drug candidates in the framework of metal chelation
therapy of AD.

The reported affinity of AP towards Cu(i) varies from
attomolar®! to micromolar.?’ It is important to note that the
values of the apparent dissociation constant, Kp**?, from
different laboratories are determined under different environ-
mental conditions and in the presence of different amounts of
various Cu(ir) binding ligands including buffer components,
which have to be taken into account. After the publication of
the first buffer independent conditional dissociation constant
(Kp) value for Cu(ir)-Ap (equal to 35 nM®?), the discussion of
the Cu(m1) binding affinity of AP has moved towards the debate
over the methods and models for the calculation of conditional
constant values and the applicability of compounds used as
weak ligands for Cu(n) ions in the experiments.?’*>63¢* The
introduction of the conditional constant concept has resulted
in two alternative estimates for Kp values for Cu(i)-Ap at
physiological pH and normal temperature: one in the region of
30-60 nM>762"%* and another in the range of 0.1-1 nM or even
lower.>":%%¢ Recently, Faller et al.*? have critically analyzed
the subject and concluded that the discrepancy between
different Kp values reported in the literature arises from the
model used for accounting for Cu(i) binding to low-affinity
ligands during the calculation of the conditional K, value. We
share the opinion that different Kp values arise mainly from
the model used. However, the low estimate of Kp for the
Cu(1)-AB complex seems to be unreliable for several reasons
described below.

Metal ion binding affinity of the AP peptide can be
determined by several titration methods: (i) spectrofluori-
metrically by monitoring the changes in Tyr fluorescence;****>
(i) microcalorimetrically;**+6¢"%% or (iii) using external
fluorogenic or colorimetric ion binding dyes as competing
ligands.®***7" In principle, the microcalorimetric method is
the most accurate, however, due to the high affinity of AB
towards Cu(ir) in comparison to the sensitivity of all applied
methods, the measurements have been carried out in the
presence of competing low-affinity Cu(ir) binding ligands that
increase the apparent dissociation constant value to the
range suitable for determination. pH buffers (HEPES, Tris,
phosphate etc.) or amino acids (Gly, His) have been used for
this purpose. Phosphate buffer is not suitable for the studies of

the effects of Cu(in) (as well as Zn(11)) due to the extremely low
solubility of the corresponding phosphates, precipitation of
which during the experiments may cause artefacts. HEPES
and Tris complexes with Cu(i) are soluble and they stabilize
the Cu(m) solutions at neutral pH, making these buffers
suitable for the studies of metal-binding affinity.

It has been pointed out that choosing the correct coordination
model in Kp calculations is extremely important.”' The most
important feature, besides the correct evaluation of the Cu(ir)
binding affinity of the “weak” ligand, is the assumption of the
presence or absence of ternary complexes. When ternary
complexes occur and they are not accounted for in the model
used, the affinity of the complex formation would be
drastically overestimated. As a rule, the competitive binding
models are used in the literature, which do not account for the
possibility of ternary complex formation. Verification of the
applicability of the model for a particular low-affinity ligand
and metal ion is relatively easy: the Kp*PP values should be
determined at different buffer concentrations and the condi-
tional constant calculated must be independent of the buffer
concentration. It is also obvious that the Ky values determined
in the presence of various low affinity ligands must be similar.

However, the measurements at different buffer concentra-
tions are rather exceptional.®>** A good example of Kp
determination is presented by Rozga et al.** who studied the
dependence of Kp*PP on the concentration of HEPES buffer
and showed that the Kp value of 57 nM, calculated by using
the simple competitive binding (Scheme 1) of Cu(ir) to Ap and
to the buffer component is, indeed, independent of the buffer
concentration. This value is in good agreement with the
average value determined in Tris and HEPES buffers earlier
by Téugu ez al.* Thus, HEPES is suitable for Cu(i)-binding
studies in biological systems, since it forms a 1: 1 complex with
Cu(1n) and it does not form mixed complexes with amino acids
such as Ala, Trp, and His.”

On the other hand, the measurements of Kp**P in
ammonium acetate buffer®® together with the calculations
according to the competition model, do not give a concentra-
tion independent Kp value, suggesting the formation of
ternary complexes of Cu(i)-Af with buffer components.

Faller et al.** suggested that HEPES is a good buffer for
affinity measurements due to 1:1 complex formation with
copper ions, but its Cu(i)-binding affinity might not be
sufficiently high. Tris buffer has a higher Cu(i1) binding affinity
than HEPES, however, its binding stoichiometry is complex—
Cu(r) can bind up to four Tris molecules®*** and the applica-
tion of the N4 model seems relevant. The application of the N4
model to earlier experimental data resulted in an estimate for
AP Cu(m)-binding affinity, Kp = 0.6 nM, from the data at Tris
buffer concentration 10 mM** that is in considerably good
agreement with the results of calorimetric titrations. However,
the recalculation of Kp from Cu(i) binding data at different
Tris concentrations from the literature,*>¢>¢7 according to the
N4 model,®>® resulted in values that differ even more than the
initial apparent constant values,”’ demonstrating clearly that
the N4 model without ternary complex assumption is
inappropriate. This observation is not surprising since Tris is
known to form mixed complexes with various metal ions and
ligands.®® Thus, it can be concluded that the results obtained
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Scheme 1 The binding of metal ions to AP in the presence of
low-affinity copper ligands and the definition of apparent (Kp*"P)
and conditional dissociation constants (Kp). Scheme A corresponds
exclusively to competitive binding of metal ions to either A or a
low-affinity ligand. In the presence of the competing ligand B, the
apparent dissociation constant Kp*PP value determined experimentally
is a function of the conditional dissociation constant Kp, dissociation
constant of the metal-B complex Kp®, which can contain more than
one ligand and the concentration of ligand B. Scheme B corresponds
to ternary complex formation. In this case the Kp*™ value depends
also on the value of o that cannot be determined from independent
experiments. Kp is a thermodynamic equilibrium constant that
corresponds to the value of apparent constant at zero concentration
of competing ligands.

in Tris buffer do not agree with the N4 model, and they
also cannot support the low nanomolar Kp value for the
Cu(n)-binding affinity of AP. Application of the N1 model
for Tris-Cu(1) complexes can be used only as a very raw
approximation accounting for the ternary complex formation
and by assuming that only the Tris molecule with the highest
affinity is replaced by AB. The results showed that the experi-
mental Kp*PP values in Tris buffer do not contradict with the
Cu(n)-binding affinity of AP in a nanomolar range.

The low Kp values close to 1 nM originate from micro-
calorimetric experiments, where Gly was used as Cu(i)
stabilizing compound.®>®® Using Gly and His as titrants for
Cu(m)-AB in fluorimetric measurements resulted in a Kp
estimate equal to 10 pM.>" Similarly to Tris, Gly is prone to

ternary complex formation with Cu(n) and with other metal
ions. Hatcher et al. have considered this possibility and made
an attempt to prove that ternary complexes do not form by
special ESI-MS experiments.®® In recent years, non-covalent
ESI-MS under mild ionization conditions has proved to be a
very powerful tool in the studies of strong Cu(1)—protein
interactions’® where the formation of ternary complexes as
“adducts” can be detected. However, the ESI-MS method
does not detect relatively weak complexes characterized by fast
dissociation rates. Thus, the absence of peaks corresponding
to Gly-Cu()-Ap in ESI MS spectra cannot be taken as
ultimate proof for the absence of such a complex in the
solution® and other techniques have to be used to determine
Gly binding to Cu(i)-Af in solution.

In recent competition studies of AP affinity towards Cu(ir)
with three ligands, Gly, His and nitrilotriacetic acid (NTA),
the conditional constant value for Cu(i)-AB4, was estimated
to be in the range of 10 pM.>! However, as these affinities were
estimated from the equivalent points of the titration experi-
ments and the whole curves were not analyzed, these results
cannot be considered as crucial evidence supporting the pM
affinity. It has been pointed out in the literature that NTA is
also prone to form ternary complexes.®*

Since the structure of the Cu(i)-Af complex is dynamic and
the peptide ligands in the coordination sphere of Cu(i) are in
rapid exchange, it has been suggested’’ that the formation of
ternary complexes with buffer components is also highly
probable. The formation of ternary complexes in ammonium
acetate buffer is shown experimentally(’3 and this may also
occur in the case of other Cu(1) ligands. In Tris buffer, the use
of the N4 model results in a 6000-fold difference in K values
in 10 and 100 mM Tris, which clearly shows that the model is
not applicable, e.g. not all Tris ligands are replaced by peptide
groups during the formation of the Cu(i)-Af complex.
Application of the N1 model, that can be considered as a
rough approximation for accounting for ternary complex
formation, resulted in Kp values of 12-90 nM,*? close to the
values observed in HEPES. In the case of HEPES buffer, the
absence of ternary complexes has been proved by the measure-
ment of the concentration dependence®® which resulted in
Kp = 57 nM. The measurement of Kp*PP at various concen-
trations of the competing ligand is a simple method for
proving the model used in Kp determination: the resulting
Kp value must be independent of the concentration of the
ligand. For glycine as a ligand, these experiments have not
been performed so far, and for Tris the N4 model failed
the proof.

Thus, in our opinion, the ITC experiments should also be
carried out at different Gly concentrations (or Cu(i)-Gly
ratios) in order to prove that the model applied actually gives
a conditional Kp constant value that does not depend on the
Gly concentration.

Cu(1)-binding affinity can be determined by titration with
fluorogenic ligands that do not form ternary complexes.
Phenyl Green is not a perfect ligand for such a study, however,
the changes in fluorescence intensity during the titration of
Phenyl Green with Cu(ir) ions in the presence of AP were in
agreement with the Kp**? in HEPES buffer and “low” affinity
binding was not detected.®> As there is absolutely no reason to
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assume that 10 mM HEPES can cause a 100 000-fold decrease
in the Cu(nn) binding affinity of AP, this observation also
supports the Kp value in the range of 30-60 nM. The Cu(i)
binding affinities of H6A and H14A mutants of A4, are
3-5-fold lower than that of the wild-type and the HI3A
mutant,” which shows that the thermodynamic contribution
of His residues to the formation of the Cu(i)-Ap complex is
not very substantial. This observation is in good agreement
with the pleiomorphic dynamic nature of the Cu(i)-Ap
complex determined by structural studies. As far as soluble
aggregates are concerned, it has been uniformly accepted that
binding of Cu(ir) to AB4o and APy is very similar.>’

It has been known for a long time that, similar to Zn(ir)
ions, Cu(n) can induce aggregation and precipitation of
full-length AB,22‘75‘7" however, to a smaller extent and more
slowly. The co-aggregation of Cu(i) with A can be significant
for its role in AD, since during the co-aggregation Cu(ir) ions
can be kinetically “trapped” in the insoluble Ap aggregates,
which is confirmed by extremely low attomolar affinities of the
Cu(i)-ABgs complex® determined in the experiments where
peptide has aggregated during prolonged incubation with
Cu(i) ions. Most importantly, this property can lead to the
appearance of electrochemically active ROS-generating Cu(ir)
in the plaques of AD patients that cannot be sequestered for
instance by MT**”7 or serum albumin (HSA*), and leads to
ROS-related neurotoxicity of amyloid plaques, which may
play important role in pathology of AD.

Despite the discussion as to whether the conditional binding
constant is 50 nM or 50 pM, consensus in affinity studies has
been reached in many aspects. First, the Cu(ir) binding affinity
of AP is in a biologically relevant range, Ap can bind Cu(i) in
all forms (monomer, fibril and nonfibrillar aggregate), but
under the equilibrium conditions it cannot compete with
strong Cu(ir) chelators such as MT and HSA. And lastly,
the different estimates for the Cu(ir) binding affinity of AP
arise from the model used for accounting for the influence of a
competing ligand. It should be noted here that, before the
introduction of the concept of a conditional dissociation
constant in 2008, the suggested affinity values varied from
micro- to attomolar.

Interactions of Ap with Cu(r)

The amyloid plaques are present in the extracellular space
where the stable form of copper is Cu(i), and therefore
Cu()-AB is the predominant form of the complex under
physiological conditions outside the cells. However, a number
of evidence shows that copper is redox active in the
amyloid”®” and its redox cycling contributes to the oxidative
stress and to neuronal death characteristic of AD.”>” Indeed,
Cu(1) may be reduced to Cu(1) by the influence of endo-
geneous reductants such as ascorbic acid, present in CSF at
high micromolar concentrations. Studies of Cu(1)-Af may
substantially contribute to the understanding of the molecular
mechanisms of AD, since it can appear in the transient states
of redox-cycling leading to the generation of ROS after
reaction of Cu(1) with H,O,. Cu(1)-Ap complexes have been
studied by making use of truncated peptide, which shows that
Cu(1) is coordinated in Cu(1)-AB,¢ by the imidazole groups of

two histidine residues in a linear fashion,”"*° whereas the third

histidine is also important due to dynamic exchange between
several sets of ligands. Thus the AB-Cu(r) complex also seems
to be pleiomorphic. The changes in the redox potentials show
that, from the two forms of copper ions, AP has a higher
affinity to Cu(1) ions and the redox properties of the
Cu()-AB4o complexes are changing with time during
incubation.’! The affinity of A towards Cu(1) has not been
directly determined, but it is assumed to be higher than AB
affinity towards Cu(i) since the midpoint redox potential of
Cu(i)-AB/Cu(1)-Ap is higher than that of free Cu(ir)/Cu(1).*

A review covering the structural insights and putative
mechanisms of Af-mediated ROS production by copper ions
has recently been published by Hureau and Faller.®

Binding of Zn(m1) to Ap

It is commonly accepted that Zn(ir) ions form a 1:1 complex
with AP with involvement of the three His residues in the
coordination of the Zn(i) ion.**®> The complex is a hexa-
coordinated bipyramid and structural studies indicate that
His6 N8, Hisl3, Hisl4 Ne, Aspl amine, and/or Glnll
carboxylate are bound to Zn>" in the case of human Ap.*
However, in contrast to Cu(ir) ions, the binding of Zn(11) to AB
often leads to fast peptide aggregation, the rate and extent
of which depend on the peptide length and structure. The
Zn(m)-induced AP assembly into tinctoral aggregates was first
discovered by Bush and colleagues in 1994, where the aggrega-
tion was triggered by sub-stoichiometric concentrations of
Zn(u).2"** However, later it was shown that the effective
concentrations of Zn(i) which induce AP aggregation are
considerably larger (approx. 100 uM).%#7 AB,, can aggregate
in the presence of Zn(i) ions within milliseconds®® and the
ABj¢ form also undergoes fast Zn(i)-induced precipitation,
whereas its derivative with protected terminal groups is stable
for months under similar conditions.®*° Presence of stoichio-
metric amounts of Zn(i) causes fast precipitation of AB4g
oligomers®'? as well as of the AP4, peptide.”* Thus, in the
case of full-length AP peptides the monomeric Zn(i)-Ap
complex is prone to aggregation, which may significantly
interfere with the determination of Zn(n) binding affinity.
There is evidence suggesting that Zn(ir) induces His or Zn(11)
cross-linked peptide structures,*>** but it is not clear whether
the aggregation occurs due to extensive cross-linking or low
solubility of the Zn(11)-AB complex. Thus, it seems that Zn(11)
binding to AP cannot be analyzed without accounting for the
aggregation of the peptide.

The Kp values of the Zn(i)-Af complex reported in the
literature vary from 1 to 300 pM. Lower affinity values (Kp =
50-300 M) were determined from metal ion-induced changes
in Tyr fluorescence?®? whereas other methods give Kp, values
in the region of 1-5 pM, which indicates the existence of a
tighter complex.?#**#%%4 In several studies the Zn-binding
affinity of AR monomers, aggregates and fibrils has been found
to be similar,**%° and it has been concluded that the
thermodynamics of metal-transfer reactions from and to Ap
is only slightly dependent on the AP aggregation state. At the
same time it has been demonstrated that the initial Zn(11)-AB4o
complex with Kp equal to 60 pM undergoes a transition to a
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more tightly bound complex with Kp ~ 2 pM upon 30 min
incubation, leading to formation of nonfibrillar Zn(i1)-A4o
aggregates.®> A decrease of the Kp value from 7 uM to 2 pM
upon aggregation of APy and AP, was also observed by
Talmard and colleagues.?® Thus the Kp, value for the Zn(i)-ApB
complex apparently depends on the incubation time of the
complex, and it can be hypothesized that the Zn(i1) binding
affinity of AP monomers is close to 100 UM and increases to
1-5 uM upon aggregation.

The question whether the Zn(i) binding affinity of A
observed is conditional or if it depends on the buffer
component(s) and concentration was already raised in the first
metal-binding study,** where the effect of Tris buffer on Zn(i)
binding was observed. However, measurements in 10 mM and
100 mM Tris showed that the difference in the Kp*PP values
was substantially smaller than that predicted from the Zn(i)
binding to Tris buffer, suggesting that ternary complexes are
formed.®? The higher affinity of Ap aggregates towards Zn(ir)
has to be taken into account in designing metal ion chelators
for therapeutic use. However, it should also be considered that
the dissociation of metal ions from plaques is not necessarily
controlled by thermodynamics, as metal ions might also be
kinetically trapped within the plaques.

Effects of Cu(ir) and Zn(i1) on A aggregation

In vitro the AP peptides can be converted into typical amyloid
fibrils with a cross-p-sheet structure characteristic to amyloid
plaques, whereas the fibrillation shows a sigmoidal time-curve
typical for autocatalytic processes. The growth is initiated by
the formation of fibrillization nuclei or “seeds”. The structure
and thermodynamics of the formation of these particles that
are unstable by definition remains elusive, however, there is a
consensus that these particles are rich in B-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 AP, the critical nuclei may consist of only two
peptide molecules.”® In general, the fibril growth occurs due to
the addition of monomers on the growing end of the fibril, and
this process is followed by fibril “maturation” e.g. bundling
and formation of interfibrillar stabilizing interactions. The A
fibrillation process can be substantially accelerated by
agitation of the incubation mixture and by addition of
fragmented preformed AP fibrils that act as polymerization
“seeds”. In agitated solutions the AP fibrillization process is
fast and highly reproducible.”°¢

Metal ions like Zn(11) and Cu(i) have a significant influence
on the fibrillation of A peptides, however, the studies of their
effects have revealed contradictory results about the nature
and even the direction of the effects. For instance, Zn(i1) has
been reported both to inhibit’**’"1°! and to enhance fibril
formation.”*?>1%2 In the case of native fibrils from post-
mortem AD brain tissue, chelation of Zn(ir) increases the
solubility of AB.* Both effects, suppression and initialization
of AP fibrillation, have also been reported for
Cu(ir),3031:55:81.97.100.103-106 1y 4 few cases complex effects have
been observed'”” or no influence was detected at all.'®
Recently it was shown that A fibrils are formed in agitated

solutions both in the presence and absence of Zn(ir) and Cu(l),
but not in the presence of clioquinol.'® NMR studies have
shown that A, complexed with either Cu(ir) or Zn(1), can attain
the aggregation-prone B-strain-turn-f-strain motif similar to that
in fibrils.'® On the other hand it has also been concluded that the
binding of Cu(ir) to AP elongates the time necessary to attain the
same P-sheet content as for the metal-free peptide.®!

One reason for the contradictions is that, in the early
papers, the metal-induced aggregation was determined but
the nature of the aggregates was not specified. Later it was
found that the metal-induced aggregates are predominantly
non-fibrillar, #7910 g4 currently it is generally accepted
that Zn(n) ions induce fast aggregation of both full-length and
truncated AP peptides into nonfibrillar aggregates. The effects
of Zn(11) on AP may depend substantially on the Ap concen-
tration: it has been shown that Zn(i) selectively precipitates
oligomers present at high concentrations of AB.°'*> However,
Zn(1) also induces lateral aggregation of Ap fibrils''? and, in
some cases, enhanced formation of fibrillar structures in the
presence of metal ions has been observed.*!?7

Cu(r) ions can also induce AB aggregation,?>*"!!3 however
their presence inhibits Zn(i)-induced aggregation of AP
peptide®®!%* suggesting that Cu(i)-Ap is more soluble than
its Zn(11) counterpart. The mechanism by which the metal ions
induce AP aggregation is not clear. The metal-induced con-
formation can be more prone to aggregation'® e.g. the effect
may be kinetic. The effect may also be thermodynamic e.g. the
metal-Af complex may have low solubility. It has been shown
that Zn(i1), but not Cu(u), induces larger hydrophobic
exposures of the AP peptide resulting in its destabilization in
solution.""" AP peptides with exposed apolar regions might
aggregate by the influence of hydrophobic forces, however,
bridging of AR molecules by metal ions or His residues has
also been discussed as a putative mechanism causing metal-
induced peptide aggregation.'®->®

The fibrillation clearly consists of two different processes—
nucleation and fibril elongation, and the influence of effectors
on these stages can be different. Thus, the answer to the
question of whether a compound inhibits or enhances fibrilla-
tion may depend on the particular experimental conditions.
Biometals, especially Zn(ir), are causing fast aggregation of AB
peptide that can happen in milliseconds.®® It has been shown
that the metal-induced AP aggregates are not dead-end
products of peptide assembly and they can evolve to AP
fibrils.”* The formation of fibrils in the presence of Zn(ir) or
Cu(n) at 37 °C does not take more than 24 h'%® and the fibrils
formed contain the corresponding metal ion.*’ The conversion
of initially non-fibrillar metal-induced AP aggregates to fibrils
can also explain the contradiction between the results of
metal ion effects on AP fibrillation obtained by different
experiments. The fibrillization of AP is slow under quiescent
solutions in the absence of fibrillar seeds; even APy, is stable
for several days in the absence of metal ions.>> As Zn(i) and
Cu(m) ions cause fast peptide assembly into metal-induced
aggregates that can transform to fibrils within 24 h, the overall
fibrillization process under quiescent conditions can be
accelerated by metal ions. Indeed, it has been shown recently
that fibrillation of AP is significantly accelerated by the
influence of substoichiometric Cu(i) concentrations, under
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Fig. 3 Fibrillization of AP 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 AP 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 A leads to “‘slow”
formation of fibrils, thus increasing the fibrillation rate. Binding of
metal ions to fibrils is only partially reversible, the metal ions are
“trapped” within matured fibrils.

the conditions where the process in the absence of metal ions is
slow (lag period 70-100 h), however, Cu(i) at higher concen-
trations and Zn(1) still inhibit the fibrillation and result in the
formation of nonfibrillar aggregates.’'

In the presence of pre-formed AR seeds and/or
agitation’*!'* the fibril growth is fast, and under such
“seed-saturated” conditions the metal ions inhibit fibrilliza-
tion by lowering the concentration of the free peptide due to
Me(11)-AP complex formation. This seems to be the main effect
for Cu(ir). Surprisingly, Zn(ir), which forms a weaker complex
with AP than Cu(i), is a more potent inhibitor of AP
fibrillization than Cu(u) in the agitated conditions.”* The
higher efficiency of Zn(u) as a fibrillization inhibitor can be
caused by fast formation of nonfibrillar Zn(i)-Ap aggregates
or by binding of the Zn(11) ion to the growing fibril end, which
has been observed recently.'® The inhibitory effect of metal
ions on fast AP fibrillization is at least partially “reversible”,
e.g. addition of chelators induced fast fibrillization and the
addition of metal ions to “fresh” (but not “aged”) fibrils
caused their transformation to nonfibrillar aggregates.”*!'*
The definition of “fresh” fibrils in this context is arbitrary and
depends on the particular experimental conditions, since the
loss of fibrillar structure in TEM and lower Thioflavin T
binding capacity is also observed for “aged” fibrils.!”® In
addition Zn(11) can also induce lateral aggregation of fibrils
that occur in plaques.''? The two different pathways leading to
fibril formation in vitro in the presence of metal ions described
above are summarized in Fig. 3.

Role of His residues in Ap fibrillization

The role of His residues, mainly Hisl3 that is missing in
rodents, has been the focus of intensive research as the His

residues may mediate the effects of Zn(n) and Cu(i) on
amyloid formation. His residues are involved in metal binding
and their environment is rapidly changing during fibril
formation.''>!¢ It is often taken almost for granted that the
replacement of His13 with Ala or Arg completely suppresses
the metal induced aggregation of AB, however, in the paper'!”
which is often cited to confirm this assumption it was demon-
strated that the solubility of HI3R AP, in the phosphate
buffer containing high Zn(i1) concentration is two times lower
than that of wild type AP,s. The relevance of the observed
lower solubility of the truncated peptide with His13 in plaque
formation is elusive. The replacement of His residues with Ala
did not affect the kinetic parameters of A fibrillization and
only slightly suppressed the inhibition of fibrillization by metal
jons.” It seems probable that the part of the AP molecule
containing His residues is involved in both critical processes of
plaque formation—metal binding and fibrillation. However,
the energetic contribution of His residues to the stability of the
fibrillar state and metal binding seems to be not very signifi-
cant due to the heterogeneity of the complex structures. A
recent study has shown that the key amino acid change
responsible for the different Cu(ir) binding of human and
rodent AP peptides is the replacement of Arg5 with Glu and
not the HI3R substitution.''®

Molecular background of the metal-chelating
therapeutic approach in AD

Considering the perspectives of the metal chelating therapy it
is important to find out which step of fibril formation is
affected by metal ions in vivo. Metal chelating therapy is a
relatively new therapeutic approach for AD*""''® and it was
initially assumed that the removal of metal ions from amyloid
plaques leads to the solubilisation of the plaques. This
hypothesis has been tested on transgenic AD model mice using
weak chelators such as clioquinol (CQ) and its second
generation derivative (PBT2), which reduced plaque
load.""”12° However, several studies demonstrate that the
mechanism of metal chelating therapy is more complex than
initially proposed,'?''?* for instance, it has been shown that
CQ promotes rather than inhibits the formation of Ap fibrils
in vitro.*® We concluded above as well as in the recent paper’*
that metal ions can enhance or inhibit fibril formation
depending on the fibrillation conditions. The same is true for
metal chelators in vitro: they might demetallate metal-Ap
complexes and solubilize metal induced aggregates to AP
monomers, which can increase the fibrillation rate in the
presence of sufficient amounts of fibrillation seeds or plaques.
On the other hand, in the absence of seeds, the metal chelating
agents can inhibit fibrillation by preventing the formation of
metal induced aggregates that can evolve slowly to fibrilliza-
tion centers or fibrils.

Under in vivo conditions, where the concentration of AP is
in the nanomolar range,'? the aggregation of monomeric Ap
molecules is a slow and unlikely process, especially considering
the formation of oligomeric nuclei for fibrillation. However,
disturbed metal homeostasis and elevated local levels of metal
ions may enhance metal-induced assembly of AP into non-
fibrillar aggregates. If the metal ions are not removed fast
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enough by natural metal-buffering proteins such as MTs then
nonfibrillar metal-induced aggregates can eventually trans-
form into fibrillar seeds and subsequently to fibrils.”* Cherny
and colleagues*' demonstrated that selected chelators in their
optimal concentrations increase the amount of extractable A
from the post-mortem brain from 3 to 10% of the total A,
however, it is not excluded that this peptide might originate
from nonfibrillar metal-induced aggregates. In AD patients
the levels of a brain-specific Zn(i1) binding protein, MT-3, are
substantially (10-fold) lower than in healthy persons.'?* The
lower levels of MT-3 reduce zinc buffering capacity in
the regions of zinc-enriched neurons, which may increase the
availability of Zn(i) ions to AB. Thus, it seems that metal
chelators might be useful in preventing amyloid formation;
however, when amyloid plaques are already formed their
therapeutic potential may be limited as chelators are not able
to dissolve fibrillar AB. Besides sequestering the metal ions
from AP, the metal chelators affect all other metal-peptide and
metal-protein equilibria, which may exert systematic effects at
the cellular and the whole organism level.”!°

Toxicity of multimeric forms of Ap

It is generally accepted that AP toxicity is related to the
aggregated rather than to the monomeric AP form. Different
AP multimers starting from dimers up to dodecamers have
been shown to be cytotoxic. Over the last few years it has been
shown that AP is most toxic to cell cultures in the form of
oligomers generated from supersaturated solutions of the
peptide using organic solvents.>'?>'?* Dilution of concen-
trated solutions of organic compounds in DMSO into water
is a well-known procedure for producing emulsions or
micelles, however, there is no biological “equivalent” of this
procedure in organisms that can lead to similar results.
Oligomers are obtained from brain extracts of AD model
animals,'?” however, the relation between the artificial toxic
oligomers and those observed in brain extracts is not clear.
The thermodynamic equilibrium between oligomers and
monomers depends, according to the simple equilibrium
model, on the peptide concentration in nth power, where #n is
the number of monomers in the oligomer. The spontaneous
formation of toxic amounts of oligomers (for example
dodecamers) in the brain, where the AP concentration is
approximately 10 nM, is highly improbable, considering that
AP oligomers are not seen experimentally in vitro at peptide
concentrations below 10 pM. Moreover, kinetic evidence
shows that the minimal structure (stable nucleus) that initiates
fibril elongation is a dimer®® and the growth of individual
plaques in model animals is fast,'”® suggesting that fibrillation
would out-compete oligomerization at low peptide concentra-
tion. These observations suggest that the formation of primary
(e.g. those forming directly from peptide monomers) Ap
oligomers in the brain has low probability in the amounts
sufficient to be toxic. It has been suggested that toxic oligomers
can occur in the brain as secondary particles derived from
fibrils.'* Thus, in our opinion the role and especially the
origin of AP oligomers in AD are still open for debate, and
this indirectly supports the view that AP fibrils arise from
metal-induced AP aggregates.

Toxicity of metallated forms of Ap

It is well established that the ability of AB to generate ROS is
determined mainly by the presence of redox-active copper
ions. Moreover, hydrogen peroxide mediates AP toxicity as
the antioxidant enzyme catalase can protect cells from AB
toxicity.”1* It should be noted that in vitro-generated AP
fibrils, that exhibit low toxicity in comparison to that of
oligomers, are often missing an important characteristic
feature of in vivo AP fibrils: they lack metal ions, which are
present in the native amyloid plaques at high millimolar
levels.!>'7 The absence of Cu(i) in artificial fibrils tested is
especially noteworthy, since an extensive oxidative stress
characteristic to the AD brain originates from the redox-active
Cu(n) in amyloid plaques. A causative link between AB-bound
copper and oxidative stress is supported by numerous
evidence, however most importantly: (i) the sequestering of
Cu(i) ions from AP decreases the toxicity of the peptide
substantially;’” (ii) only copper-containing A aggregates are
toxic to primary neurons’® and (iii) in a recent study Sarell and
co-workers demonstrated that Cu(ir)-containing fibrils are
more toxic to PC12 cells than other forms of the peptide.>!

Cu(i) enrichment in amyloid plaques and the electro-
chemical activity of Cu(ir) bound to A leading to the genera-
tion of ROS is well documented. Considering the oxidative
stress arising from ROS generated by redox cycling of Cu(ir) in
amyloid plaques, the main question is not whether the ROS
are generated but whether their amount is large enough to
cause neurodegeneration. n vitro studies have shown that Ap
addition inhibits the rate of ROS generation in Cu(i1) containing
solutions'" and reduces the toxicity of metal ions,'>? suggesting
that AP may help to limit the neurotoxicity of redox metals in
the early stages of AD. The ideas regarding a neuroprotective
role of AP as a sequestrator of redox active ions is not new
(for historical background see ref. 133). However, experiments
with soluble Cu(i)-Ap complexes may be biologically
irrelevant as there are several proteins in the brain that can
sequester Cu(11) from Cu(i1)-Ap complex. The main candidates
for this are HSA3” and MTs.*#%-775 HSA has a considerably
higher affinity towards Cu(ir) than AP, and it is also more
abundant in CSF than A and is able to sequester Cu(i1) from
the Cu(1)-AB complex.’”*® The Zn,MT is also able to switch
three zinc ions for Cu(i) ions initially bound to AP and
suppress its toxicity in vitro.*%"’

The electrochemically active copper can, however, accumu-
late in the brain when it is not accessible to these proteins, for
instance when it is buried within the network of amyloid
fibrils. It has been shown that insoluble in vitro generated
Cu(i)-APy4, aggregates are resistant to very potent chelators®
probably because of kinetic trapping of Cu(i) inside the
fibrillar matrix. The assumption of kinetic trapping of the
metal ions is also supported by the observation that Zn-MT
cannot solubilize or reduce toxicity of already formed
Cu(i)-containing fibrils.** Cu(n) ions can manifest redox
activity only in the presence of reducing agents in the environ-
ment, thus they have to be present in cytotoxicity experiments
in sufficient amount. It is demonstrated in many reports that
Cu-Ap aggregates are cytotoxic in the presence of ascorbic
acid in the concentrations similar to those in CSF 3%:40.77:82.134
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In these experiments ROS are most probably generated
by using endogeneous hydrogen peroxide that can freely
penetrate cell membranes, the concentration of which can
reach up to micromolar in the extracellular space. Thus there
is sufficient evidence to assume that the cytotoxicity of AB
amyloid aggregates is not caused by fibrillar assemblies as such
but from buried redox-active metal ions like copper, which in
the presence of reducing agents such as ascorbic acid induces
ROS generation from endogeneous hydrogen peroxide.

It is known that there is low neurodegeneration around
amyloid plaques in the brain of recombinant mice as
compared to that in human AD brain.'* Since the direct
measurements of copper content by synchrotron X-ray
fluorescence (XRF) microprobes in amyloid plaques from
recombinant mice brain show lower copper content than
plaques from human AD brain, the lower neurotoxicity can
also be correlated with copper content in AB plaques.'>

Moreover, it is demonstrated that upon amyloid plaque
formation microglia cells are activated and recruited to the
plaque,'® whereas microglia activation mediates fibrillar
amyloid-beta toxicity to neurons.'>® Upon activation the glia
cells secrete large amounts of H,O, and NO in a process
known as a ‘respiratory burst’. Thus, toxicity of activated
microglia may arise from increased local levels of hydrogen
peroxide around the plaques, which is a substrate for ROS
production by amyloid-bound metal ions in a catalytic process.

Concluding remarks

Although the process of AP aggregation and its interactions
with other biomolecules, including two important biometals,
zinc and copper, is intensively studied, the information
necessary to develop drugs with disease-modifying effects
and a strategy to prevent AD is still missing. To understand
the structural basis for the neurotoxicity of AP and its metal
complexes, and describe the in vivo aggregation pathway of Ap
and different intermediates, is probably the most important
and most difficult unresolved task in this field. Despite the
large inconsistency of the results, some of the most important
findings in this field can be highlighted: (i) the affinity of AB
towards Cu(i) and Zn(1) is sufficiently high to form mono-
meric complexes with synaptic Cu(ir) and Zn(1) ions, however,
monomeric AP cannot compete with biological metal
chelators such as serum albumin and MT-3; (ii) Cu(i)-Ap
complex has a pleiomorphic and highly dynamic structure; (iii)
several AP forms, monomeric, oligomeric, nonfibrillar and
fibrillar, can bind copper whereas the copper ions can be
kinetically trapped within the fibrillar AR aggregates that
makes the complex resistant to metal chelators; (iv) copper
ions bound to AP are electrochemically active, e.g. they can
generate ROS in the presence of hydrogen peroxide and
reducing agents. In this context the recent observation that
Cu(i) bound to AP fibrils can also generate ROS might
provide a key for understanding the putative role of copper
in AP toxicity and AD pathology; (v) Zn(11) and Cu(ir) inhibit
fast “‘agitation induced” fibrillization of AP, however, in the
conditions where fibrillization is slow (nonagitated solutions)
at least Cu(11) at low concentrations can promote fibrillization
and lead to the generation of highly toxic copper-containing

fibrillar AP forms. In our opinion these results support the
opinion that the pathogenic structure that causes the death of
neurons in AD can be copper-containing amyloid plaques with
fibrillar structure that generate ROS.
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