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ABSTRACT: Aggregation of amyloid-f (Af) by self-assembly into
oligomers or amyloids is a central event in Alzheimer’s disease.
Coordination of transition-metal ions, mainly copper and zinc, to Af
occurs in vivo and modulates the aggregation process. A survey of the
impact of Cu" and Zn" on the aggregation of Afj reveals some general
trends: (i) Zn" and Cu" at high micromolar concentrations and/or in
a large superstoichiometric ratio compared to Af have a tendency to
promote amorphous aggregations (precipitation) over the ordered
formation of fibrillar amyloids by self-assembly; (ii) metal ions affect the
kinetics of Af aggregations, with the most significant impact on the
nucleation phase; (jii) the impact is metal-specific; (iv) Cu" and Zn"
affect the concentrations and/or the types of aggregation intermediates
formed; (v) the binding of metal ions changes both the structure and the
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charge of Ap. The decrease in the overall charge at physiological pH increases the overall driving force for aggregation but may
favor more precipitation over fibrillation, whereas the induced structural changes seem more relevant for the amyloid formation.

1. INTRODUCTION

1.1. Alzheimer’s Disease (AD). AD is the most common
cause of dementia in the elderly population. Symptoms of the
disease are difficulty in remembering newly learned information
(at the early stage), mood and behavior changes, memory loss,
judgment alteration, and difficulties in daily and usual activities
(www.alz.org/). Hence, the patients need constant attention
from their caregivers. In addition, AD currently affects more
than 30 million people worldwide. It is estimated that more
than 100 million people will be affected by 2050, mainly because
of the fast growth of the elderly population in developing
countries (www.alz.co.uk)." AD socioeconomical impacts are thus
very important, and the health-care system is under increasing
pressure.

1.2. Amyloid-f. At a pathophysiological scale, AD is
characterized by two hallmarks: extracellular senile plaques
and intracellular neurofibrillary tangles (NFTs) of hyper-
phosphorylated 7 protein. Amyloid plaques are mainly made
of aggregated forms of a peptide, called amyloid-f (Af).! AB
is a 39—43 residue polypeptide encompassing an N-terminal
hydrophilic sequence and a C-terminal hydrophobic domain
(Scheme 1).

According to the amyloid cascade hypothesis, senile plaques
(also called amyloid plaques) and/or their precursors (smaller
aggregates of Af§) induce the formation of NFTs. This is in line
with the fact that senile plaques can be detected before the
observation of psychological and behavioral symptoms, placing
the formation of plaques at an early stage of AD development.
However, healthy individuals can also have amyloid plaques,
indicating that plaques are not the only factor in AD. Af is
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obtained by the cleavage of trans-membrane amyloid precursor
protein (APP) by 8- and y-secretases. Af40, and to a lesser
extent Af42, are the most abundant Af species produced in the
brain and are present in the cerebrospinal fluid (CSF). While
the AB40/AP42 ratio in the soluble fractions is approximately
1:9, AP42 is considered the most toxic peptide in line with a
higher propensity to aggregate (Af40/Ap42 ratio in plaques
~ 1:2) and thus to initiate Af3 aggregation.””

1.3. Metal lons (Cu”, Zn", and Fe"") in AD.
Remarkably, high concentrations (in the millimolar range) of
several transition-metal ions, mainly Cu", Zn", and Fe, are
also found in these J)laques,“’5 with Cu" and Zn" being bound
to the Af peptide.” In AD post-mortem brains, the amyloid
plaques can be imaged by light microscopy using specific dyes,
e.g,, congo red and thioflavin T (ThT), two stains characteristic
of p-sheet structure’ (Table 1). Hence, because monomeric
soluble Af is found in healthy persons, the path leading to the
formation of Ap aggregates is key for the etiology of the disease.
Metal ions can also intervene in this process, via different
routes, mainly by modulating A aggregation.®”'* Redox metal
ions are also involved via reactive oxygen species (ROS)
production,'® and the two processes (Af aggregation and ROS
production) can be linked together by oxidative damage on
the Ap peptide itself, leading to Af forms more prone to
aggregation, such as, for instance, cross-linked dimeric species
of Tyr10.**
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Scheme 1. Amino Acid Sequence (1 Letter Code) of the Two Most Abundant Forms of Af, i.e., AB42 and AP40, as well as the
Truncated A#28 and Af16”

AP42 (AB1-42): DAEFRHDSGY ""EVHHQKLVFF2?AEDVGSNKGA*IIGLMVGGVV*IA
AP40 (AB1-40): DAEFRHDSGY ""EVHHQKLVFF2°AEDVGSNKGA*  IIGLMVGGVV*?

AP28 (AB1-28): DAEFRHDSGY '""EVHHQKLVFF?’AEDVGSNK
AB16 (AB1-16): DAEFRHDSGY '’EVHHQK

“The color represents the amino acids involved in metal binding, with red as the main binding amino acids.

Table 1. Some Techniques To Measure Aggregation”

techniques

ThT fluorescence; congo red
(birefringence or absorption
change)

turbidity

dynamic light scattering

information, uses

used for measurement of amyloids; oligomers might also
switch upon ThT fluorescence but to a much lower
extent

measure for aggregation, mainly dependent on the size
(no distinction between precipitates and amyloids)

measures the size of the aggregates (no distinction between

pros

easy and in situ

easy, in situ, no labeling or
additive

in situ, no labeling or additive

limitations

no well-defined interaction; might interfere
with aggregation

does not distinguish between fibrils and
amorphous aggregates

more difficult to detect small size

precipitates and amyloids)

microscopy (AFM and TEM)
detected.

CD or FTIR
P-sheet

PICUP cross-linking assumed to freeze out oligomers

“For a more detailed discussion of the pros and cons, see ref 25.

size and form at high resolution; (mature) fibrils are well

secondary structure, monomer unstructured, amyloid

aggregates

not quantitative; interaction with surface
might interfere; TEM depends on
staining

no labeling resolution of single
aggregate; AFM can be in situ

in situ CD: light scattering can interfere

FTIR: high concentration needed

stable because of cross-linking ~ might initiate covalent dimers; need
vicinity of potential substrate (Tyr, etc.,

in Af)

@® 2Zn
A Glu

@ Apmonomeric

ABfibrils
@ ~pinoligomers

senile plaques

Figure 1. Scheme of the synaptic cleft where Af, Cu", and Zn" can be found together in abnormally high concentration. Soluble monomeric A}
peptides (green spheres) are obtained via the cleavage of APP protein, and Cu""! and Zn" are released by neuronal excitation and are involved in the
Ap3 aggregation process, leading to the formation of amyloid plaques detected in AD brains. Oligomeric intermediates are considered to be the most

toxic species, inducing neuronal death.

As shown in Figure 1, A aggregation takes place in the
synaptic cleft where a high concentration of Zn" (200—300 M,
compared with nanomolar to micromolar values for the
concentration in the CSF)'® can be transiently released upon
neuronal excitation. Such Zn'-rich neurons are a subclass of
glutamatergic neurons and are found in the hippocampus, a key
region for memory and one of the first struck in AD. The Zn"
released is not tightly bound to biological ligands and is thus
considered as a labile pool, able to interact with weaker ligands.
For Cu”", the situation is less clear, but recent studies indicate

that a similar labile Cu"" pool (up to 10—100 uM, compared with
micromolar values for the concentration in the CSF)"*' is found
in certain glutamatergic neurons. It is proposed that labile pools
of Zn" and Cu" are responsible for triggering the A} aggregation
process or for the formation of A aggregates of higher toxicity
than the metal-free A. Among the various intermediates in the
aggregation process, soluble oligomeric forms are now considered
to be the most toxic because of various events'” including disrup-
tion of the synaptic function, effects on the integrity of the
membrane bilayer, and production of ROS (reviewed in ref 18).
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Figure 2. Scheme of the amyloid structure. (A) Hydrogen bonds between the backbone amide functions are shown by dotted red lines and are
directed along the fibril axis. (B) Interactions between the side chains are shown by green arrows and are directed perpendicularly to the fibril axis.

2. STRUCTURES OF A AND M"*-Ap

2.1. Af Structures without Metal lons. 2.7.1. Monomer.
Monomeric Ap is regarded as a disordered peptide, meaning
that it is highly flexible and does not have a defined 3D
structure.”” Although soluble A in aqueous buffer showed a
circular dichroism (CD) spectrum typical for a predominantly
random-coil conformation,”*' NMR analysis suggested that
the peptide has a propensity to form a secondary structure,
particularly at lower temperature”**® A certain degree of
structure has also been suggested from proteolysis-resistant
segments (in particular Ala21—Ala31) in monomeric AB.>* Thus,
monomeric Af} can be regarded as a disordered, highly flexible
peptide, with a preference for some conformations. It is classed
as an intrinsically disordered protein/peptide and considered
to be a collapsed structure (which is distinct from denaturated
and/or random coil).*® In other environments, other conforma-
tions are possible. For instance, and perhaps most importantly,
in a more hydrophobic environment (like an organic solvent or
in the presence of detergent), the peptide adopts a structure with
a high content of a-helicity.”® This is of biological relevance
because the peptide is likely to be in an a-helical structure when
it is part of the APP and after cleavage of - and y-secretases.

2.1.2. Ap Amyloids. Amyloids in general are aggregated
proteins or peptides organized in S strands that are in the
direction perpendicular to the fibril axis (cross-f-strands).
They form f sheets, where the hydrogen bonds between the
backbone H—N (of one strand) and O=C (of the neighboring
strand) are in the direction parallel to the fibril axis. The strand
can be a parallel or an antiparallel B sheet. The interactions
(hydrophobic, salt bridges, etc.) between the side chains are in
the direction perpendicular to the fibril axis (Figure 2).

Amyloids of Af are polymorphic. Several structural models,
mainly based on solid-state NMR data, have been suggested.
Two examples are shown in Figure 3. The C-terminal part of
Ap from amino acid residues around 10—13 up to 40/42 are in

Tyrio
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Side chain
interaction
A
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)
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Figure 3. Two models of Af fibrils based on solid-state NMR
constraints, exemplifying the polymorphism of Af fibrils. The scheme
represents a cross section of the fibril, made of three (upper) or two
(lower) AB. Af has two f strands with a turn. The fibril axis is
perpendicular to the paper plane, and the peptides pile up by adding
the same unit along the fibril axis via hydrogen bonds between the
peptide backbone amides (adapted from ref 28).

a ff-sheet conformation with a turn in the middle. The N-terminal
part is normally proposed to be flexible, although it might have
some f-strand content.”’”

2.1.3. Oligomers of Ap. The term “oligomers” is often used
for aggregation intermediates, meaning all intermediate species
from the monomer to the mature amyloid fibril. However,
often it is not clear if an intermediate is a “real” intermediate,
i.e, on the way to the amyloid (on-pathway), or if it is an off-
pathway structure that branches of the aggregation path
from the monomer to the amyloid. Off-pathway intermediates,
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in contrast to on-pathway intermediates, will not aggregate
turther into fibrils.

Aggregation is a dynamic process, in which different aggrega-
tion states are in exchange. Thus, during aggregation, several
states are simultaneously present. These intermediates are
metastable. Hence, determination of a 3D structure is challenging
because methods for structure determination require normally
homogeneous and stable samples. Attempts to stabilize an inter-
mediate for structural analysis might change the intermediate
itself. Because the energy landscape is relatively flat, a small
change can tip a conformer or an aggregation state over to
another one.

Different oligomers have been described, starting from the
dimer up to structures close to the mature amyloid.”” So far,
no structure with the atomic resolution of an Af oligomer has
been reported. However, recently Stroud et al.’® reported a
model of a toxic oligomer (dubbed TABFO) based on several
biophysical characterizations and their previous work on crystal
structures of amyloidogenic peptides (but not crystals of amyloid
fibrils; Figure 4).

Lateral View

Axial View

Figure 4. Model of the oligomer named TABFO (diameter ~8 nm)
composed of 20 ordered Af42 peptides (taken from ref 30). In
contrast to the fibrils, A# has no turn in the 23—28 region and strands
form antiparallel sheets.

2.2. Ap Structures with Metal lons. 2.2.1. Monomeric
Metal-Ap Complexes. A is an disordered peptide that
can adopt a multitude of different coordination sites with
quite similar energies. The species are often in fast equilibria

(milliseconds or faster) by ligand-exchange reactions. That
means that subtle changes in the peptide sequence or other param-
eters (like pH) can have a dramatic impact on the population
of the different species and the major species can change.”!
Similarly, the disordered peptide can adapt its structure to
the structural and electronic requirements of the metal ion (in
contrast to a well-structured metalloprotein, which can impose
its binding site to the metal). As a consequence, the ligands
and, hence, the peptide structure can substantially differ between
two divalent metal ions. Thus, the understanding of how Cu"
and Zn" affect the structure and dynamics of Af is just at the
beginning and will be paramount to understanding how they
modulate aggregation. This is not an easy task, considering
the high flexibility of A3 and the dynamics of its binding to Cu""
and Zn".

In the past decade, a huge number of studies have been
reported regarding the coordination of metal ions of interest to
the A peptide, which have been recently reviewed in refs 32—35.
The most accepted coordination models are reproduced in
Figure S. Briefly, for Cu", two components, usually noted I and II,
coexist at pH 7.4. In I, the Cu" site is preferentially made up of
the —NH, terminal amine, the adjacent CO function from the
Aspl—Ala2 peptide bond, the imidazole ring of His6, and the
imidazole ring of His13 or His14, with the two latter His residues
being in equilibrium for one equatorial binding position.* In
the apical position, the mvolvement of a carboxylate has been
proposed via direct interactlon or via a hydrogen-bonding
network with a water molecule.*® In T, the difference with I is due
to deprotonation of the Aspl—Ala2 amide bond, leading to a Cu"'
equatorially bound to the —NH, terminal amine, the adjacent
deprotonated amide function from the Aspl—Ala2 peptide bond,
the adjacent CO function from the Ala2—Glu3 peptide bond, and
one imidazole ring of either His6, His13, or His14.>® For Cu!, the
structure has been proposed to be a His—Cu'—His motif, where
two imidazole rings of His are linearly bound to the metal
center.*>* It has also been suggested that His13—Cu'—His14 is
preferentially involved over His6—Cu'—His13 and His6—Cu'—
His14.* For Zn" and Fe', the situation is less clear, with several
differing results on Zn" and only one report for Fe. In a plausible
model,”>** Zn" is bound by the two or three imidazole rings of
His residues, the carboxylate group from Glull, and Aspl either

A1 o I x<0 B
0 Q
Aspi Aspl
AIaZ 0. ‘i““';NH;, - His14
o—Cuﬂ* N’"" NH Alaz N-—-éu”‘—-NICJNH HN_ N——cut——y7 |1
Hls13 —/C_ His” His13
HN-J or His14 Glu3
Hlss
K~10" M K~10" M
c Asptor 0 D NH; (Asp1)
Glu3
Ala2 HN “=NH,
2 NH
O—Fe’ N\___.J
HN‘\N/\ HI513
= or His14
His6
g‘\"f\_g
~ 408 m-1
K=2? K~10°M

Figure 5. Proposed coordination sites of Cu" (A), Cu' (B), Fe"" (C), and Zn" (D) ions to the soluble forms of Af peptide. K represents the apparent
association constant of the metal ion and monomeric A at pH 7.4 with 0.1 M salt but in the absence of a competing buffer.

12196

dx.doi.org/10.1021/ic4003059 | Inorg. Chem. 2013, 52, 12193—-12206



Inorganic Chemistry

Forum Article

via the —NH, terminal amine or the carboxylate group.***" For

Fe', the only available model reports a coordination close to the
one observed for component I of Cu", ie., with the imidazole
rings of His6 and of His13 or His14, the —NH, terminal amine,
and the adjacent CO group, with the fifth and sixth positions
being occupied by the CO group of His6 and a carboxylate group,
preferentially that of Aspl or Glu3.** In addition to the structural
description of metal—Aff complexes, another important parameter
is the affinity of each ion for the Af peptide. Metal-ion affinity
follows the order Cu (10" M™)* > Cu' (10" M™1)* > Zn!
(10° M™1),*® with the affinity of Fe' having not been evaluated.
The values given represent the apparent association constant of
the metal ion and monomeric Af at pH 7.4 with 0.1 M salt in the
absence of a competing buffer.

Hence, binding sites are specific of metal ions in line with the
electronic properties. However, coordination of those ions to
the Ap peptide shares a common feature, which is the dynamic
binding of metal to the peptide and the associated equilibria
between equivalent ligands for a binding position.*>**

2.2.2. Amyloids of Metal—Ap. Cu" coordination is generally
the same as that in the monomeric structure, as proposed by
advanced electron paramagnetic resonance (EPR) techniques.*~*
A solid-state NMR study confirmed the implication of His13
and His14 (His6 was not site-specifically-labeled with *C and
thus is not directly addressed) but also proposed carboxylates
(C-terminal, Glu3,11, and/or Glu22 might be involved). Other
residues are also possible because not all residues have been
labeled and examined. Moreover, analysis suggested that Cu"
binding induced no major structural change in the f strands of
hydrophobic core residues (18—25 and 30—36).*

A similar conclusion was made for Zn"-Af aggregates, where
Zn" binding affected mainly the N-terminal part and the loop
region but did not disturb the f# strands. In this case, evidence
for breaking of the salt bridge between Asp23 and Lys28 was
obtained.>® No details about the Zn" ligands were obtained,
apart from the involvement of Hisl3 (the other potential
ligands were not isotope-specifically-labeled and, hence, could
not be observed). Thus, the Zn" coordination sphere is ill
defined, and only low-resolution or theoretical studies are
available.’"*

The question of whether A amyloids have a higher affinity
for Zn" and Cu" than AB monomers has been addressed.
This is of importance because it could explain why metal ions
accumulate in amyloid plaques. For Zn", a 3—5-fold increase
in the affinity has been reported for aggregates formed in the
presence of Zn", but no increase was found for Zn" binding to
preformed amyloids.>

Cu" affinity was considered to be independent of the aggrega-
tions state,”*® but a recent publication suggested a more than
10-fold increase in Cu" and showed that aggregated Af is able
to compete with human serum albumin (a native Cu" binding
protein occurring at high concentration in the brain) for Cu"
binding,>*

2.2.3. Oligomers of Metal—Ap. Very little is known about
the coordination chemistry and peptide structure of metal—Af
aggregation intermediates. EPR did not detect differences
in Cu! coordination during aggre§ation, suggesting that the
Cu""binding mode is not altered.** Structural information on
the intermediates relies mostly on microscopic studies [atomic
force microscopy (AFM) and transmission electron microscopy
(TEM)] and reports generally that Zn" and Cu" alter the
amount and/or structure of the oligomeric species (Table 2, e.g,,
entries 1—5).

Regarding Cu' bound to oligomers, a pioneering study by
X-ray absorption spectroscopy (XAS) was recently reported.>
In contrast to Cu' coordination in the monomeric form (see
section 2.2.1), in the oligomeric soluble forms, a tetrahedrally
bound Cu' was proposed, a geometry that is anticipated to
trigger Cu' reactivity toward dioxygen. However, the conclusions
drawn from the XAS-only study should be confirmed by
independent techniques.

3. AGGREGATION MECHANISMS

3.1. Ag Aggregation without Metals. 3.1.1. Aggregation
of the Ap Peptide. Monomeric Afi peptides are the basic
constitutive elements of amyloid fibrils: their self-assembly
initiates fibril formation. However, this type of peptide has a
strong tendency to randomly conglomerate into so-called
amorphous aggregates.*® In contrast to the well-ordered amyloid
fibrils (see above), amorphous aggregates are unordered
precipitates (Figure 6). We use here aggregation as an umbrella
term for more ordered amyloid formation (fibrillation or
fibrillization) or unordered precipitation in amorphous aggregates.
The occurrence of amyloid fibrillation or amorphous aggregation
is determined by the thermodynamic solubility of the peptide in
water. Indeed, it was shown that amyloidogenicity depends on the
peptide critical concentration (C,), ie. the peptide concentration
relative to its solubility.””>° C_ of Af40 at 37 °C in phosphate-
buffered saline (PBS) is in the range of 0.7—1 uM.%° Note that
this solubility refers to the thermodynamic minimum; the initial
solubility of the Af powder in a buffer is higher but will lead to
aggregation.

Thus, below the solubility limit, amyloidogenic peptides will,
nevertheless, remain dissolved, while above the solubility limit,
peptides will form amyloid fibrils or amorphous aggregates
depending on the stability of the aggregated forms and/or the
kinetics of their formation. Environmental factors such as the pH
and temperature also have an impact on the peptide fibrillation
or precipitation.

Metal ions could have an impact on amyloid formation by
either promoting another pathway (off-pathway, like amorphous
aggregate formation) or modulating the on-pathway, thermo-
dynamically or kinetically. They could thermodynamically favor
amyloid fibrils by either destabilizing the monomers (increase of
their energy) or stabilizing the amyloids (decrease of their energy).
Metal ions could accelerate the kinetics by either stabilizing the
nucleus (transition state) or destabilizing the monomer.

3.1.2. Amyloid Fibril Formation of Af. The assembly of Af
monomers into highly ordered fibrils is a complex and dynamic
process that involves multiple self-assembly steps. In particular,
Af peptides undergo complex conformational changes,
aggregation, and reorganization to form characteristic cross-f-
sheet fibrils.” As described for classical protein aggregation, it
was shown that amyloid formation proceeds efliciently only
under conditions where the native state is destabilized.”®> Such a
destabilization is not necessary for Af because it is a disordered
peptide. Both thermodynamic and kinetic factors are involved
in amyloid aggregation, and distinct intermediate forms can
coexist at each stage of the process (Figure 7).* Different
paths involving these transient intermediates (both ordered
and disordered) have been described or hypothesized in the
literature. A general agreement has been reached regarding a
basic underlying aggregation mechanism: formation and
polymerization of amyloid fibrils rely on successive nucleation
and elongation steps. The reaction kinetics is controlled by
two key parameters, nucleation (k,) and elongation (k.) rate
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Figure 6. Schematic representation of amyloid aggregation paths (top section) and AFM images (2 X 2 ym from ref 61) of the A peptide at the
oligomeric and fibrillar stages superimposed with the typical sigmoid curve of fibril formation often revealed by ThT fluorescence (bottom section).

constants. However, more complicated scenarios and different
kinetic models have been proposed (for review, see ref 70).

Nucleation. According to the generally accepted model,
unstructured monomers in solution cluster and form nuclei
(“nucleation phase” or “lag phase”). Formation of these
transient nuclei requires a series of association steps that are
thermodynamically unfavorable because the resultant inter-
molecular interactions do not surpass the entropic cost of
association.®® Consequently, nuclei generation represents the
limiting step of fibril production, and a lag time is observed
before aggregation can proceed further to the elongation phase.
Newly formed nuclei will then either decay back to the ground
state and serve in the formation of new fibrils or join ever-
lengthening fibrils.***® Several types of nucleation mechanisms
have been suggested. They differ, for instance, in the oligomeric
state of Af that associate (monomer, dimer, trimer, etc.,
addition) or at which oligomeric state conformational changes
occur (Figure 8).

Elongation. Once nuclei have been generated, they serve as
a template for binding and conformational transitions of
monomeric or oligomeric proteins. Fibrillar assemblies start to
form, which gives rise to the abruptly accelerated elongation
phase (Figure 6 gives a general schematic representation).’’

This elongation phase represents the major step during
which intermediate states acquire S-sheet structures, leading to
mature amyloid fibrils (Figure 8). This enrichment in f-sheet
secondary structures, and thus the actual fibrillation process,
can be routinely probed by fluorescent dye-binding assays and,
in particular, the ThT binding assay (Table 1 and Figure 6). o
Indeed, upon binding to the peptide assemblies, this dye
displays distinct spectral properties compared to its native,
unbound state. The slow nucleation phase, during which low
P-sheet content is present in Af monomers, only causes
small interactions between ThT and the peptide, while the fast-
occurring elongation phase (involving fast-increasing f-sheet

12198

amounts) clearly causes a steep increase in dye—peptide
binding before reaching a plateau (Figure 6).

Fragmentation. Computational analysis of data obtained from
several amyloidogenic systems argues that the sole nucleation—
polymerization mechanism is not sufficient to justify the kinetic
data obtained for these systems.” Including fragmentation
improved the fit. Fragmentation of fibrils leads to an increase of
the number of fibrils (or nuclei) and hence accelerates overall
elongation (Figure 6).

3.2). A Aggregation with Metal lons. Here we discuss
mainly Zn" and Cu", which are the most studied metals. Cu'
and Fe" are difficult because they have to be studied in
anaerobic conditions to avoid oxidation. Fe" is not soluble
(and precipitates as hydroxides), even when bound to Af, thus
making analysis difficult.*"

Metal ions can impact aggregation in two ways, either by
binding and subsequent structural changes, without covalent
modification (only coordination bonds) or by peptide
modification. Redox-active Cu"" and Fe'™ can indeed lead
to constitutional changes, via the catalysis of ROS production
that attack the peptide (for a recent review, see ref 13). For
instance, stable dimers seem to be physiologically relevant, in
particular via the covalent formation of dityrosine,71 but we
focus here on the first type of metal-ion impact.

The impact of metal ions can be considered on different
levels:>”> (i) metal specificity; (ii) comparison of amyloid
versus amorphous aggregates; (iii) comparison of kinetics
versus thermodynamics; (iv) impact of metal binding on
nucleation and/or elongation; (v) whether metal binding can
change the aggregation pathway or not.

3.2.1. Metal-lon Specific Effect on Ap Aggregation. Metal
ions vary in their coordination chemistry. The most commonly
studied ions to date, Cu" and Zn", bind to A differently (see
section 2.2.1), generating diverse peptide structures, which thus
has an impact on amyloid formation. Indeed, most of the
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Figure 7. Schematic reaction coordinate for the formation of amyloids
(blue) from monomers (green). The nucleus (purple) is considered
the high-energy state, from which onward the reaction is downhill. The
nucleus is the least populated state. A metastable intermediate can
occur before or after the nucleus. They would be transiently populated.
Here only species on the on-pathway are shown (faint brown arrow).
Other oligomers or amorphous aggregates, could occur via an off-
pathway.

studies report a difference in the structure, kinetics, and inter-
mediates between Zn'- and Cu'-Af aggregation (Table 2,
entries 14—17, 20, 21, and 23).

3.2.2. Amorphous (Precipitation) versus Amyloid. The
distinction between the formation of amyloid-type aggregates
and amorphous aggregates (precipitation) becomes important
in the presence of metal ions because the addition of polyvalent
metal ions is a classical method to precipitate proteins and
other biomolecules.”

Indeed, a survey of the literature (Table 2, entries 8, 13, and
16—18) mostly agrees (but see entry 19) that high (classical
0.1 mM and more) or superstoichiometric Cu" and Zn" inhibit
amyloid formation but promote precipitation of AB. However,
this does not mean that no oligomeric structures or other forms

can be observed during the aggregation process (Table 2, entry 8).
Moreover, several studies reporting metal-induced aggregation
used sedimentation or filtration methods not allowing the dis-
tinction between amorphous and amyloid aggregates (Table 2,
entries 2, 3, 20, and 21).

3.2.3. Impact of Metal-lon Binding on the Thermodynamics
of Af Aggregation. The first consideration is to determine
whether metal ions have an impact on the kinetics and/or
thermodynamics. Thermodynamically, the metal-ion binding
could stabilize or destabilize the monomeric species and/or
amyloid fibrils (Figure 7).

This has often been determined by measuring the amount of
amyloid fibrils in the presence and absence of the metal ion.
However, one has to be sure that the aggregates are amyloid
fibrils and that the aggregation is finished (thermodynamic
equilibrium). A better way to address the thermodynamic stability
compared to the crude sedimentation/filtration is determina-
tion of the critical concentration C, ie., minimal concentration
that leads to amyloids, which is equal to the concentration of
monomeric Af in the presence of amyloid at equilibrium.

k
n(monomeric Af) = amyloid (Af),

off

C. can also be expressed as equal to k.g/k,,

This was developed by Wetzel and colleagues for apo-Ap, in
which they ascertained that they reached equilibrium by
obtaining the same C. when starting from a pure monomeric
sample and from a pure amyloid sample.** As mentioned, this
method relies on a relatively simple fast equilibrium between
only two forms, monomeric A and amyloid Af. Depending on
the ggoposed aggregation mechanism, this might not be the
case.

Not much data in this respect have been reported. Sengupta
et al”* (Table 2, entry 4) measured the critical Af con-
centration in the presence of Zn" and found that, in sub-
stoichiometric Zn" concentration (more could not be added
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Figure 8. Left: nucleation step. Top: Soluble monomers could aggregate via different additions either by subsequent monomer addition (1) or by the
addition of oligomeric species (2). Bottom: Metal ions could have an impact by forming a complex and changing the structure of the monomer (1)
or an oligomer (2) or by bridging the monomers (3). Another important factor is the lability of metal-ion binding, which could allow catalytic action
in the nucleation (4). Right: Elongation step. Top: Growth of filaments or fibrils can occur via the addition of monomer (1), oligomer (2), or a low
populated state (3) in equilibrium with the monomer. Bottom: Impact of metal interactions via binding and changes of the structure for monomer
(1) or oligomer (2), clustering of the monomer by bridging metals, or catalytic action.
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because they used PBS, and Zn" would have precipitated as
Zn"PQ,), the critical concentration is almost the same. In
another work, a slight but not significant change in C_ in the
presence compared to the absence of Zn" was found [C. = 1.06
+ 0.18 (no Zn") and 1.36 + 0.15 yM (with Zn™); Table 2,
entry 517

In principle, the amount of amyloid formation could be
deduced from the ThT intensity at the end of the aggregation
process (plateau) under the conditions that ThT is not limiting.
However, this is critical for several reasons: (i) M"™ could
quench the fluorescence (particularly paramagnetic Cu"),
although this does not occur in Af; (i) M*" could compete
for the same binding site as ThT or M"* could form different
amyloid structures that differ in the number or type of ThT
binding sites. Indeed, a more than 4-fold decrease of the ThT
intensity with Zn" was reported, although C_ and other para-
meters did not change much.”

It is astonishing that not more detailed work has been done
to address this question. This might come from the idea/
assumption that metal ions (Zn" and Cu”™) have an impact
mostly on the aggregation kinetics.

3.2.4. Impact of Metal-lon Binding on the Aggregation
Kinetics of Ap. a. General Considerations and Problems.
There are a multitude of studies reporting an effect of metal
ions on the kinetics of Af} aggregation (Table 2). The results
seem very confusing, because for the most studied metal ions,
Cul! and ZnY, promotion and inhibition of aggregation were
documented. Often this fact is commented by “the effect of
metal ions depends on the experimental conditions”, and then
the issue is considered closed. However, very little effort has
been made to see whether reproducible results can be obtained
under the same experimental conditions by different groups.
Even when experiments were repeated at the very same
conditions, different results could be obtained. In that case, the
batch of peptides can be blamed (“batch dependent”). Of
course, these are far from ideal conditions to make progress in
the field. It seems that it is really a difficult question, but there
are several points that can be taken into account to improve
the situation: (i) distinction between the types of aggregates
(amyloid of amorphous); (ii) metal to Af ratio; (iii) concentra-
tions; (iv) pH; (v) buffer, salt, temperature, stirring, etc.; (vi)
starting material and treatment of the peptide before aggrega-
tion experiment.

Whereas the first five points are straightforward to address,”®
the last one is difficult because batches are indeed different
and the preparation can result in different starting materials.
The problem seems to be the presence of different amounts
and/or types of preaggregated peptides, which can nucleate
the aggregation. The only way around that is to use pure
monomeric peptide as the starting material. An obvious way to
do that is to pass Af over a size-exclusion chromatograph and
collect the monomeric fraction.

Another point is that often aggregation is monitored by only
one method. It is very important that, whenever possible,
several methods in parallel are used because each method has
its advantages and its limitation (Table 1).

To gain mechanistic insight into the effect of metal ions on
Ap aggregation, defined stoichiometries seem more appro-
priate. The estimation of the metal content in amyloid plaques
suggests that the metal content is substoichiometric, and
hence focus should be on a M"-to-Af stoichiometry of <1.
A justification might be when it is intended to simulate native
concentrations (like for the CSF) where very low Ap

concentrations are present (nanomolar), but then one has to
consider the presence of several potential metal ligands in
biological media, and hence a lower availability of “free” or
“loosely bound” metals.

Here, we mainly consider a metal-to-Af ratio of <1 because
the focus is on the mechanisms of aggregation.

b. Impact of Metal-lon Binding on the Nucleation—
Elongation Framework. Metal binding could have an impact
on the nucleation, elongation, and/or fragmentation phases
(Figure 8). To the best of our knowledge, there is no report on
the impact of metal ions on fragmentation. For the elongation
process, a reduction was reported for Cu" and Zn" on Af4277
(Table 2, entry 22). A factor of 2 was observed for the addition
of ~0.5 Zn" per AB42. The main impact of Zn" and Cu" was
mostly reported on the nucleation phase in this study,”” in line
with most of the other reports (Table 2, entries 6, 12, and 14).
The same study reports also the inhibition of ThT fluorescence
and hence inhibition of amyloid fibril formation; Cu" and Zn"
thus induced fast assembly into amorphous aggregates. An
important finding was that these rapidly obtained amorphous
aggregates (induced by Zn" or Cu") can convert slowly to
amyloid fibrils (as assessed by TEM), indicating that amyloid
fibrils are thermodynamically more stable than the amorphous
aggregates. Moreover, this might also explain the discrepancy of
different studies reporting inhibition or promotion of amyloid
fibrils in the presence of Zn" and Cull, as well as differences
in cell toxicity.”” However, another study’® suggested that
amyloid fibrils of apo-Af40 can partially progress into spherical
structures (diameter 10—100 nm). Similar spherical structures
were observed as the end point for different Cu"-to-Af40
ratios.

The exact route of how metal ions affect the nucleation and
elongation processes is not known: Nucleation could be affected
by changing the energy of the nuclei (highest energy transition
state; Figure 7), but also monomer stability can impact the
kinetics. This could occur by a metal-induced conformational
change or population shift or by binding between two Ap
molecules (bridging metal ion), which can bring Af closer and
therefore promote aggregation (Figure 8). Elongation could be
affected by (de)stabilizing conformers that fit better or worse
with docking on the fibril end. A catalytic way is also imaginable,
where metal binding helps just to add the monomer, but once it
is added to the fibrils, it leaves again. In the first case, elonga-
tion would need stoichiometric amounts of metal per Af
(or 0.5 equiv if M""-Ap, is added). In contrast in the latter case,
substoichiometric amounts of metal ions would be enough
(Figure 8).

In conclusion, there is no clear or drastic difference in the
underlying nucleation/elongation mechanism for forming Af
fibrils between apo-Af and Cu"/Zn"-Ap. The difference seems
to be in the kinetics and intermediates (structure and stability)
because the final mature fibrils are rather similar (also an
extension of the nucleation/elongation, e.g, by including a
conformation change of an aggregated state).

3.2.5. Impact of Metal-lon Binding to Af on the Overall
Charge. The overall charge is an important parameter for
aggregation because generally aggregation is faster when the
overall charge approaches 0, and hence the highest aggregation
rate for Af is observed around the isoelectric point of ~5.5.”°
Metal-ion binding can induce changes in the overall charge. By
studying an amyloidogenic model peptide under relatively fast
aggregating conditions (start after several minutes), we found a
tendency to promote precipitation when the net charge equals

dx.doi.org/10.1021/ic4003059 | Inorg. Chem. 2013, 52, 12193—-12206
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0, whereas amyloid formation was promoted when the net
charge was more positive (~2+).%° However, this might change
for other peptides like AB or under less aggregating conditions
(see the Conclusions and Perspectives section).

Cu" and Zn" are both charged 2+, whereas Af is at pH 7.4
and charged about 3—. Thus, complexes of Cu'- and Zn"-Ap
would have a net charge of 1— and would hence be more prone
to aggregation. However, to obtain the overall net charge, one
has also to consider the protons that are displaced by the metal
ion. Cu" is a better Lewis acid than Zn" and can better replace
protons. In contrast to Zn", Cu" is able to deprotonate amides
in Af (see Cu" coordination, component II, above). This might
suggest that Zn" could be more efficient in inducing aggregates
of Af3 because Zn" binding yields a complex closer to the net
charge 0 than Cu" binding. However, this might only be true
for higher Af concentrations because the binding affinity also
comes into the play. The apparent dissociation constant for Zn"'
is in the micromolar range. That means, at low micromolar
Ap and metal concentrations, Zn" will only bind partially to
AP, whereas Cu' will bind almost completely. However,
as mentioned above, the fact that these metal ions are labile
enables them to interact with the entire pool of AS.

3.2.6. Cu"- and Zn"-Bridged Dimers. An attractive possibi-
lity to promote aggregation by metal ions is the formation of
metal-bridged dimers because a dimer is the first step toward
aggregation. It is clear that the main complex before aggrega-
tion is a 1:1 complex for Cu'- and Zn"-Af (see section 2.2.1)
and (at least for Cu") that such dimers exist transiently.®'
However, Pedersen et al. suggested that they are not precursors
of aggregation.”> Whether Af is bridged by Cu" and Zn" during
aggregation is not clear. Considering the dynamics of metal
binding (even in the aggregated state)>>** and that the
N-terminal part is quite flexible, transient metal bridging seems
likely. However, whether in an aggregated state bridged metals
are the major state is unclear. EPR did not detect differences
in Cu" binding between the monomeric and aggregated
states. #6488 However, an increase in the binding constant
was recently reported.** In the case of Zn", the main arguments
come from calculations and XAS.>"* It seems that Zn" has a
higher tendency to form bridges because of the more flexible
coordination geometry.

3.2.7. Summatry in the Form of a Possible Scenario of How
Zn" and Cu" Could Modulate A Aggregation. 1t is relatively
clear from the literature that Zn" and Cu" bind rapidly to mono-
meric Af and form first a monomeric M"-Af complex.gz’gs’86
This is the major complex, but transiently metal-bridged dimers
(AB-M"-ApB) are formed via the fast exchange of M" between
peptides (milliseconds or faster), but for Cu", those dimers
likely are not precursors of the aggregates (off-pathway).*”
NMR suggests also a fast exchange for Zn',*” probably via
metal-bridged dimers. Whether they are also off-pathway is not
clear.

Zn" and Cu" binding to the N-terminal 1—16 stretch induces
also changes in the rest of the peptide (17—40/42). NMR of
Zn" and Cu" binding to A$40 showed changes in the dynamics
around Phe19—Phe20, which are supposed to be the initiators
of aggregation (first contact region between two Af).%® Zn!!
binding to Af40 induced a relatively rigid turnlike structure at
residues Val24—Lys28, whereas the residues flanking this region
become more mobile in the picosecond to nanosecondtime
scale.*® The turn structure has been recognized as an important
feature in aggregation because it could serve as a nucleation
site.”* As mentioned above, changes in the overall charge upon

binding of Zn" and Cu" might play a role. It is reasonable to
assume that they do and they give a kind of underlying driving
force, but it cannot explain the very specific effect of the
different divalent metal ions (like Cu" vs Zn™).

After rapid Zn" and Cu" binding, their subsequent structural
and dynamic changes lead to a more aggregation-prone
structure. A possibility might be an interpeptidic contact in
the central hydrophobic region (around Phel9/20)*® or a
turnlike structure at residues Val24—Lys28, bringing together
the two hydrophobic parts around Phel9/20 and -32—40.%
This might stabilize structures closer to a # sheet and hence
promote aggregation. However, quite different scenarios are
conceivable, and some support can be found in the literature.
For instance, a partially a-helical structure has been observed
in Af3 aggregation and proposed to be an intermediate.*” An
indication that this intermediate might also play a role in the
aggregation of Zn"- and Cu'-Ap has been reported.””""

4. CONCLUSIONS AND PERSPECTIVES

The present review focused on the impact of metal ions on the
aggregation of the peptide Ap. Although the aggregation is not
easy to control and reproducibility is a problem, even in the
absence of metal ions, there seem to be some trends that are in
agreement with most of the studies, at least for Cu' (Table 2).

A too fast aggregation will lead to amorphous aggregates; for
the formation of amyloids, more time is needed to acquire a
more ordered structure. That means, at low concentration, a
peptide with a lower propensity to aggregate and/or a low metal
concentration favors amyloids, whereas at high concentration,
peptides with a high propensity to aggregate and/or a high
metal—peptide stoichiometry will favor precipitation. This might
also be extended to the pH: the closer the pH is to the pl, the
more precipitation occurs. Too far away from the pI will stop
aggregation. Also the salt concentration is likely such a factor;
very low or very high would promote precipitation.

In other words, distinction is made mainly by the speed of
aggregation; a too fast aggregation favors precipitation (like
high concentration, A42 compared to A$40, high Cu" or Zn",
pH close to pl, etc.), whereas a too low concentration, pH too
far away from pl, can stop aggregation altogether.

Although it is clear that the metal ions affect the aggregation
in a metal-specific way and the highest impact is on the nuclea-
tion phase and the amount and/or structures of oligomers,
there is a tremendous amount of work to do for determining
the impact of metal ions on the aggregation mechanism on a
molecular level. Nevertheless, the gained insight might help to
design and test potential therapeutic molecules based on the
interaction of Af with metal ions. Encouraging results were
obtained by chelators with ionophoric activity during the past
decade."" """ This triggered a multitude of developments and
studies of Cu" and Zn" chelators."'>'**

As shown above, the labilities of Cu® and Zn" ions are linked
to their involvement in triggering Af aggregation. Hence,
another possible therapeutic route relying on the preclusion
of A aggregation may rely on Cu"" and Zn" replacement by
kinetically inert ions such as Ru", Pt", or Rh™. At present, the
first data obtained with such second- and third-row metal
complexes are very promising.ls’us_120

In conclusion, the interaction of metal ions with amyloido-
genic peptides such as Af, prion, a-synuclein, IAPP/amylin,”’
etc, is an exciting field with a large scope for inorganic
chemists, going from the design and synthesis of chelators up
to analysis of the metal amyloidogenic peptides in a biological
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environment. A molecular and quantitative approach of
chemical sciences is needed to study rigorously the very tricky
and dynamic aggregation of amyloidogenic peptides in the
presence of metal ions.
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B NOMENCLATURE

Definitions
aggregation = formation of aggregates, ie., of polymers
(starting from dimers) without a distinction of the type or
structure (e.g., amorphous or fibrillar)
precipitation = formation of amorphous aggregates with no
ordered structure
fibrillation = formation of amyloid aggregates showing a
typical amyloid structure (ordered cross-#-strand structure)
mature amyloids = assumed end point of amyloid formation
oligomers = formed between a monomer and an amyloid;
term often used for the small aggregates
protofibrils = aggregates assumed to be on the pathway to
fibrils; shorter, rougher, “wormlike” structure

Abreviations
Apn = amyloid-f peptide spanning to residues n
AFM = atomic force microscopy
AD = Alzheimer’s disease
APP = amyloid precursor protein
C, = critical concentration
CSF = cerebrospinal fluid
DTPA = diethylene triaminepentaacetic acid
PBS = phosphate-buffered saline
ROS = reactive oxygen species
SEC = size-exclusion chromatography
TEM = transmission electron microscopy
ThT = thioflavin T
XAS = X-ray absorption spectroscopy
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