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ABSTRACT: Amyloid aggregation of a-synuclein (AS) has
been linked to the pathological effects associated with
Parkinson’s disease (PD). Cu' binds specifically at the N-
terminus of AS and triggers its aggregation. Site-specific Cu'-
catalyzed oxidation of AS has been proposed as a plausible
mechanism for metal-enhanced AS amyloid formation. In this
study, Cu' binding to AS was probed by NMR spectroscopy, in
combination with synthetic peptide models, site-directed
mutagenesis, and C-terminal-truncated protein variants. Our
results demonstrate that both Met residues in the motif
"MDVEM? constitute key structural determinants for the high-
affinity binding of Cu' to the N-terminal region of AS. The
replacement of one Met residue by Ile causes a dramatic
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decrease in the binding affinity for Cu', whereas the removal of both Met residues results in a complete lack of binding.
Moreover, these Met residues can be oxidized rapidly after air exposure of the AS-Cu' complex, whereas Met-116 and Met-127 in
the C-terminal region remain unaffected. Met-1 displays higher susceptibility to oxidative damage compared to Met-5 because it
is directly involved in both Cu" and Cu' coordination, resulting in closer exposure to the reactive oxygen species that may be
generated by the redox cycling of copper. Our findings support a mechanism where the interaction of AS with copper ions leads
to site-specific metal-catalyzed oxidation in the protein under physiologically relevant conditions. In light of recent biological
findings, these results support a role for AS—copper interactions in neurodegeneration in PD.

B INTRODUCTION

The misfolding of proteins into a toxic conformation is
proposed to be at the molecular foundation of a number of
neurodegenerative disorders including Creutzfeldt-Jakob’s
disease, Alzheimer’s (AD), and Parkinson’s disease (PD).'
One common and defining feature of protein misfolding
diseases is the formation and deposition of protein aggregates
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in various morphologies, including amyloid fibrils.” Neuro-
degeneration in PD is characterized by the progressive loss of
dopaminergic neurons in the substantia nigra and by the
presence of amyloid fibrillar cytoplasmic aggregates, known as
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Lewy bodies, in multiple brain regions, containing the protein
a-synuclein (AS).>~3

AS comprises 140 amino acid residues distributed in three
different regions (Figure S1 in the Supporting Information, SI):
the N-terminal region, which encompasses residues 1—60,
includes the imperfect repeats KTKEGV and is involved in lipid
binding;®® the highly hydrophobic self-aggregating sequence
known as NAC (nonamyloid # component, residues 61—95),
which initiates fibrillation;” the acidic C-terminal region, which
encompasses residues 96—140, is rich in Pro, Asp, and Glu
amino acids, and is essential for blocking rapid AS filament
assembly.'°~"? In its monomeric, intrinsically 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 interactions that
have been shown to favor aggregation-autoinhibited conforma-
tions.”>~'® These intramolecular contacts in AS are mainly
established between the C-terminus and the NAC region
(hydrophobic interactions) and between the C- and N-terminal
regions (electrostatic interactions).>~"

Although it remains unclear how AS can initiate neuronal
death, there is growing evidence that supports a role for AS
aggregation in the pathological effects associated with PD."?~**
Protein—metal interactions play an important role in AS
aggregation and might represent a link between the
pathological processes of protein aggregation, oxidative damage
in the brain, and neuronal cell loss.>>~' The involvement of
metal ions in PD was first proposed based on the fact that iron
deposits were identified in Lewy bodies®* and elevated copper
concentrations were found in the cerebrospinal fluid of PD
patients.”® Furthermore, epidemiological research indicates that
individuals with chronic exposure to copper or iron display an
increased rate of PD,** whereas the 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.”™

Recent biophysical and structural studies demonstrated that
the effect of metal ions on AS fibrillation is determined by their
binding properties.””*"*>~3” Moreover, the strong link between
the affinity of metal binding to AS and effectiveness in
accelerating AS filament assembly revealed a hierarchy of AS—
metal interactions dictated by structural determinants. Overall,
the specificity of copper binding to AS indicates that the
mechanism through which copper impacts AS aggregation
differs significantly from that exerted by other metal
ions.2*73>383% Therefore, the coordination chemistry of
copper bound to AS has deserved a lot of attention in the
past few years.

Most of the studies on the interaction of copper with AS
have been aimed at elucidating the coordination environment
of Cu" bound to the protein,27’ 2=% and although some studies
have investigated the reactive oxygen species (ROS) reactions
catalyzed by the copper complexes, information regarding the
structure, affinity, and reactivity of the AS-Cu' complexes is
scarce.”” The occurrence of associated Cu'/dioxygen chemistry
and the description of the binding features of Cu' to AS have
been reported recently.*** In addition, cyclic voltammetry
showed that AS-Cu' complexes can undergo reoxidation with
generation of H,0, and other ROS that are toxic to
dopaminergic cultured cells.*® Thus, elucidation of the
residue-specific basis determining Cu' coordination to AS is
central to establishing a connection of the AS-Cu'/AS-Cu"
structural-affinity features with the mechanistic basis (ie.,
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oxidative damage) behind the metal-enhanced AS amyloid
assembly.

Here we report a detailed structural characterization of Cu'
binding to the 'MDVFM?® sequence in the N-terminal region of
AS, identified as the high-affinity copper binding site.** NMR
spectroscopy, in combination with site-directed mutagenesis, C-
terminal-truncated protein variants, and synthetic peptide
models, was used. Our data demonstrate that both Met
residues constitute key structural determinants for the
preferential binding of Cu' to the N-terminal region of
AS,*** resembling that of the MX;M motifs in copper-
transport proteins. We further showed that the Met residues
located in the '"MDVEM® motif can be oxidized rapidly after
Cu' binding and air-exposure conditions, whereas Met residues
at positions 116 and 127 in the C-terminal region of AS
remained unaffected under the experimental conditions.
Overall, the different oxidation rates observed for Met residues
correlated very well with their affinity features for Cu'.

The high-resolution structural and molecular information
emerging from this work demonstrates the occurrence of a site-
specific copper-catalyzed oxidation in the protein AS under
physiologically relevant conditions, which in the light of recent
biological findings supports a role for copper—AS interactions
in neurodegeneration in PD.

B EXPERIMENTAL SECTION

Proteins and Reagents. The proteins AS and its variants 1-108
HSO0A AS and 1-108 MSI/HSOA AS were prepared as previously
described.? Purified proteins were dialyzed against buffer A (20 mM
MOPS, 100 mM NaCl, pH 7.4), all treated with Chelex (Sigma).
Peptide '"MDVEFMK® (P1AS) and its variants 'IDVEMK® (M11 P1AS),
IMDVFIK® (MSI PIAS), and 'IDVEIK® (MI1I/MSI P1AS) were
synthesized in the solid phase (Rink amide resin) using F-moc
chemistry. They were purified by reverse-phase high-performance
liquid chromatography (HPLC; Waters Delta 600) and characterized
by HPLC and electrospray ionization time-of-flight mass spectrometry
(ESI-TOE-MS; Agilent; Figure S2 in SI). Peptides were amidated at
the C-terminal carboxylate group, while the a-NH, terminal was left
unmodified. The absorption extinction coefficients of the peptides
were determined using a calibration curve prepared in buffer A,
weighing out dry peptide samples. The absorption extinction
coefficient for all of the peptides used was 11500 cm™" M at 214
nm and was used to determine the peptide concentration in each
sample.

Generation of the Cu' Complexes. To obtain the Cu! complexes
with AS (50—100 uM) and peptides (50—300 pM), the Cu"
complexes were first prepared and then reduced with 6—12 and 6—
35 mM ascorbic acid, respectively. Ascorbic acid was added from a 0.5
M stock solution. After pH adjustment, samples were treated with a
flow of N, for 5 min to generate a N, atmosphere. The reduction of
copper(II) protein/peptide complexes with ascorbic acid, as shown in
eq 1, was followed by a decrease of the characteristic d—d transition
band in the UV—vis spectrum, as previously described.** Spectra were
recorded at 15 °C on a Jasco V-550 spectrophotometer.

ascorbic acid + 2AS-Cu”!

— dehydroascorbic acid + 2H™ + 2AS-Cu' (1)

Metal-Catalyzed Oxidation. The induction of oxidative damage
on peptide and protein samples was monitored by NMR and matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry. NMR spectra of AS-Cu' complexes were recorded
after 2—25 h of air exposure and the addition of 5 mM
ethylenediaminetetraacetic acid (EDTA).** For MALDI-TOF analysis,
samples were also treated with EDTA and mixed 1:1 with a matrix
solution (10 mg/mL of a-cyano-4-hydroxycinnamic acid in 50%
aqueous acetonitrile containing 0.1% trifluoroacetic acid).
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Figure 1. NMR analysis of Cu' binding to AS peptides. Overlaid 2D '"H—"H TOCSY NMR spectra of P1AS, MSI P1AS, M1I P1AS, and M11/MSI
P1AS in the absence (red) and presence (green) of 1 equiv of Cu’. All experiments were recorded on 300 M peptide samples dissolved in buffer A

at 15 °C.

NMR Spectroscopy. NMR spectra were acquired on a Bruker
Avance II 600 MHz spectrometer using a triple-resonance probe
equipped with z-axis self-shielded gradient coils. 2D 'H—"C HSQC
and 'H—"H TOCSY NMR spectra were registered at 15 °C on 50—
100 uM protein (isotopically enriched in '*C) and 50—300 uM
peptide samples dissolved in buffer A, in the absence and presence of
the metal ion. With the exception of the metal-catalyzed oxidation
studies, NMR tubes sealed under a N, atmosphere were used in all
cases.

'"H-C HSQC and 'H-'H TOCSY NMR cross peaks affected
during metal titration experiments were identified by comparing their
chemical shift values with those of the same cross peaks in the data set
of samples lacking metal ion. Differences in the mean weighted
chemical shift (MWACS) displacements for 'H and *C were
calculated as [(AS'H)? + (A8%C/4)%]V2* Acquisition, processing,
and visualization of the NMR spectra were performed using TOPSPIN
2.1 (Bruker) and Sparky.

The affinity features of Cu' binding to the different protein and
peptide variants were determined from 1D 'H and 2D 'H-"*C HSQC
NMR experiments on protein/peptide samples recorded at increasing
concentrations of the metal ion. Changes in the chemical shift values
of amide and aliphatic resonances of Met-1, Val-3, Phe-4, and Met-5
residues were fit to a model incorporating one Cu' ion per molecule, as
shown in eq 2 (with apparent dissociation constant Kj), using the
program DynaFit.>°

PIAS-Cu' & PI1AS + Cu' K )
The reported K values assume that disproportionation of Cu' and/or
precipitation of Cu(OH) and Cu,O did not occur or were extremely
low under the experimental conditions of our studies. The absence of
line broadening in the NMR spectra, indicative of the formation of
paramagnetic Cu" jons or molecular precipitates, supports this
assumption.

B RESULTS

Structure-Affinity Determinants of the High-Affinity
Cu' Binding Site in AS. The details of Cu' binding to the
'MDVFM® motif in the N-terminal region of AS (site 1),
identified as the high-affinity copper binding site,* were
explored at single-residue resolution using NMR spectroscopy.
In order to assess the role of methionine residues (Met) in
metal complexation to the site, we first compared the binding
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features of Cu' to the synthetic peptide '"MDVFMK® (P1AS)
and the variants M1I P1AS, MSI P1AS, and M1I/MSI P1AS.
These Ile variants were used as Met mimics that lack metal-
coordinating capabilities because of the absence of the sulfur
atom.

The backbone amide regions of 1D 'H and 2D 'H-'H
TOCSY NMR spectra of the P1AS variants in the absence and
presence of Cu' are shown in Figure 1. Although the amide
resonances of Met-1 and Asp-2 cannot be detected in these
experiments because of solvent-exchange effects, the spectral
region contains well-resolved spin systems for the other
residues and thus constitutes an excellent probe to analyze
the interaction process. As reflected by Figure 1, the 1D and 2D
resonances assigned to the amide proton of Phe-4 and Met-5 of
P1AS were the most affected by the presence of the metal ion.
The resonance corresponding to the amide proton of Val-3 was
also affected, although to a lesser extent, whereas no changes in
the signals belonging to Lys-6 were observed. On the contrary,
the effects of Cu' binding were less pronounced in the peptide
variants lacking one of the Met residues. In those cases, only a
small shifting of the Val-3 and Phe-4 resonances was detectable
because of Cu' complexation with the MSI P1AS and MII
P1AS peptides, respectively (Figure 1). In all cases, the addition
of EDTA abolished the changes induced by the metal ion,
confirming the reversibility of the interaction (data not shown).
Finally, we noted the lack of interaction of Cu' with the double
mutant peptide M1I/MSI P1AS, demonstrating the complete
loss of Cu' binding to site 1 of AS upon the replacement of
both methionine residues in the sequence by isoleucine.
Moreover, the absence of line broadening in the NMR signals
of this double mutant demonstrates that all of the copper added
is in the Cu' state under the experimental conditions of our
studies.

We further characterized the interaction of Cu' with P1AS
and the mutant variants by inspecting the aliphatic and methyl
regions in the corresponding NMR spectra (Figure 2). The 1D
"H NMR experiments shown in Figure 2 indicate clearly that
the degree of perturbation induced by Cu' on the S—CHj,
resonances of the Met-1 and Met-S residues decrease
substantially in the variants M1I P1AS and MSI PI1AS
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Figure 2. NMR analysis of Cu' binding to AS peptides. 1D 'H NMR
spectra (2.0—2.9 ppm) of AS peptides in the absence (red) and
presence (green) of 1 equiv of Cu'. Changes in the chemical shifts
(AS) corresponding to the He protons in the S—CH; groups of the
Met-1 and Met-5 residues are identified (2.0—2.4 ppm). In addition,
the spectral regions of Hy protons of Met residues in their
uncomplexed and complexed forms are also shown (2.4—2.9 ppm).
All experiments were recorded on 300 M peptide samples dissolved
in buffer A at 15 °C.

compared to the P1AS peptide. These results confirm that the
effects observed on the amide groups of the P1AS species in the
presence of Cu' reflect the direct interaction of the metal ion
with the sulfur atoms of the Met-1 and Met-S residues,
consistent with the binding preferences of Cu' to the sulfur
atoms of the Met residues in metalloproteins. Altogether, our
data allow us to conclude that the presence of both Met
residues is key to the binding of Cu' to site 1 because
coordination of Cu' to that site is strongly reduced upon
replacement of one of the Met residues, whereas a complete
loss of metal binding is observed when both Met residues are
absent.

To assess the impact of Met replacement on the affinity
features of Cu' binding to site 1, we determined the dissociation
constants of Cu' complexed to P1AS and its variants using
chemical shift data from the 1D 'H and 2D 'H-'H TOCSY
NMR experiments. The resonances corresponding to the S—
CH; groups of Met-1 and Met-S, the backbone amide proton of
Met-5, and the Hy proton of Val-3 and H3—HS protons of
Phe-4 are all well-resolved over the entire Cu' titration
experiments and thus well-suited for calculation of the
dissociation constant (Kj). Figure 3 shows the binding curves

4353

0.25

. {014
0.10 &,

008 T
0.201

0.02

0 400 600 800 1000

0
0.154 [Cu(l)] (uM)

A3 'H (ppm)

0.10

0.05

o

T
120 140 160

Figure 3. Affinity features of Cu' binding to AS peptides. The panel
shows the binding curves of Cu' to P1AS (50 M), as monitored by
changes in the chemical shifts (AS'H) of the He protons of Met-1 and
Met-S (O), the Hy proton of Val-3 (A), the H3—HS protons of Phe-4
(¥), and the HN proton of Met-S (®). The inset shows the binding
curves of Cu' to MSI P1AS and M1I P1AS (200 4M), as monitored by
changes in the chemical shifts (A5'H) of the He protons of Met-1 (@)
and the He protons of Met-S (O), respectively. Curves represent the
fit to the models described in the text, using the program DynaFit. All
experiments were recorded on peptide samples dissolved in buffer A at
15 °C.

of Cu' to P1AS and the variants M11 P1AS and MSI P1AS. The
NMR-derived apparent affinity for the complex of Cu' with
P1AS was 20 + 2 uM, whereas values of 200 + 20 and >500
UM were estimated from the data measured for the MSI P1AS
and MI1I P1AS variants, respectively.

To confirm the findings derived from our analysis of Cu'
binding to peptide models, we then analyzed the structural and
affinity features of the Cu' complex with the '"MDVFM® motif
in the N-terminal region of the protein AS. To this purpose, we
used "C isotopically enriched HS0A and MSI/HS0A mutants
of the C-terminal-truncated (aal-108) AS protein. Instead of
the full length protein, we chose to study these variants because
the presence of the lower-affinity HisSO and C-terminal Cu'
binding sites unnecessarily crowds the spectral region under
study and complicates analysis. The 'H—"3C correlations
corresponding to the y-CH, and S—CHj; groups of the Met
residues in the 'MDVFM"® sequence were detected by 2D
'"H-"*C HSQC NMR experiments, and their chemical shifts
were measured in the absence and presence of increasing
concentrations of Cu' ions (Figure 4). From these experiments,
the NMR-derived affinity for the complex of Cu' with the
HS0A 1-108 AS variant was 17 + 2 uM, whereas a value of 190
+ 30 uM was estimated from the data measured for the MSI/
HSO0A 1-108 AS mutant. Overall, these data demonstrate that
the structure-affinity determinants for Cu' binding observed in
the synthetic peptide models are preserved in the protein.

Site-Specific Copper-Catalyzed Oxidation of AS.
Because Met residues are one of the preferred targets in
proteins under conditions of site-specific metal-catalyzed
oxidation, we also investigated the occurrence of oxidative
damage in Cu'-bound AS samples under aerobic conditions,
followed by treatment with EDTA. The protein AS contains
four Met residues distributed in the N-terminal (Met-1 and
Met-S) and C-terminal (Met-116 and Met-127) regions, whose
S—CHj, (He) proton resonances were assigned unambiguously
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Figure 4. NMR analysis of Cu' binding to the protein AS. Overlaid
'"H-3C HSQC NMR spectra of 1-108 HS0A AS (50 uM) in the
presence of increasing Cu' concentrations: red (0 uM), green (10
uM), purple (20 uM), orange (S0 M), cyan (75 uM), and blue (150
uM). The inset shows the overlaid "H—'*C HSQC NMR spectra of 1-
108 MSI/HS0A AS (100 uM) in the presence of increasing Cu'
concentrations: red (0 yM), green (50 uM), orange (300 M), and
blue (450 uM). All experiments were recorded in buffer A at 15 °C.

by comparing the 1D "H NMR spectra of the different protein
and peptide variants studied in this work (Figure SA). Upon
complexation with Cu' and air exposure, a substantial decrease
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Figure 5. Copper-mediated oxidation of AS. 1D 'H NMR spectra of
AS (100 M) in the absence (A) and presence (B) of 1 equiv of Cu,
followed by 5 h of air exposure and the addition of 5 mM EDTA.
Signals corresponding to the He protons of the methyl groups of Met
residues at the N- and C-terminal regions are identified. (C) Overlaid
'"H-"C HSQC NMR spectra of 1-108 HS0A AS (100 uM) in the
unmodified (blue) and oxidized (red) forms. The changes in the
intensities of the "H—'2C correlations of S—CH, groups indicate that
copper-catalyzed oxidation of Met-1 is faster than that of Met-S. NMR
experiments were recorded in buffer A at 15 °C, after the addition of 5
mM EDTA.
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in the intensity of the signals of the S—CHj groups of the N-
terminal Met residues was observed in AS samples treated with
EDTA, compared to metal-free protein samples. In contrast, S—
CH,; resonances of the C-terminal Met residues remained
almost unaffected (Figure SB). Although a decay in the
intensity of the N-terminal Met resonances might be indicative
of the occurrence of oxidative damage at the Met-1 and Met-5
positions of AS, the severe signal overlapping that characterizes
the 1D 'H NMR spectra of protein samples did not allow us to
identify a new set of resonances derived from oxidized
methionine residues.

To gain further insight into the mechanistic basis behind the
changes observed by 1D NMR, we performed 'H—'*C 2D
HSQC NMR experiments on the '*C isotopically labeled C-
terminal-truncated form of AS bearing the HSOA mutation. The
"H-C correlations belonging to the S—CHj groups of the
Met-1 and Met-S residues in their free, metal-complexed, and
oxidized states were well-resolved and could be assigned
unambiguously (Figure SC). The experiments clearly showed
the appearance of new resonances at 'H and "*C chemical shifts
that are typical of S—CH; groups of methionine residues in
their sulfoxide form (Figure 5C),>"*? in tandem with
attenuation of the methyl correlations of residues Met-1 and
Met-§ in its unmodified, metal-free form. Methionine oxidation
to sulfoxide was further confirmed by MALDI-TOF analysis for
MI1I P1AS and MSI P1AS (Figure S3 in the SI), as was
previously reported for the P1AS peptide.** Interestingly,
comparative analysis of the intensities of the Met-1 and Met-S
resonances before and after air-exposure conditions points to a
much faster oxidation of Met-1. Indeed, at the end point of our
experiment, we could still detect the He—Ce cross peak
corresponding to unoxidized Met-S (~15%), while that of Met-
1 had completely vanished (Figure SC).

To shed more light onto the details of the AS oxidation
process, we then studied the time-dependent oxidation of the
CuI—complexed forms of the P1AS, MSI P1AS, and M1I P1AS
peptides under aerobic conditions. The intensities of the S—
CHj; resonances of methionine in its sulfoxide forms were used
to obtain semiquantitative data (Figure S4 in the SI). From
inspection of the S—CHj; resonances of the P1AS peptide, it
became evident that oxidation of Met-1 and Met-S is complete
after 24 h of air exposure (Figure 6A). However, time-resolved
analysis revealed that the oxidation rate is at least two times
faster for Met-1 (t,, ~ 7 h) than for Met-5 (t,,, ~ 15 h; Figure
6A,B). In contrast, the results obtained from analysis of the MSI
P1AS and M1I P1AS variants after 24 h of incubation showed
that oxidation only progresses up to 40% and 10%, respectively
(Figure SS in the SI).

B DISCUSSION

The details of Cu' binding to the high-affinity interface of AS
were studied by NMR spectroscopy, in combination with
synthetic peptide models, site-directed mutagenesis, and C-
terminal-truncated protein variants designed especially for this
purpose. Our results demonstrate conclusively that both Met
residues in the motif 'MDVFM?® are key to the high-affinity
binding of Cu' to the N-terminal region of AS, consistent with
the preference of the soft cation Cu' for sulfur ligands.*>>
Indeed, when we replaced one Met residue by nonsulfur amino
acids as in the MII and MSI variants, the affinity for the
interaction decreased dramatically, whereas the removal of both
Met residues resulted in the complete lack of binding. These
results are in full agreement with previous reports aimed to

dx.doi.org/10.1021/ic4031377 | Inorg. Chem. 2014, 53, 4350—4358
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Figure 6. Metal-catalyzed oxidation of the P1AS peptide monitored by
NMR. (A) Time evolution of 1D "H NMR spectra of the P1AS
peptide in the presence of 1 equiv of Cu' under aerobic conditions.
Detection of a doublet for oxidized Met-1 He protons is due to the
presence of the R and S diastereoisomers, as previously reported.”””®
(B) Oxidation of Met residues as a function of time monitored by
integrating the signals corresponding to the He protons of Met-1
(black bars) and Met-S (gray bars) in their sulfoxide states. All
experiments were recorded on 100 yM peptide samples dissolved in
buffer A at 15 °C.

understand the Cu' binding features of Met-only sites, where
interaction with the metal ion occurs exclusively via
coordination of the thioether groups.*” Using model peptides
mimicking the sequences of the yeast Cu' transporter Ctrl and
the bacterial copper-resistant protein PcoC, those studies
showed that sequences of the type MTGMKGMS were able to
coordinate Cu!, with dissociation constants ranging between 2
and 11 uM, in a coordination arrangement that involves the
sulfur atoms of three Met residues.*’ Interestingly, the removal
of one of these Met residues resulted in a Met(S)-Cu'-(S)Met
complex with weaker affinity features, in the 20—40 yM range.
The comparable affinities for the Met(S)-Cu'-(S)Met complex
in Met-only coordination peptides and the one reported in our
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work for the Cu' binding sequence 'MDVFM? indicate that Cu'
binding to P1AS likely occurs exclusively via the Met-1 and
Met-$ sulfur atoms. Although human AS has been proposed to
be predominantly acetylated at the N terminus in vivo, no
substantial changes in the Cu' binding features of the protein
are expected to occur according to the coordination properties
reported here. Further support for the formation of a Met(S)-
Cu'-(S)Met complex arises from the fact that mapping of the
P1AS—Cu' interaction through chemical shift measurements
revealed that major changes were centered at the Hy and He
protons of the Met-1 and Met-S residues (Figure S6 in the SI),
consistent with a previous study where Ag' was used as a probe
for Cu' binding at the N terminus of AS*

The Ky values measured here indicate a low binding affinity
of AS for Cu'; however, the intracellular environment may
provide the conditions for copper ions to be complexed by AS.
Indeed, AS is abundantly expressed in the brain, and local
intracellular concentrations in the range of ~20—100 M have
been reported.”>*® Additionally, intracellular copper concen-
trations can reach up to 15 #M in brain synaptosomes and
~300 uM in synaptic vesicles,””>® where AS is enriched.>
These concentrations might be even higher under pathological
conditions where the normal metabolism of copper would be
perturbed, as reported for several neurodegenerative disor-
ders.” Although the concentration of free intracellular copper
is expected to be very low because of its coordination to
metalloproteins and chaperones, there is growing evidence for
the presence of a pool of dynamic copper ions that are loosely
bound to different metabolites and could become available to
interact with AS.°*°" Finally, copper-transport proteins, such as
Ctrl, that coordinate Cu' via Met-only sites at the membrane
show binding affinities in the same order as those reported here
for AS.*"*® Overall, these works suggest that conditions could
be met for the formation of AS-Cu' complexes in the
intracellular environment.

As reported by several co-workers, oxidative modifications of
AS were proposed to play a role in its amyloid aggregation and
numerous studies were devoted to understanding the structural
and cellular consequences of AS oxidation.”>* In the particular
case of Met-involved oxidation, it was suggested that this
modification inhibits amyloid fibril formation but promotes the
formation of stable AS oligomers.m_68 In addition, a recent
work by Bax and collaborators demonstrated that the lipid-
mediated oxidation of AS at the Met-1 and Met-S residues
substantially affected the membrane-binding properties of the
protein.®” Added to the fact that oxidation of AS is able to
inhibit the degradation of oligomers by the autophagy
pathway,>”° this evidence was used to hypothesize that
oxidation of AS at Met residues might lead to an increase in the
concentration of cytosolic AS that could readily oligomerize.®®
Moreover, from the pool of cytosolic enzymes that are involved
in the repair of methionine sulfoxide modifications®”"7*—
MsrA and MsrB—the MsrA enzyme was able to repair
efficiently only those oxidative modifications affecting Met-S,
being almost inactive against the Met-1 sulfoxide form of AS.*”
This biological evidence indicates that a complex balance of AS
species might exist in cells under oxidative conditions, and thus
knowledge of the mechanistic basis behind the formation of
such species is key to understanding the molecular events
leading to amyloid aggregation of AS in PD.

To shed light onto the role that metal-catalyzed oxidation
might have in the formation of the oxidized species referred to
above, we also studied the copper-mediated oxidation of AS. In

dx.doi.org/10.1021/ic4031377 | Inorg. Chem. 2014, 53, 4350—4358



Inorganic Chemistry

our studies, we used ascorbic acid as the reducing agent because
(a) ascorbic acid was shown to be an efficient reductant of Cu"
sites in metalloenzymes and amyloidogenic proteins,*””* (b)
according to the redox potential of the AS-Cu' complex
reported recently (E 0.018 V vs Ag/AgCl), it was
demonstrated that ascorbic acid (E = —0.145 V vs Ag/AgCl)
can directly reduce AS-Cu" to AS-Cu',** and (c) high levels of
ascorbic acid were reported in the intracellular milieu of
neurons.”*”* Our experiments demonstrated that the formation
of AS—copper complexes in the low micromolar range, under
conditions that favor the redox cycle of the Cu'/Cu" couple, led
to the selective oxidation of Met-1 and Met-5 residues, while no
significant oxidation of the C-terminal Met residues was
observed. These results reflect the preferential binding of
copper ions to the N-terminal region of AS compared to the
negatively charged C-terminal interface,>**** indicating that
under the experimental conditions of our studies only the N-
terminal sites involving Met-1 and Asp-2 for Cu" binding and
Met-1 and Met-5 for Cu' binding would be significantly
populated. The observed results are also consistent with the
well-known susceptibility of the Met residues to oxidation, and
the transient nature of the ROS generated by the redox cycle of
copper ions, capable of oxidizing only amino acids in the
vicinity of the metal complex.

Overall, our results indicate that the oxidation rate of Met
residues was strongly reduced in the M1I P1AS and MSI P1AS
variants compared to the P1AS peptide containing the
sequence 'MDVFM® (Figure SS in the SI). In particular, in
the '"MDVFM® motif, the Met-1 residue proved to be more
susceptible to oxidation than Met-5, as shown in Figure 6.
Whereas the different oxidation rates observed for Met residues
in the peptide variants—P1AS > MSI P1AS > MII P1AS—
correlate very well with their affinity features for Cu', the higher
susceptibility of Met-1 to oxidative damage compared to Met-$
in the P1AS peptide could be explained on the basis that Met-1
is directly involved in both Cu" and Cu' coordination, resulting
in a closer exposure to the ROS generated by the redox cycling
of copper in the metal sites. Moreover, the high susceptibility of
Met-1 to oxidation might reflect the existence of a redox-active
AS-Cu' state populated by a transient conformer in which
interaction of Met-1 with the metal ion is strongly favored.
Indeed, the formation of a redox-active, low-populated AS-Cu'
conformer that is able to undergo fast electron transfer and
catalyzes ROS production was reported very recently.”® The
coordination chemistry of that redox-active AB-Cu' was shown
to be different from the highest populated AB-Cu' conformer,
whereas the transient character of this state explained why it
was not detected through spectroscopic studies of Af-Cu' and
AB-Cu'’® This might be also true for AS; however, further
studies are clearly needed to elucidate the molecular basis of the
differences observed in the time-dependent oxidation of the
Met-1 and Met-S residues.

Our findings and those reported previously support a
mechanism through which the interaction of AS with copper
ions, in the presence of a physiological electron source such as
ascorbic acid, might lead to oxidative damage of the Met-1 and
Met-5 residues, prevention of AS—membrane interactions, and
accumulation of a pool of AS molecules with an increased
tendency to aggregate. The fact that the Met-1 residue is
preferentially oxidized by the copper/ascorbic acid system,
together with the observation that it is a poor substrate for the
methionine sulfoxide reductase MsrA,* further suggests that
copper binding at the N terminus of AS might have an
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important impact on AS associated neurodegeneration and the
development of PD.
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