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ARTICLE INFO ABSTRACT
Article history: Alpha-synuclein (AS) aggregation is associated with neurodegeneration in Parkinson’s disease (PD). At
Received 22 January 2012 the same time, alterations in metal ion homeostasis may play a pivotal role in the progression of AS
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- . amyloid assembly and the onset of PD. Elucidation of the structural basis directing AS-metal interactions
Available online 14 May 2012

and their effect on AS aggregation constitutes a key step toward understanding the role of metal ions
in AS amyloid formation and neurodegeneration. This work provides a comprehensive review of recent

ﬁfyrvlvords: lei advances attained in the bioinorganic chemistry of AS amyloid diseases. A hierarchy in AS-metal ion
c;;pae_:ynuc emn interactions has been established: while the physiologically relevant divalent metal ions iron and
Coordination chemistry manganese interact at a non-specific, low-affinity binding interface in the C-terminus of AS, copper
Oxidative-damage binds with high affinity at the N-terminal region and it is the most effective metal ion in accelerating AS
Neurodegeneration filament assembly. The strong link between metal binding specificity and its impact on aggregation is

discussed here on a mechanistic basis. A detailed description of the structural features and coordination
environments of copper to AS is presented and discussed in the context of oxidative cellular events that
might lead to the development of PD. Overall, the research observations presented here support the
notion that perturbations in copper metabolism may be a common upstream event in the pathogenesis
of neurodegenerative processes.
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1. Introduction

The misfolding of proteins into a toxic conformation is proposed
to be at the molecular foundation of a number of neurodegenera-
tive disorders including Prion’s, Alzheimer’s (AD) and Parkinson’s
diseases (PD) [1]. One common and defining feature of protein
misfolding diseases is the formation and deposition of protein
aggregates in various morphologies, including amyloid fibrils [2].
The most prominent amyloid disease is AD, whereas PD is the sec-
ond most common neurodegenerative disorder, affecting nearly
10 million people worldwide [2,3]. Neurodegeneration in PD is
progressive and is characterized by the loss of dopaminergic neu-
rons in the substantia nigra, and the presence of amyloid fibrillar
cytoplasmic aggregates, known as Lewy bodies, in multiple brain
regions, containing the protein a-synuclein (AS) [4-7]. a-Synuclein
is a highly soluble, intrinsically disordered protein, predominantly
synthesized in the neurons of the central nervous system and local-
ized at presynaptic terminals in close proximity to synaptic vesicles.
Evidence that AS amyloidogenesis plays a causative role in the
development of PD is furnished by a variety of genetic, neuropatho-
logical and biochemical studies: (i) it is the main component of
neuronal and glial cytoplasmatic inclusions, the pathological hall-
marks of PD, dementia with Lewy bodies (DLB), multiple system
atrophy (MSA) and other neurodegenerative disorders collectively
referred to as synucleinopathies [6-8]; (ii) three point mutations in
the AS gene (A53T, A30P, E46K) are linked to early onset familial PD
[9-11], whereas genome-wide association studies reveals genetic
risk underlying PD [12,13] and (iii) transgenic animal models
involving overexpression of AS develop cytoplasmatic inclusions
and motor deficiencies [14-17].

a-Synuclein comprises 140 amino acid residues distributed in
three different regions (Fig. 1A): the N-terminal region, which
encompasses residues 1-60, includes imperfect repeats KTKEGV
and is involved in lipid binding [18-20]; the highly hydrophobic
self-aggregating sequence known as NAC (non-amyloid-3 com-
ponent, residues 61-95), which initiates fibrillation [21]; and the
acidic C-terminal region, rich in Pro, Asp and Glu amino acids,
which encompasses residues 96-140 and is essential for blocking
rapid AS filament assembly [22-24]. In its monomeric, intrinsi-
cally disordered state, the protein is best described as an ensemble
of structurally heterogeneous conformations, with no persistent
secondary structure and with long-range inter-residue inter-
actions that stabilize aggregation-autoinhibited conformations

A =

[25-28]. These intramolecular contacts in AS are mainly established
between the C-terminus and the NAC region (hydrophobic inter-
actions), and between the C- and N-terminal region (electrostatic
interactions) (Fig. 1B) [25-27]. More recently, it has been proposed
that AS occurs physiologically as a helically folded tetramer, and
that destabilization of this metastable tetramer precedes aberrant
aggregation of AS monomers in tissue [29,30]. However, another
work argued strongly against this hypothesis, supporting the fact
that AS would exist physiologically as an unfolded monomer [31].
Overall, the mechanism(s) underlying the structural transition
from the innocuous “native” state of AS to its aggregated form still
remain uncertain.

The physiological role of AS has been related to membrane
binding and synaptic vesicle recycling, and it has been hypoth-
esized that intracellular AS may associate with the plasma and
vesicular membranes [32-34]. When associated with lipid surfaces
or micelles, the N-terminal of AS adopts an a-helical conforma-
tion [35,36]. Misfolding of AS may impair its ability to associate
to membranes, causing its accumulation in the cytosol, and pro-
moting its oligomerisation and aggregation in vivo. On the other
hand, AS function has also been linked to dopamine metabolism,
as AS seems to interact with proteins that regulate dopamine syn-
thesis and uptake [37]. a-Synuclein alters the activity of tyrosine
hydroxylase [38], a key enzyme in dopamine synthesis; and it also
inhibits aromatic amino acid decarboxylase, which regulates the
conversion of L-dopa into dopamine [39]. Interestingly, AS neuro-
toxicity seems to be dopamine dependent: AS causes apoptosis in
cultured human dopaminergic neurons, while it exhibits a neuro-
protective effect in nondopaminergic human cortical neurons [40].
These links between dopamine and AS might account for the selec-
tive neuronal loss in PD. Finally, more recent studies point toward
the involvement of AS in rescuing lethality associated with the lack
of CSPa protein, a co-chaperone associated with synaptic vesicles
and implicated in the folding pathways of SNARE proteins, sug-
gesting that AS might act as an auxiliary chaperone preserving the
function and integrity of synapses [32,33].

Although it remains unclear how AS can initiate neuronal death,
it is certain that the amyloid aggregation of AS is essential for
the pathological effects associated with PD. The mechanism of AS
filament assembly is characterized by the formation of B-sheet
rich pre-fibrillar, oligomeric aggregates of heterogeneous size and
morphology that includes spheres, chain-like structures, annular
pore-like structures, and large granular structures [41,42]. Initially,
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Fig. 1. (A) Primary sequence of AS. (B) Representative structure of AS in its soluble monomeric state [25]. Black arrows indicate the transient long-range contacts between
the C-terminus and the NAC region (hydrophobic interactions), and between the C-terminus and N-terminus (electrostatic interactions). In both panels the N-terminal, NAC

and C-terminal regions are identified in green, orange and red, respectively.
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the amyloid hypothesis implicated AS amyloid fibrils as the main
cause for neurodegeneration in PD. However, recent research sug-
gests that oligomers and prefibrillar intermediates might be the
neurotoxic species of AS [41,43,44]. A common proposal for the
mechanism of oligomeric AS neurotoxicity involves the formation
of pores in membranes, which in turn causes cell permeability,
calcium influx and apoptosis [45]. The neurotoxic effect might be
dependent on the nature of AS oligomers, which in turn may vary
depending on cellular conditions. Recent evidence suggest that
amyloidogenic proteins such as AS may exert its neurotoxic func-
tion via sequestration of essential cellular proteins in the process
of fibrillation [46].

Evenif amyloid assembly is a complex and multifaceted process,
the dominant risk factor associated with PD and other neurode-
generative diseases is increasing age. Several studies indicate that
one of the consequences of normal aging is a rise in the levels of
copper and iron in brain tissue. The brain is an organ that con-
centrates metal ions, and there is now increasing evidence that a
break-down in metal homeostasis may be a key factor in a vari-
ety of age-related neurodegenerative diseases [47,48]. As discussed
extensively in other chapters of the present issue, copper and to a
lesser extent manganese have been implicated in Prion’s diseases
[49-52], whereas recent studies emphasize the role of copper, iron
and zinc as contributors to both, amyloid-8 (ApB) assembly in vitro
and the neuropathology of AD [50,53-56]. High levels of copper,
zinc and iron were also found in and around amyloid plaques of
AD brains [57]. Furthermore, coordination environments for cop-
per complexes in the amyloid precursor protein, the Af3 peptide and
the prion protein have been very well characterized by several bio-
physical and structural studies [51-54,58-74]. Recently, detailed
knowledge of the structural and binding features of relevant metal
ions as well as the mechanism by which these metal ions might par-
ticipate in the aggregation of these proteins have contributed to the
design of new therapeutical schemes based on the development of
metal ion chelators [75,76].

The role of metal ions in AS amyloid assembly and neurodegen-
eration is also becoming a central question in the pathophysiology
of PD. The involvement of metal ions in PD was first proposed
based on the fact that iron, zinc and aluminum concentrations in
the subtantia nigra of PD patients are higher than those of con-
trol tissues [77]. Iron deposits have also been identified in Lewy
bodies [78] and elevated copper concentrations were found in the
cerebrospinal fluid of PD patients [79]. Experiments using ani-
mals also demonstrated that the unilateral injection of iron into
the substantia nigra resulted in substantial selective decrease in
striatal dopamine, supporting the assumption that iron initiates
dopaminergic neurodegeneration in PD [80]. Direct injection of
copper in the nigrostriatal system of rats showed that this metal
ion seems to induce degeneration by destroying the antioxidant
defenses and promoting apoptosis [81,82]. Furthermore, epidemi-
ological research indicates that individuals with chronic exposure
to copper, manganese or iron display an increased rate of PD [83],
whereas a systematic analysis of the effect of various metal ions
revealed that iron, copper, manganese and aluminum are the most
effective ions in promoting AS filament assembly in vitro [84-86].

Despite the research discussed above, the mechanism through
which different metal ions promote AS aggregation is still elusive,
as is their exact role in the molecular mechanisms that lead to neu-
rodegeneration and development of PD. Several possible processes
for metal-enhanced AS aggregation can be envisaged within this
regard. The simplest one would involve the formation of AS-metal
complexes resulting in structural changes that would generate pro-
tein species with an increased propensity to aggregate, such as
oligomeric intermediate species. Alternatively, oxidative stress has
been proposed to be involved in the pathogenesis of several neu-
rodegenerative disorders. Increasing oxidative stress and reduction

in antioxidant defense occur in the substantia nigra of PD patients
[87]. In particular, dopamine oxidative metabolism and genera-
tion of hydrogen peroxide have been observed in PD brain [88].
Additionally, iron, copper and free radical generators stimulate
the production of intracellular aggregates containing AS [89-95].
Although the physiological concentrations of metals, the composi-
tion of the cytosol, and the redox states accessible to the different
metal ions may lead to more complex scenarios, the evidences
discussed here indicate that AS-metal interactions play a role in
protein aggregation, and they are likely to provide a link between
the accumulation of aggregated proteins, oxidative damage in the
brain and neuronal cell death.

In summary, the notion that metal ions may be involved in
the progression of AS filament assembly and neurodegeneration
in PD raises essential questions: What is the effect of metal ions
on AS aggregation kinetics? Is there any specificity for AS-metal
interactions and their impact on AS amyloid formation? What are
the structural determinants and affinity features underlying these
AS-metal interactions? What is the mechanistic basis behind the
effects of metal ions on AS amyloid assembly? In order to effec-
tively understand the role of metal ions in AS aggregation and in
neurodegenerative pathways leading to PD, these questions must
be addressed.

This knowledge is crucial to establish the role of metal ions in
synucleinopathies and to address the central question of whether
these agents constitute a common denominator underlying the
amyloid-related disorders known as AD, PD, and prion diseases. The
main objective of this work is to discuss the significant advances
made in the bioinorganic chemistry of PD in the last decade, illus-
trating how the fields of coordination chemistry, biophysics and
structural biology have been combined successfully to study cru-
cial AS-metal interactions that lie at the molecular origin of a major
neurological disease as PD.

2. Specificity of AS-metal interactions and its impact on the
filament assembly of the protein

As mentioned above, a number of epidemiological and biochem-
ical studies have linked exposure to heavy metals or perturbations
in metal ion metabolism to the onset of neurodegeneration, includ-
ing PD pathogenesis [77,83]. Soon after the discovery of AS as the
major aggregated protein in Lewy bodies, several groups reported
binding of metal cations to AS, as well as their effects in the forma-
tion of amyloid fibrils of the protein. In a seminal work, Uversky
et al. demonstrated that a wide variety of metal cations in the
millimolar range of concentrations interact with AS and affect its
structural features [84]. The strongest structural impact was found
upon binding of Al(III), Cu(II), Fe(Ill) and Mn(II), as characterized
by circular dichroism (CD) spectroscopy and the binding signatures
of the fluorophore 1,1’-bis(4-anilino)naphthalene-5,5'-disulphonic
acid (bis-ANS), indicating that the protein would adopt a partially
folded state, which would be more prone to aggregate than the
protein in its monomeric state. Most of the tested cations showed a
strong enhancement of the fibrillation rate of AS, with AI(III), Cu(II),
Fe(Ill) and Mn(II) among the most effective ones. The conforma-
tional changes and the enhancement of fibrillation were attributed
to the binding of metal ions to the negatively charged carboxylate
side-chains in the C-terminal region of AS.

Other studies reported a strong influence of metal ions on the
extent of oligomerization of AS and on the nature of the oligomeric
species formed [96,97]. While Cu(Il) and Fe(Il) enhance the popu-
lation of oligomeric intermediates without modifying the nature of
AS oligomers, the rest of the tested metal ions produced a vari-
ety of oligomeric shapes without a significant enhancement of
net oligomerization. Interestingly, Ca(Il) and Co(II) produced high
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Fig.2. Mapping of AS-metal interactions by NMR. (A) Overlaid ' H-'N HSQC spectra
of AS in the absence (red) and presence (blue) of Cu(ll). The NMR assignments of
those backbone amide resonances affected significantly by the presence of the metal
ion are indicated. (B) Metal binding regions in AS determined by NMR mapping
experiments [98,100,102,104,105].

amounts of annular “donut shaped” oligomers, now recognized as
one of the most neurotoxic species of the protein [42,43]. These
early results suggested that, despite the apparent lack of specificity
for binding, the impact of metals on AS amiloidogenesis might be
highly determined by the nature of the metal ion.

The effects of transition metal ions on AS fibrillation discussed
above were examined mostly at concentrations in the millimolar
range, far greater than those normally occurring in tissues [84,97],
which obscures the physiological relevance that these effects might
have on the etiology of the disease. Furthermore, those studies
did not include a structural characterization of the metal bind-
ing sites, or the identification of the amino acids involved in the
metal-AS interactions. The lack of biochemical, affinity and struc-
tural data at physiologically relevant conditions was the driving
force that prompted subsequent research to address unresolved
details related to the binding of metal ions to AS.

The binding sites and affinity features of the interaction of
AS with metal cations have been determined only recently, at
molecular resolution. First, a number of metal ion binding sites
were ascribed to the C-terminus of the protein by means of dele-
tion and mutagenesis studies [97]. The presence of several Asp
and Glu residues in that domain confers a negative net charge of
—14 that strongly attracts cations, suggesting that metal-induced
oligomerization of AS is highly dependent on the C-terminal acidic
region. Additionally, two-dimensional heteronuclear Nuclear Mag-
netic Resonance (NMR) spectroscopy allowed the identification of
the amino acid residues involved in metal binding to this region of
AS (Fig. 2). Although multiple metal binding sites were mapped at
the C-terminal region, the primary binding site for divalent metal
ions, such as Fe(II), Mn(II), Cu(Il), Zn(II), Co(II) and Ni(II), is the
T9DPDNEA!24 sequence (Fig. 2B) [98,99]. The identified binding
motif not only appears to have low specificity for metal cations, but
it also displays low binding affinities (K; ~ 10~3 M), as determined
by NMR, UV-vis spectroscopy and equilibrium dialysis experiments
[98,100]. The low affinity and lack of selectivity of the C-terminal
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Fig. 3. Comparative diagram illustrating the binding preferences of different diva-
lent metal ions and their effects on AS (100 M) aggregation enhancement. Metal
concentrations in the micromolar range refers to 40-100 wM, while millimolar range
refers to 0.5-5.0 mM.

region of AS challenge the biological relevance of metal ion inter-
actions on this domain in the pathogenesis of PD.

In contrast to the C-terminal binding region, the N-terminal
interface showed high specificity of binding for Cu(Il) ions. Spurred
by a battery of low and high-resolution techniques, two novel cop-
per binding regions were identified initially at the N-terminus of
the protein: 'MDVFMKGLS® and 48VVHGV>2 [98,100-103] (Fig. 2A
and B), suggesting that Cu(II) binding to the N-terminal region of AS
may have a biologically relevant role in the onset of PD. This notion
is further supported by AS aggregation experiments using micro-
molar concentrations of metal ions, which showed that Cu(ll) is
the only metal ion that accelerates the formation of amyloid fibrils
under these conditions [98,100]. These studies demonstrate con-
clusively that the effect of divalent metal ions on AS fibrillation
is determined by their binding properties (Fig. 3). Moreover, the
strong link between specificity of metal binding to AS and effec-
tiveness in accelerating AS filament assembly reveals a hierarchy
of AS-metal interactions that reflects both biological and structural
effects. Overall, the specificity of copper binding to AS indicates that
the mechanism through which Cu(Il)impacts AS aggregation differs
significantly from that exerted by other divalent metal ions. Such
differences are likely to rise from structural effects associated with
the nature of the coordinating moieties of the protein. Therefore,
the coordination chemistry of copper binding to AS has deserved
so much attention in the last few years, and it is the main subject
of the present review.

3. Structural features and coordination environments of
Cu(II) binding sites in AS

3.1. Cu(ll) binding at the N-terminal region of AS: independent
binding sites?

The fact that Cu(II) binds specifically to the N-terminal region
of AS and it is the transition metal ion most effective in acceler-
ating AS aggregation under physiological conditions underscores
the importance of understanding the structural features of Cu(Il)
binding to AS. Using an approach that combines protein modi-
fication by diethyl pyrocarbonate (DEPC) and MALDI-TOF mass
spectrometry, two Cu(Il) anchoring sites at the N-terminal region
of AS were identified [104]. The comparison of AS and H50A AS
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Fig.4. Deconvolution of the different Cu(Il) binding sites in AS. (A) NMR intensity profiles (I/Io) of the backbone amide groups of wt AS, H50A AS, C-terminal truncated variant
1-108 AS and H50A 1-108 AS in the presence of Cu(ll). I and Io correspond to the intensities of cross-peaks in the 'H-'>N HSQC spectra of AS in the presence and absence
of the metal ion, respectively. (B) CD spectra of Cu(ll) complexed to wt (upper panel) and H50A AS (lower panel). Additions of Cu(Il) were made as the concentration was
incremented from 0 to 3 mol equiv. (from green to red) in wt AS and from 0 to 2 equiv. (from light green to dark green) in H50A AS. (C) X-band EPR spectra of wt AS, H50A
AS and '"MDVFMK® AS Cu(Il) complexes at substoichiometric metal:protein (0.8:1.0) ratios.

demonstrated that the imidazole ring of His-50 is one of the Cu(II)
anchoring residues; while collision induced dissociation MS/MS
studies allowed one to unequivocally identify the free «-NH, group
of Met-1 in the sequence MDVFMK® as the other Cu(Il) anchoring
site. These results were further confirmed by NMR spectroscopy at
single residue resolution [104,105]. Comparison of TH-1>N-HSQC
intensity profiles of AS and its H50A mutant species demonstrated
that Cu(Il) induces specific changes in the region containing His-
50, and at the first residues of the sequence around Met-1 (Fig. 4A).
In the H50A AS mutant, the effect of Cu(Il) in the region around
His-50 is abolished, while the broadening effect at the Met-1 site is
preserved, suggesting that the Cu(Il) binding sites in AS constitute
independent, non-interacting sites. Elimination of the C-terminal
fragment in the 1-108 AS species did not perturb Cu(Il) binding to
Met-1, nor the His-50 site (Fig. 4A), indicating that the transient
long-range interactions between the C- and N-terminal regions of
AS do not influence the binding preferences of the metal ion.

The notion of the independent nature of the Cu(Il) binding sites
at the N-terminus of AS is supported by CD and electron param-
agnetic resonance (EPR) spectroscopy (Fig. 4B and C) [104,105].
A titration of AS with Cu(Il) revealed that at low Cu:AS ratios
(<1equiv.), the CD spectrum is characterized by the presence of
a positive d-d transition band at 600 nm and a negative ligand to
metal charge transfer (LMCT) band at 300 nm, associated with an
amide nitrogen coordinated to Cu(Il) (Fig. 4B) [106,107]. Beyond
1 equiv. of Cu(II), the development of a positive band at 520 nm and
of a negative ellipticity around 650 nm in the d-d transition region,

together with a LMCT band at 340 nm become evident and get satu-
rated at 2 equiv. of metal. The 340 nm band falls in the range for 71
imidazole nitrogen to Cu(II) CT[106,108,109]. The second set of sig-
nals does not appear in the titration of H50A AS (Fig. 4B), that shows
CD spectral features identical to those corresponding to the wt
protein at sub-stoichiometric metal concentrations. These results
demonstrate that the transitions at 600 and 300 nm reflect the coor-
dination of Cu(II) to the binding site involving Met-1 residue (site
1 hereafter), and that the signals at 520, 650 and 340 nm arise from
Cu(Il) binding to His-50 (site 2 hereafter). On the other hand, EPR
experiments revealed three different AS-Cu(ll) species based on
their parallel g values and metal hyperfine couplings [104,105].
Two of these species were associated with Cu(ll) sites at the N-
terminal region of the protein, and at sub-stoichiometric metal
concentration the EPR spectra revealed one species with g, =2.250
and A; =189 x 1074 cm~!. The same EPR parameters are observed
for the H50A AS mutant and the synthetic peptide 'MDVFMK®
(Fig. 4C), implying that the signal is associated with Cu(II) bind-
ing at site 1 [105]. In summary, CD and EPR spectroscopy indicate
that the N-terminal region of AS has two independent Cu(Il) bind-
ing sites: the first equivalent of Cu(II) added binds to site 1 and is
associated with metal coordination to the free a-NH, group of Met-
1, while a lower affinity event is associated with the binding of a
second equivalent of Cu(Il) to His-50 in site 2 (Fig. 5A). Consistently,
tryptophan fluorescence studies using AS mutants containing sin-
gle Trp substitutions or Trp-containing peptides demonstrate that
the motif identified as the high affinity N-terminal Cu(Il) binding
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(associated with Asp-121 in the C-terminus of AS) [98,100,104]. Additionally, the formation of a macrochelate that involves both the a-NH; group of Met-1 and His-50 has
been proposed [112-114]. (B) Structure of site 1 AS-Cu(II) complex as determined by QM/MM simulation on the full length [105].

site does not involve His-50, but includes the first four residues
TMDVF* of the protein primary sequence [101,110,111].

The picture of having two independent Cu(ll) binding sites at
the N-terminal of AS has been challenged by recent studies, where
electron spin-echo modulation (ESEEM) data suggest the partici-
pation of His-50 in the high affinity Cu(II) binding site [112-114].
ESEEM is a pulsed EPR technique that allows the detection of weak
super-hyperfine couplings arising from nuclei approximately
10A away from the paramagnetic center. X-band ESEEM spectra
of Cu(Il) bound to His residues yield characteristic quadrupolar
transitions associated with the coupling with the distal nitrogen
of the imidazole group [115]. Three-pulse ESEEM spectra of
AS-Cu(Il) at ~1:1 ratio show the characteristic signals associated
with Cu(Il)-His interaction. These results have been interpreted
as evidence for the formation of a macrochelate, where Cu(ll) is
bound to the imidazole ring of His-50 and to the terminal group
NH; of Met-1 (Fig. 5A). While some authors propose that there
may be a dynamic equilibrium between the macrochelate and site

1 Cu(Il)-binding structures (Fig. 5A) [113]; others associate this
macrochelate structure to the only high affinity Cu(Il) binding motif
in AS [112,114]. The latter conclusion is not compatible with the
CD results discussed above, where clearly two distinct sets of elec-
tronic transitions can be identified as they grow sequentially with
the first 2 equiv. of Cu(ll) added, whereas the signals associated
with the high affinity site in the full protein lack the characteristic
LMCT bands of Cu(Il)-His interactions, strongly arguing against
the overall macrochelate hypothesis. Further evidence against the
formation of a macrochelate has been provided by two EPR studies
[116,117]. Alternatively, as ESEEM is such a sensitive technique,
those signals may rise from a small amount of Cu(Il) loading into
the His-50 site (site 2) as site 1 gets saturated. ESEEM experiments
at lower metal:protein ratios could shed more light into this point.

Spectroscopic studies using fragments of AS encompassing
residues 30-56 leaded by Met and Asp at the N-terminal have
proposed that Cu(Il) coordination modes involving the terminal
NH, group and the imidazole ring of His-50 can be formed [118].
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However, although this may be possible when the terminal NH,
group is placed 20 residues away from the His residue, in the full
protein there are 50 residues between the two Cu(Il) anchoring
sites, and the entropic penalty in forming such a macrochelate
would not be negligible [117]. NMR experiments based on para-
magnetic relaxation enhancement (PRE) measurements demon-
strated also the lack of any persistent long-range contacts between
position 50 and the N-terminus of AS, which might contribute to the
stabilization of a macrochelate structure upon Cu(Il) addition [102].
Furthermore, the fact that CD and EPR spectra of Cu(Il) bound to
synthetic peptides encompassing the metal binding regions at the
N-terminus of AS, namely 'MDVFMK® and 4°KEGVVHGVATV>>, are
identical to those corresponding to the full length protein, supports
the notion of having two independent sites [105,119].

3.2. Cu(ll) coordination modes at the N-terminal region of AS

Beyond the controversy described above, a lot of consensus
can be built on the nature of the Cu(ll) coordination modes at
the N-terminal region of AS. There is wide agreement in that the
amino terminal group of Met-1 is associated with the highest
affinity binding site for Cu(Il). Most authors identify this group
as an equatorial ligand [104,105,113,114,117], while there is one
proposal for it to be coordinated axially [112]. The EPR signals
associated with this site are characteristic of type-2 Cu(Il) pro-
teins; while their g,=2.250 and A;=189 x 10~*cm~! indicate a
2N20 coordination mode. The LMCT band at 300 nm identified by
absorption and CD spectroscopy is characteristic of amide bond-
ing to Cu(Il) and it has been associated with the amide backbone
of Asp-2 [104,105,112-114,118,120]. This assignment is based on
several studies on model peptides with aspartyl residues in posi-
tion 2, where the formation of highly stable Cu(Il) complexes arise
through direct metal coordination to the amino group of residue 1,
and deprotonated amide nitrogen and carboxylate side-chains of
residue at position 2 [121]. Coordination of Cu(II) to the amino ter-
minal group of Met-1 favors deprotonation of the amide nitrogen
of Asp-2. Thus, the two nitrogen ligands for Cu(Il) at site 1 are the
amino terminal group of Met-1 and the amide backbone of Asp-2
(Fig. 5A).

The role of the 3-COO~ group of Asp-2 as an oxygen-based
ligand for Cu(Il) has been investigated by CD, EPR and isother-
mal titration calorimetry (ITC). The D2A substitution in AS and
ITMDVFMKS AS peptide fragments yielded drastic changes in the CD
and EPR spectra of their corresponding Cu(II) complexes, reflecting
a different coordination environment for the metal ion [105,114].
The unique involvement of Met-1 and Asp-2 in Cu(Il) coordination
to MDVFMK® peptide and the role of the carboxylate side chain of
Asp-2 as metal anchoring group was strongly supported by NMR
[105]. Moreover, ITC experiments on the D2A variant of this bind-
ing site ('MAVFMK® sequence) confirmed a significantly decreased
binding affinity for Cu(Il), demonstrating that Asp-2 plays a key
role in high affinity Cu(Il) coordination to site 1 [105]. In fact, the
enhanced stability of the (aNH;, N~, 3-COO~)-Cu(Il) coordination
environment has been attributed to the presence of an extra nega-
tive charge and the formation of (5,6)-member joined chelate rings
[121,122]. Asp-2 plays a dual role in Cu(II) coordination at this site:
it binds directly to the metal ion, and it substantially increases the
acidity of the backbone amide group. An interesting comparison
of the role of Asp-2 in AS can be made to that of Asp-1 in Cu(lII)
binding to AP, where the carboxylate residue stabilizes the pro-
tonated form of the backbone amide through a hydrogen bonding
interaction [123,124].

Finally, the identification of the other oxygen-based ligand
as a water molecule has derived from the EPR signal broaden-
ing observed upon 70 enrichment of the Cu(Il) complex with
the TMDVFMK® peptide. Simulations of this broadening effect,

considering one equatorial oxygen coordinated to the metal ion, led
to a super-hyperfine coupling constant for 170 of 13 x 10~4cm~1;
which is consistent with the presence of one water molecule coor-
dinated to Cu(Il) in an equatorial position [105]. Supporting this
assignment, 'H pulsed electron nuclear double resonance (ENDOR)
and HYSCORE studies on a 1-99 AS fragment with 0.9 equiv. of
Cu(Il) added identified the presence of two weakly coupled pro-
tons; while two pulse ESEEM spectra on the same sample yielded
the characteristic modulation associated with the presence of equa-
torial water molecules [112].

In summary, the high affinity Cu(Il) binding site in AS (or site
1) encompasses a 2N20 ligand donor set, composed by the a-NH,
group of Met-1, the deprotonated amide nitrogen and 3-COO~ of
Asp-2,and a water molecule (Fig. 5A). The structural parameters are
characteristic of a Cu(Il) coordination in a type II distorted tetrago-
nal arrangement. A structural model reported for the high-affinity
AS-Cu(Il) complex, as built by QM/MM molecular dynamics (MD),
further support this conclusion (Fig. 5B) [105].

In contrast, the study of Cu(ll) coordination to the imidazol
ring of His-50 has advanced to a less extent, and it has been
obscured by the controversy mentioned above. EPR parameters
associated with a Cu(II)-His-50 complex (or site 2), g,=2.228 and
A;=179 x 10~4cm™, indicate that a ligand set of 1N30, 2N20 or
3N10 might be implicated [104,113,119], where His-50 provides
one of the nitrogen ligands. Based on spectroscopic studies on
the full protein and the synthetic AS peptide °KEGVVHGVATV?3,
a coordination mode where two more nitrogen ligands are pro-
vided by deprotonated amides of His-50 and Val-49 has been
proposed (Fig. 5A) [113,119]. It has also been anticipated that a
water molecule may provide an oxygen ligand, although no exper-
imental evidence for such a scenario is available. Alternatively, an
oxygen ligand may be provided by a backbone carbonyl group, as
found in other His-anchored Cu(Il) binding sites, such as the His96
site in the prion protein [125]. Finally, the role of Glu-46 in Cu(II)
binding at this site has been evaluated in the °KEGVVHGVATV>>
model peptide and the full protein; however, no substantial differ-
ences were observed upon the pathogenic E46K substitution that
is found in patients of genetically linked PD [117,119].

3.3. Cu(ll) coordination to the C-terminal region of AS

The lowest affinity binding interface identified at the C-
terminus of AS involves multiple Cu(Il) binding sites, as revealed
by NMR spectroscopy [98,100]. The affected region comprises
residues 110-140, which also constitute the primary binding
site for the polycationic polyamines [23]. However, as demon-
strated upon knock out of the N-terminal Cu(Il) binding sites by
DEPC modification or protonation of His-50, AS-Cu(Il) interactions
within this interface is initially highly localized around residues
TI9DPDNEA!24, which constitute the primary site for metal coor-
dination at the C-terminal region. Additionally, NMR data indicate
that metal binding to this region is not driven exclusively by elec-
trostatic interactions, but it is mostly determined by the residual
structure of the C-terminus of AS [98]. EPR spectroscopy indicates
that the Cu(II) atom bound to this site has four oxygen donors, sug-
gesting the involvement of carboxylates as major contributors to
metal binding [100,104,113]. Residues Asp-119, Asp-121, Asn-122,
and Glu-123 likely represent the ligand set for the metal ion (or site
3), as shown in Fig. 5A.

4. Affinity features of Cu(Il) binding to AS

The metal binding affinity of proteins and peptides is an
important parameter in biology. It gives information about the
physiological significance of the interaction of a protein/peptide
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Table 1

Affinity features reported for AS-Cu(Il) complexes.
Affinity range, Ky (M) Binding features Technique Experimental conditions Ref. number
10-° Site 3 Equilibrium centrifugation MES buffer, pH 6.5, 37 °C [97]
1077 (1079) Site 1 UV-vis, CD, NMR, ITC MES, MOPS or Hepes buffer, pH 6.5-7.5, NaCl 100 mM, 15°C
105 (10-6) Site 2 [98,100,104,105]
103 Site 3
1077 (1079) Site 1 Fluorescence MOPS buffer, pH 7.0, NaCl 100 mM, 25°C [101,110]
10-10 n.r. ITC PIPES buffer, pH 7.4, NaCl 103 mM, 1:4 Cu(Il):Gly ratio, 37°C [128,129]
10-10 n.r. ITC MOPS buffer, pH 7.0, 1:4 Cu(II):Gly ratio, 25°C [134]
108 n.r.
10-10 Macrochelate® EPR MOPS buffer, pH 7.4 [114]
103 n.r.

The Cu(Il) binding modes classified as sites 1-3 and macrochelate correspond to the coordination environments shown in Fig. 5A.
The K, values reported in Refs. [97,98,100,101,104,105,110] correspond to apparent dissociation constants. The buffer corrected conditional Ky values for the physiologically

relevant high affinity AS-Cu(Il) complex is reported in brackets.

The Ky values reported in Refs. [114,128,129,134] correspond to conditional dissociation constants.

n.r.: not reported.

with a given metal ion. Particularly, in the frame of discussion rel-
evant for this work, an important question to address is whether
the interaction of Cu(Il) with AS occurs in vivo. In that direction,
several studies have shown that both AS and copper are highly
abundant in brain tissue. Indeed, AS accounts for approximately 1%
of the total protein content in the striatum [126] and copper con-
centration in brain tissue is in the micromolar range [127]. Even
if these evidences allow us to speculate that Cu(Il) binding to AS
might be physiologically relevant, a binding affinity that is too low
may indicate that the protein is not able to bind the metal ion in vivo.

To shed light on the affinity features of the AS-Cu(Il) complexes
several studies have been carried out in recent years. The values
of experimental dissociation constants reported in the literature
vary considerably, depending on the technique applied to deter-
mine these values, the experimental and solution conditions, and
the different ways to extract the binding constants from the data
(Table 1).

Initial studies using equilibrium centrifugation techniques
showed that AS is able to bind five or more copper ions with a K,
of 4-6 x 10~> M [97]. Although the AS-Cu(Il) complexes were not
characterized structurally, Cu(Il) was claimed to bind exclusively to
the negatively charged C-terminal region. However, a more recent
analysis using a battery of low and high-resolution spectroscopic
techniques revealed that the protein tightly binds only two copper
ions per monomer with dissociation constantsin the 10~7 to 10~> M
range [98,100,104]. To discourage protein aggregation, the stud-
ies described above were performed using recombinant proteins
of very high purity in the pH range 6.5-7.5 and at 15°C.

Through the design of site-directed and domain-truncated
mutants of AS the high and low affinity constants were unequiv-
ocally assigned to specific copper-binding motifs located in the
N-terminal region, described in the previous section as Cu(II) sites 1
and 2 [104]. Instead, Cu(II) binding to the C-terminal region of synu-
cleins was confirmed to represent a non-specific, very low affinity
process characterized by dissociation constants in the mM range
(Kg~1-2 x 1073 M). These observations imply that Cu(Il) binding
to the N-terminus of AS might occur under physiologically relevant
conditions, and thus, it might be biologically relevant to the etiology
of PD. In contrast, the weak C-terminal binding has little chance to
occur in the presence of a pool of various proteins and amino acids
in vivo. We will therefore focus the discussion mainly on the strong
binding of Cu(II) to the N-terminal region of the protein.

Through the use of isothermal titration calorimetric (ITC) mea-
surements more reliable values were obtained for the affinity of the
first and second equivalent of Cu(Il) bound to the N-terminal region
of AS (K41 =1.0+0.1 x 107 M for site 1 and Kz, =3.5+ 0.4 x 107> M

for site 2) [105]. The dissociation constants of the Cu(Il) complexes
were estimated from studies performed on wt AS, its mutant H50A,
the C-terminal truncated variants 1-108 AS, H50A 1-108 AS, and a
synthetic peptide containing the sequence 'MDVFMK® [104,105].
The results derived from these studies demonstrate conclusively
that His-50 is not required to determine the high affinity features of
Cu(II) binding site 1 and confirms that transient long-range interac-
tions between the N- and C-terminal regions of AS do not influence
the binding preferences or the affinity of Cu(ll) at each site.

Copper binding to AS was also assessed by tryptophan flu-
orescence measurements in AS mutants containing single W
substitutions (F4W, Y39W, F94W, Y125W and FAW/H50S), taking
advantage of the fact that Cu(Il) binding would quench tryptophan
fluorescence site-specifically [101]. These studies were performed
on submicromolar protein concentrations (100 nM), allowing the
authors to extract very reliable values of dissociation constants. The
estimated dissociation constant was Ky; ~ 1.0 x 10~7 M, consistent
with the measurements by Fernandez and co-workers. The similar-
ity in binding constants for the FAW and FAW/H50S proteins, and
the fact that the first four residues 'MDVF* preserved Cu(ll) affin-
ity (Kg; =2.0+£0.2 x 10-7 M) [110], further confirm that these high
affinity features correspond to Cu(Il) binding to site 1 and that this
site does not involve the His-50 imidazole group.

Evaluation of Cu(Il) binding to A30P, A53T and wild type AS by
another group concluded that the binding constants for Cu(Il) to
the three AS proteins are similar, with values in the low nanomo-
lar range (10~19M) [128,129]. A second binding site with a larger
binding constant is reported only for the A30P variant, which is
attributed to the binding of Cu(II) to small oligomeric species of AS
[128]. It is important to note that the binding constants reported by
Hong and Simon in those studies [128,129] were obtained using an
excess of glycine to stabilize Cu(Il), and their values are higher than
those determined with Cu(lIl) in aqueous buffer [101,104,105,110].
The authors suggested that the weak Cu(ll) binding to the C-
terminus of AS might contribute to the smaller affinities reported
in the studies by Fernandez and Lee but these arguments were not
supported by further experiments. Indeed, the Cu(Il) affinity fea-
tures reported previously are the result of an exhaustive analysis
performed on several AS variants, including C-terminal truncated
1-108 AS and H50A 1-108 AS, which were designed precisely to
lack the weak Cu(Il) binding component at the C-terminus of AS
[101,104]. Moreover, the dissociation constants reported for the
high affinity site in full length and C-terminal truncated AS are
preserved in the TMDVFMK® and MDVF* peptides [105,110].

However, the discrepancies of the affinity features reported by
Fernandez and Lee with those of Simon can be reconciled by taking



2196 A. Binolfi et al. / Coordination Chemistry Reviews 256 (2012) 2188-2201

into account the interaction of AS with buffers. Indeed, the disso-
ciation constants determined by Fernandez and Lee are apparent
dissociation constants (i.e. in the presence of buffer), while those
reported by the group of Simon are conditional dissociation con-
stants (at a given pH, temperature), where competition with buffer
may be neglected due to complexation of the metal ion with Gly.
The apparent K; values from Fernandez and Lee can be converted to
conditional K; values by taking into account the competition with
buffers [54,130,131], resulting in values of dissociation constants
in the 1-5 x 102 M range, closer to the values reported by Simon
(K4 ~10-10 M),

Even though this explanation accounts for most of the discrep-
ancy between the values found by Fernindez and Lee and those
determined by Simon, there may be other factors to consider. It is
worth noting that the purity and aggregation level of the protein
samples might also affect affinity measurements. The high tem-
peratures (37 °C) used in the calorimetric experiments reported by
Hong and Simon [128,129] are known to be a potent inductor of AS
aggregation, an effect that is dramatically enhanced when work-
ing with Cu(ll)-loaded samples and AS variants such as A30P and
A53T, that exhibit a notably increased rate of oligomerization com-
pared to the wild type species [132]. Indeed, the larger binding
constant reported for the A30P form was attributed by Simon and
co-workers to the binding of Cu(II) to small oligomeric species that
were present in solution in slow equilibrium with the monomeric
protein.

Adding controversy to the binding preferences of Cu(ll) on
AS, another ITC-based work performed on six synthetic 25-amino
acid fragments has disputed the involvement of the N-terminus
of AS as the preferential binding interface for Cu(Il) ions. Accord-
ing to this work, only peptides corresponding to sequences 46-70
and 116-140 bind Cu(ll) with measurable affinity (~10->M)
[133]. However, a more recent calorimetric study from the same
research group states that wild type recombinant AS binds a
single equivalent of Cu(ll) in two thermodynamically distinct
binding modes at the N-terminal region of AS, with condi-
tional dissociation constants of ~4.0 x 10~ M and ~6.0 x 10-8 M
[134].

Finally, an EPR study using high-affinity competitors also
showed that monomeric AS binds 1.0 equiv. of Cu(Il) with a con-
ditional K; of ~1.0 x 10~10M, although a second lower-affinity
species (~10~> M) is detected beyond 1 equiv. of Cu(ll) added [114].
In this work, the high affinity binding mode has been assigned the
formation of a macrochelate, where Cu(Il) is bound to the terminal
NH,; of Met-1 group and the imidazole ring of His-50.

Overall, the evidences discussed here indicate that Cu(Il) has
unique binding modes and affinity features compared to other tran-
sition metal ions. These properties will be discussed later in the
context of the structural and molecular basis behind the mech-
anism of copper mediated AS aggregation enhancement and its
biological significance.

5. Mechanistic basis behind the copper-mediated AS
amyloid assembly

The results described in previous sections provide compelling
evidence for alow affinity metal binding interface at the C-terminus
of AS, while AS binds Cu(Il) with high affinity at two binding sites
in the N-terminal region. These key differences in the affinity fea-
tures are clearly dictated by structural factors corresponding to
different protein regions, and they reveal a strong link between the
specificity of metal binding to AS and their effectiveness in accel-
erating AS aggregation. The connection of such structural-affinity
differences with the mechanistic basis behind the metal induced
AS fibrillation process is discussed in this section.

5.1. Non-specific, C-terminus mediated mechanism

Itis well documented that AS binds metal ions to the C-terminus
with very low selectivity. A coordination site formed mostly by
carboxylate side-chains is in agreement with the modest affin-
ity constants (103 M range) observed for the binding of Cu(lI)
and other divalent metal ions to the C-terminus of the protein.
This is also in agreement with the high concentrations of metal
ions required to induce the aggregation of AS through this non-
specific mechanism. The existence of multiple metal binding sites
at the C-terminus might be likely involved in the aggregation
pathway by forming transient intermediate species (e.g. dimers),
where the metal ions would serve to bridge multiple interfaces.
Indeed, these interactions would be significantly stabilized only
at high metal:protein ratios, such as those necessary to induce
the aggregation of AS [84,98]. It has also been proposed that the
binding of millimolar concentrations of metal ions to the nega-
tively charged C-terminal region of AS might lead to masking of
the electrostatic repulsion and the collapse to a partially folded
conformation [84]. The formation of a partially folded intermedi-
ate, which would be more prone to aggregate than the intrinsically
disordered monomeric state of the protein has also been suggested
to occur under conditions of low pH and elevated temperatures
[135]. However, in contrast with CD and ANS binding experiments
[84,135], the invariance of NMR parameters such as the chemical
shifts of backbone amide resonances and the hydrodynamic radius
of the protein indicate that there is no substantial conformational
changes, nor the induction of a partially misfolded species even
in the presence of millimolar levels of metal ions [98]. Despite
these discrepancies, the established structural-affinity relationship
supports a mechanism of metal-induced AS aggregation sharing
common features for Cu(Il) and other divalent ions when the pro-
tein is exposed to levels of metal ions in the millimolar range
(Fig. 6A), and it indicates that this process differs significantly from
that induced by the specific binding of Cu(ll) to the N-terminal
region of AS.

5.2. Specific, N-terminus mediated mechanism

In order to address the role of Cu(ll) binding sites at the N-
terminal on the metal-mediated AS aggregation, the effect of low
micromolar Cu(Il) concentrations on the aggregation rate of H50A
AS and the C-terminal truncated variants 1-108 AS and H50A 1-108
AS was first assessed. These variants represented a useful model
system to understand the mechanism by which copper induces AS
aggregation, in particular, whether specific binding of Cu(lI) to site
1 is sufficient to trigger amyloid formation. These studies demon-
strated conclusively that the acceleration of AS aggregation induced
by Cu(Il) is driven by its specific binding to site 1, whereas the for-
mation of the AS-Cu(ll) complex at site 1 constitutes the critical
step in copper-mediated AS aggregation [105].

In terms of the structural and mechanistic basis behind copper-
mediated AS aggregation, these results indicate that the effect of
low micromolar Cu(Il) concentrations on AS aggregation in vitro,
at least at the earliest aggregational events, is not related to spe-
cific His binding, nor to the interaction with clusters of negatively
charged residues at the C-terminal region. This notion is further
supported by the absence of any interplay or modulation among
the identified Cu(II) binding sites on the wt species [101,102,104].
In contrast to the observations for A peptide and prion protein,
where aggregation is affected by the formation of His—Cu(Il) com-
plexes [51,53,54,65,68,72-74,136-139], the presence of His-50 in
AS does not influence the aggregation process triggered by cop-
per binding at the N-terminal region, arguing against an active role
for this residue in the structural and biological events involved in
the mechanism of copper-mediated AS aggregation. The presence
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Fig. 6. Molecular mechanisms involved in the enhancement of AS aggregation mediated by metal ions. (A) Binding of metal ions to the negatively charged interface at the
C-terminus of AS may lead to destabilization of long-range intramolecular interactions and promotion of AS self-association and formation of amyloid fibrils. This mechanism
would only occur at high metal:protein ratios, enough to assure the formation of AS-metal complexes, as described in the text. (B) Molecular events proposed for the
aggregation pathway of AS mediated by copper. Cu(II)/Cu(I) redox chemistry and ROS generation may lead to a cascade of structural alterations (i.e. site-specific oxidation,
dytirosine cross-linking, protein truncation) resulting in a pool of AS molecules that are more prone to aggregate. Site specific oxidation (blue triangles), di-tyrosine crosslinking
(dotted line) and fragmentation of AS mediated by AS-Cu interactions are well documented in literature [148,149,151,152].

of several copper-coordinating His residues in the A and prion
sequences, compared with the sole His-50 in AS, seems to be a key
difference that influences significantly the mechanism of aggrega-
tion mediated by Cu(Il) in these proteins.

Elucidation of the residue-specific effects mentioned above is a
key step for understanding the mechanism of copper-induced fib-
rillogenesis of AS. Comparable to AP peptide and prion protein,
AS is also highly susceptible to metal catalyzed oxidation, a reac-
tion that induces extensive oligomerization and precipitation of
these proteins [89-92,140-144]. The Cu(ll) catalyzed oxidation of
AS has been subject of numerous studies that aim to establish a link
between protein aggregation and oxidative damage. Co-incubation
of the protein with Cu(Il) and H, 0, led to the formation of amyloid
fibrils [140], whereas H, 0, treated AS did not form amyloid fibrils
but it generated soluble non-toxic oligomers. These results further
underscore the catalytic role of copper chemistry in the amyloid
assembly of AS [145,146].

5.3. The role of copper catalyzed oxidation

The Cu(lIl) catalyzed oxidation reaction involves the reduction
of Cu(Il) by a suitable electron donor and the conversion of molec-
ular oxygen into reactive oxygen species (ROS), which trigger the
oxidative modification of the protein. For AS-Cu(Il) complexes, this
implies that the metal ion has to be first reduced at the protein
site by electron donors such as NADH, NADPH, ascorbate, glutha-
tione or the protein itself. Then, the reduced metal ion bound to
specific metal-binding sites catalyzes the reduction of molecular

oxygen to generate H,0, and OH* (Egs. (1)-(4)), which in turn oxi-
dize neighboring amino acid residues, resulting in protein damage
[147].

AS-metal®® + e~ — AS-metal™d (1)
AS-metal™d + 0, — AS-metal® +0,°~ (2)
AS-metal™d + 0,°~ +2H' — AS-metal®* + H,0, (3)
AS-metal™d + H,0, — AS-metal®® + OH™ + OH* (4)

These reactions set up a catalytic cycle where the AS-metal®*
complex acts like a catalyst to continuously facilitate the reduction
of O, to H,0,, leading to the depletion of cellular reductants.

The described mechanism is a highly selective, site-specific pro-
cess that involves interactions of the protein with both oxidation
states of the copper ion. Indeed, the occurrence of an associated
Cu(I)/dioxygen chemistry and a detailed description of the struc-
tural and binding features of Cu(I) to AS have been reported recently
and are discussed in the next section [148,149]. Moreover, cyclic
voltammetry data shows that the high affinity AS-Cu(Il) complex
at the N-terminus can be reduced and the resulting AS-Cu(I) com-
plex can undergo further re-oxidation with generation of HyO,
and other ROS that are toxic to dopaminergic cultured cells [150].
Based on the reduction potential of the AS-Cu(Il) complex (0.018 V
vs Ag/AgCl), different highly abundant cellular reductants, such as
ascorbate, could serve as efficient electron reservoirs for the reac-
tion to occur. It has also been proposed that, even though the
AS-Cu(II)/Cu(I) pair cannot directly oxidize dopamine, the H,0,
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produced under reducing conditions can certainly do, suggesting
also a potential role of AS-copper interactions in perturbing the
normal dopamine metabolism [150].

A wide range of structural modifications, involving oxidation
of amino acid residue side chains, formation of protein-protein
cross-linkages, oxidation of the protein backbone and protein frag-
mentation have also been reported for peptides containing Cu(Il)
coordinated to the high-affinity site, as they were treated with
H;0, or co-incubated with ascorbate under aerobic conditions
[149,151,152]. Furthermore, it was shown that upon Cu(II) coordi-
nation to AS, metal reduction from Cu(II) to Cu(I) may occur in the
absence of dioxygen; whereas in the presence of O, reoxidation of
Cu(I) to Cu(lII) takes place through the generation of ROS and results
in di-tyrosine cross-linking [148]. Di-tyrosine formation has been
previously found under extreme neuronal oxidative-stress condi-
tions [153-155], while the study reported here show that these
modifications occurs in vitro in the presence of O, and are greatly
enhanced by coordinated copper. Another proposal for an O, medi-
ated mechanism that connects copper binding with ROS formation
and AS aggregation involves the generation of intermolecular per-
oxobridges between metal centers located in different protein
molecules. These early aggregation species would then act as a seed
to accelerate AS amyloid assembly [91].

Altogether, as discussed here, several pieces of evidence indi-
cate that in vivo Cu(Il)/Cu(I) redox chemistry might be a key event
in the pathophysiology of PD. It has also been suggested that
copper-induced ROS generation mediates A} aggregation. Oxida-
tive modification of AP increases its propensity to aggregate, which
in turn is proposed to induce AP oligomer formation and toxicity
in AD [141-143,156-158]. As mentioned previously, reoxidation of
the AS—Cu(I) complex by O, inflicts toxicity and neuronal cell death
[150]. At this point, one can then hypothesize that copper binding
to the N-terminus of AS might render the protein a relatively easy
target for oxidative damage, which in turn may lead to a cascade of
structural alterations (e.g. site-specific oxidation, di-tyrosine cross-
linking) that make AS more prone to aggregate (Fig. 6B).

6. Structural details of Cu(I) coordination to AS

As mentioned in the previous section, Cu(II)/Cu(I) redox cycle
and the formation of ROS catalyzed by metal amyloid complexes
may be a key event in neurodegeneration. However, most of
the studies on the interaction of copper with amyloid proteins,
including AS and A3 peptide, have been aimed at elucidating the
coordination environment of Cu(ll) bound to the protein. And,
although some work has focused on the ROS reactions catalyzed by
the copper complexes, information regarding the structure, affin-
ity and reactivity of the protein-Cu(I) complexes is scarce. Only
recently it was shown that the monomeric soluble form of the amy-
loidogenic AP peptide binds Cu(I) in a linear bis-His geometry that
is kinetically slow to react with oxygen to form ROS [68,159-161].
While the affinities of monomeric AR for Cu(II) range widely in the
literature (10~11-10-2 M) [54], the dissociation constant reported
by the group of Szalai for the AB—Cu(I) complex is in the femtomolar
range [162]. Thus, it has been speculated that AR-Cu(I) might be the
dominant species in vivo, as part of a neuroprotective mechanism
for the adduct formed between the amyloid peptide and the metal
ion [160,162]. However, reevaluation of Cu(I) affinity for amyloid
A peptide by a new competition assay has challenged this view,
indicating that the dissociation constant for the AB-Cu(I) complex
would be in the submicromolar range [163].

Such important and unresolved issues of the bioinorganic chem-
istry of neurodegenerative diseases need to be addressed. For PD,
two recent studies have shed some light into these questions.
The occurrence of an associated Cu(I)/dioxygen chemistry during

AS fibril formation became evident from extended X-ray absorp-
tion fine structure (EXAFS) analysis of soluble and aged AS-copper
complexes. These studies showed that AS partially reduces (~20%)
Cu(Il) ions bound to the high affinity site in an anaerobic environ-
ment [148]. Reduction of Cu(Il) to Cu(I) by AS and the formation of
a AS-Cu(I) complex was indicated by the appearance of a charac-
teristic pre-edge Cu(I) absorption feature in the X-ray absorption
near edge structure (XANES) spectrum of Cu(II) loaded AS samples
upon fibril formation. Since the primary Cu(Il) binding motif of AS at
the N-terminus contains two nearby Met residues (MDVEM?), the
autoreduction of Cu(II) to Cu(I) was proposed to be mediated by an
electron transfer pathway initiated by Met oxidation. Furthermore,
while the monomeric AS-Cu(I) complex is a stable unreactive form
of the copper-protein interaction process under anaerobic condi-
tions; in the presence of O,, the generation of ROS and di-tyrosine
cross-linking is greatly enhanced by protein-bound Cu(I) [148].

On the other hand, detailed knowledge of the structural, affinity
and binding features of Cu(I) to AS has been reported recently at
single-residue resolution by an NMR-based study [149], where an
excess of ascorbate was used to reduce AS-Cu(II) to AS-Cu(I). It had
been shown previously that AS-Cu(ll) complexes can be reduced
directly by ascorbate [150], and high levels of this reductant agent
are found in the intracellular milieu of neurons [147]. A series of 2D
and 3D heteronuclear NMR experiments recorded in the presence
of increasing concentrations of the metal ion revealed the presence
of Cu(I) binding sites at the N- and C-terminal regions of AS with dif-
ferent affinities (Fig. 7A) [149]. A comparative spectroscopic study
involving the analysis of point-directed mutants and C-terminal
truncated species of AS located the high affinity site in the vicinity of
Met-1 and Met-5 residues (Fig. 7B). Lower affinity sites were iden-
tified around the sole His residue at position 50 and at the region
comprising residues 115-130 (Met residues are located at positions
116 and 127 of the C-terminus of AS).

The NMR-determined dissociation constant (Kz~2 x 1076 M)
for Cu(I) bound to the high affinity site is fully consistent with the
well-documented binding of Cu(I) to a coordination environment
that involves sulfur atoms of two or three Met residues [164-166].
Indeed, mass spectrometry of oxidative damage products indicates
that Cu(II)/Cu(I) redox cycling catalyzes efficiently the oxidation of
the TMDVFMK® peptide at the Met-1 and Met-5 positions [149], as
reported previously for AS peptide samples exposed to Cu(Il) and
hydrogen peroxide [151,152].

Altogether, the data discussed here demonstrate conclusively
that AS binds Cu(I) with relatively high affinity in a coordination
environment that involves the sulfur atoms of Met-1 and Met-5
residues as the main anchoring moieties (Fig. 7B and C). Further-
more, in the presence of O,, the Cu(I) complex can catalyze the
oxidation of Met-1 and Met-5 to methionine sulfoxide. Assum-
ing that the dissociation constants reported for the high affinity
AS-Cu(ll) site range between 1010 and 10~2 M, the results dis-
cussed here indicate that the affinity of monomeric AS for Cu(I)
is smaller than that for Cu(Il). The different coordination environ-
ments of the copper ion in the two redox states might imply also a
large reorganization energy. Detailed information on the kinetics of
the AS-Cu(I)/AS-Cu(Il) redox process and its reactivity with dioxy-
gen is thus required, in order to understand the role that AS-copper
interactions play in the metal-mediated oxidative damage associ-
ated with the pathophysiology of PD.

7. Biological implications and future directions

This review presents a detailed structural description of the
interactions of AS with divalent metal ions. The comparative anal-
ysis between Cu(Il) and other divalent metal ions demonstrate
conclusively a hierarchal effect of AS-metal interactions on AS
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Fig. 7. NMR analysis of Cu(I) binding to AS. (A) Overlaid "H-'>N HSQC spectra of
wt AS in the absence (red) and presence of Cu(I) (blue). (B) Overlaid 'H-'3C HSQC
spectra of "MDVFMK® AS peptide in the absence (red) and presence of Cu(l) (blue).
The NMR assignments of those resonances affected significantly by the presence of
the metal ion are indicated (labels and black arrows). (C) Schematic representation
of Cu(I) coordination environment in the high affinity site of AS. The involvement of
the aNH, group of Met-1 residue as metal ligand is currently under evaluation.

aggregation kinetics, dictated largely by structural factors corre-
sponding to different protein regions. While divalent metal ions
interact at a non-specific, low-affinity binding interface at the C-
terminus of AS, copper binds with high affinity at the N-terminal
region and it is the most effective metal ion in accelerating AS
filament assembly. The structural characterization of copper coor-
dination to AS and the affinity features of the protein-metal
complexes formed have been also comprehensively discussed.
Clearly, further research is needed on this area to reconcile the
reported discrepancies; however, they do not obscure the fact the
copper binding to AS is a highly specific event compared to other
metal ions. The evidences reported indicate that the effect of copper
on AS aggregation in vitro is not related neither to specific histidine
binding nor to the general factor usually invoked for AS aggregation
such as the interaction with clusters of negatively charged residues
at the C-terminal region. Instead, the copper-enhanced AS amyloid
formationis adirect consequence of the formation of the AS-copper
complexes at the 'MDVFM?> sequence, located at the N-terminal
region of the protein. Different mechanisms have been proposed
for the amyloid-promoting effect exerted by divalent metal ions

on AS; among them, the site-specific copper catalyzed oxidation of
AS, modulated by the direct coordination of Cu(Il) and Cu(I) ions to
the TMD? and 'M-M?® motifs in the AS sequence mentioned above,
appears as the most physiologically relevant to the onset of PD.

The development of the bioinorganic chemistry and struc-
tural biology of AS amyloid diseases in the last years has allowed
researchers to perform a comparative analysis with other copper-
binding proteins involved in neurodegenerative disorders. This
analysis suggests that the interaction of AS with copper ions is
likely to occur in vivo; indeed some researchers speculated also
about a functional role of AS as a metalloprotein involved in metal
homeostasis [167]. Strictly speaking, both AS and copper are highly
abundant in brain tissue: AS accounts for approximately 1% of the
total protein content in the striatum [126], while copper concen-
tration in the brain is in the micromolar range [127]. Even if the
intracellular copper pools are regulated by binding to ligands of var-
ious affinities, the coordination of copper these ligands is labile and
subject to fluctuations under certain adverse circumstances [168].
According to the range of affinities reported for the AS-copper
complexes, the concentration of copper in neurons under such
adverse conditions might be sufficient to contribute to abnormal
interactions with a highly abundant protein as AS, leading to neu-
rodegeneration.

Future research must aim to add more biological significance to
the prominent advances in the bioinorganic chemistry of AS; for
instance, the role of copper ions has to be related to the molec-
ular biology and biochemistry of PD. In order to unravel the role
of this metal ion in AS aggregation, the coordination chemistry
of copper bound to the several aggregation states accessible to
AS has to be investigated; these include the proposed helically
folded AS tetramer, the intrinsically disordered monomer, the
tetramer/monomer bound to membranes, pre-fibrillar oligomeric
species and fibrillar forms. As it is strictly related to these studies,
future research has to be oriented to explore the redox chem-
istry accessible to these copper complexes in neurons (extracts
or intact cells), and the possible mechanisms of toxicity associ-
ated with these species. Finally, the consequences of more complex
scenarios (i.e. post-transductional modifications of AS) than those
conceivable on the basis of the coordination chemistry of individual
metal ions needs to be explored. Indeed, it has been reported that
in vitro phosphorylation of AS and synthetic peptides based on the
C-terminal sequence of the protein influences the affinity for metal
ions such as Fe(II)/Fe(Ill) and AI(IIl) [169-171]. Re-evaluation of
these conclusions under more physiologically relevant conditions
would be then highly desirable.

These fascinating possibilities will face the test of scientific chal-
lenge in the next few years, but could relocate biometals such as
copper from their current positions of marginal interest in neuro-
science toward a much more mainstream position.
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