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Abstract Amyloid aggregation of a-synuclein (AS) is one
of the hallmarks of Parkinson’s disease. The interaction of
copper ions with the N-terminal region of AS promotes its
amyloid aggregation and metal-catalyzed oxidation has
been proposed as a plausible mechanism. The AS(1-6)
fragment represents the minimal sequence that models cop-
per coordination to this intrinsically disordered protein. In
this study, we evaluated the role of methionine residues
Metl and Met5 in Cu(Il) coordination to the AS(1-6) frag-
ment, and in the redox activity of the Cu—-AS(1-6) com-
plex. Spectroscopic and electronic structure calculations
show that Metl may play a role as an axial ligand in the
Cu(ID-AS(1-6) complex, while Met5 does not participate
in metal coordination. Cyclic voltammetry and reactiv-
ity studies demonstrate that Met residues play an impor-
tant role in the reduction and reoxidation processes of this
complex. However, Metl plays a more important role than
Met3, as substitution of Metl by Ile decreases the reduction
potential of the Cu—AS(1-6) complex by ~80 mV, causing
a significant decrease in its rate of reduction. Reoxidation
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of the complex by oxygen results in oxidation of the Met
residues to sulfoxide, being Metl more susceptible to cop-
per-catalyzed oxidation than Met5. The sulfoxide species
can suffer elimination of methanesulfenic acid, rendering a
peptide with no thioether moiety, which would impair the
ability of AS to bind Cu(I) ions. Overall, our study under-
scores the important roles that Met1 plays in copper coordi-
nation and the reactivity of the Cu—AS complex.

Keywords Copper - Alpha-synuclein - Electronic
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Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder in people above 60 years old [1].
This disorder is characterized by several symptoms: brad-
ykinesia, resting tremor, rigidity and postural instabil-
ity caused primarily by the loss of dopaminergic neurons
in the substantia nigra pars compacta [2—4]. One of the
hallmarks of PD is the presence of Lewy bodies, insoluble
protein aggregates, composed mostly of a protein called
alpha-synuclein (AS) [4]. AS is found in Lewy bodies in an
amyloid aggregate form with different chemical modifica-
tions, including nitration, phosphorylation, ubiquitination,
and truncation [5]. Although, the molecular mechanism of
aggregation in AS is still unknown, there is evidence that
metal ions play a crucial role. Indeed, levels of metals in
the PD brain are altered, as compared to healthy brain: total
iron is increased by 31-35 % while copper is reduced by
34-45 % in the substantia nigra [6].

AS is a small, presynaptic, intrinsically disordered pro-
tein found in many vertebrates [7]. The physiological role
of AS is still unclear, but it has been proposed that it binds
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to membranes via a mechanism that involves its N-terminus
adopting an alpha helix conformation [8, 9]. The location
of AS and its interaction with membranes could be related
with accumulation of synaptic vesicles and promotion of
presynaptic SNARE-complex assembly [10]. AS has also
been reported to interact with a large number of proteins
that might regulate its activity, such as synphilin, which is
proposed to promote its aggregation [11], or its homolog
beta-synuclein which is known to inhibit its aggregation
[12]. The primary structure of AS can be divided in three
characteristic regions: the N-terminus (residues 1-60); the
hydrophobic and fibrillogenic non-amyloid component
(NAC, 61-95) and the C-terminal region (96-140), which
is rich in Pro, Glu and Asp residues. In its native mono-
meric state, AS adopts a random coil conformation [13, 14].
Five mutations in the protein sequence have been shown to
cause early onset forms of PD and modify the aggregation
of AS in vitro: A30P [15], E46K [16], AS3T [17], G51D
[18] and H50Q [19].

An early pioneer study showed that several metal ions,
such as AI(IIT), Fe(III), and Cu(II), can accelerate the fibril-
lation of AS in vitro [20]. Indeed, a detailed NMR study
showed that metal cations can interact with the acidic
C-terminal domain of AS, causing protein aggregation.
However, Cu(Il) is the most effective ion in promoting
AS oligomerization [21]. Copper binding to AS has been
exhaustively investigated using a wide range of spectro-
scopic tools in relevant physiological conditions [22].
Unlike other metal ions, Cu(Il) displays two distinct and
specific interactions with the N-terminal domain of AS.
The highest affinity Cu(II) binding site displays an appar-
ent K; = 0.2 £ 0.02 uM (corresponding to a conditional
K, = 0.1 nM). This apparent binding affinity for Cu(Il)
ions is comparable to that of the amyloid precursor pro-
tein (K; = 0.01 wM), the B-amyloid peptide (K; = 0.3—
0.4 wM), and the octarepeat domain of the human prion
protein (K; = 0.1-10 wM) [21]. AS and copper are highly
abundant in brain tissue, AS accounts for approximately
1 % of the total protein content in the striatum [23], while
altered copper levels are reported in PD [24, 25]. Thus,
interactions of copper ions with AS are likely to occur
in vivo, especially under adverse conditions.

The highest affinity Cu(II) binding site in AS is located
at the N-terminal region, involving the amino NH, group of
Metl, the deprotonated amide and the carboxylate moiety
of Asp2, and a water molecule, forming a 2N20 equatorial
coordination mode, as demonstrated previously by detailed
spectroscopic studies [26, 27]. It has also been demon-
strated that the short AS fragment 1-6 contains the essen-
tial residues to form the Cu(Il)-AS complex, as described
in the full protein [26, 27]. Thus, although the role of Met
residues in Cu(Il) coordination as potential axial ligands
is still not clear, AS(1-6) is a useful model for the highest
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affinity Cu(Il) binding site at the N-terminal region of AS.
Copper can also bind to His50, yet with a lower affin-
ity (apparent K; = 30 wM), as compared to the AS(1-6)
site. An equatorial 3NO coordination mode has been pro-
posed for the His50 site, possibly involving deprotonated
backbone amides from His50 and Val49, and a water mol-
ecule or backbone carbonyl [28]. Alternatively, it has been
recently proposed that His50 may also be involved in the
Cu(Il) complex at the N-terminal end of the protein, replac-
ing the water ligand [29].

Another feature of PD is related to the oxidative stress,
defined as a disturbance in the balance between the pro-
duction of reactive oxygen species (ROS) and antioxidant
defenses in the cell. Protein oxidation has been implicated
in several disorders involving oxidative stress, includ-
ing Alzheimer’s disease, PD, dementia with Lewy bodies,
Huntington’s disease, amyotrophic lateral sclerosis, diabe-
tes, and amyloidosis [30-32]. Exogenous native AS at low
concentrations protects neuronal cells against cellular stress
conditions [33], however, the process of aggregation of AS
from monomers, via oligomeric intermediates into amyloid
fibrils is considered the disease-causative toxic mechanism.
It has been demonstrated in vivo that oligomers of AS are
more toxic than fibrils [34], while the mechanism of neu-
rotoxicity might implicate the formation of hydrogen per-
oxide [35]. A working hypothesis is that the redox active
Cu-AS complexes could generate ROS and cause oxidative
damage to the protein (i.e. site-specific oxidation, dityros-
ine cross-linking, protein truncation), which in turn would
lead to aggregation. Thus, site-specific oxidation, dityros-
ine cross-linking and fragmentation of AS mediated by AS—
Cu interactions have been investigated [36-38]. It is known
that methionine oxidation inhibits AS fibrillation and leads
to the formation of soluble oligomers [39, 40]. The oxida-
tion of methionine plays an important role in vivo, during
biological conditions of oxidative stress, as well as for pro-
tein stability in vitro [41-43]. This observation is in agree-
ment with previous reports, indicating that Met is one of
the preferred targets in proteins under conditions of oxy-
gen, hydrogen peroxide or site-specific metal-catalyzed
oxidation. AS has four Met residues, two of them (Metl
and Met5) are at the N-terminus and the other two (Met116
and Met127) are in C-terminus. Although the mechanism
of Met oxidation is unclear, the oxidation of such residues
in AS has been described [36, 37, 40, 44].

Copper-catalyzed oxidation processes have been
implicated in AS fibril formation, triggering struc-
tural studies of Cu(I) bound to AS. Recent NMR stud-
ies revealed the presence of a high affinity binding site
(apparent K; = 20 M) for Cu(I) involving Metl and
Met5 [36, 37, 45], while lower affinity sites have been
identified at His50 and the Metl16 and Metl127 resi-
dues at the C-terminus [36]. A recent XAS study also
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suggests the involvement of Asp2 and a water molecule
in the coordination sphere of the Metl/Met5S Cu(I) bind-
ing site [46]. Similar to the case of Cu(Il), the highest
affinity binding site for Cu(I) in AS can be modeled by
the peptide AS(1-6), which contains the essential resi-
dues to form this Cu(I)-AS complex [36]. Thus, AS(1-
6) is a good model to study the redox activity of the Cu—
AS complex.

In this study, we have evaluated the role of the Met
residues (Metl and Met5) in Cu(Il) coordination to the
AS(1-6) fragment, using spectroscopic and theoretical
tools. We have also investigated the role of these Met
residues in the redox activity of the Cu—-AS(1-6) com-
plex, particularly its reduction by ascorbate, and its
reoxidation by oxygen, which promotes copper-cata-
lyzed oxidation.

Materials and methods
Peptide synthesis and reagents

AS peptide fragments 'MDVFMK® [AS(1-6)] and its Met
to Ile variants 'IDVFMK® (M11), 'MDVFIK® (M5I), and
'IDVFIK® (M1I/M5I) were synthesized in solid-phase
(Rink amide resin) using F-moc chemistry [47, 48]. They
were purified by reverse phase high-performance liquid
chromatography (HPLC, Waters Delta 600) and character-
ized by electrospray ionization mass spectrometry (Agi-
lent ESI-TOF) (Figure S1). Peptides were amidated at the
C-terminal carboxylate group, while the o-NH, terminal
was left unmodified. 9-Fluorenylmethoxycarbonyl (Fmoc)
protected amino acids and resins were obtained from Nova-
biochem (Merck). Water was purified to a resistivity of
18 MQ/cm using a Millipore deionizing system. Copper
(IT) sulfate was used in all experiments.

Preparation of Cu—AS complexes

Lyophilized peptides were dissolved in 20 mM 3-(N-mor-
pholino) propanesulfonic acid (MOPS) buffer, 100 mM
NaCl, at pH 7.5. The absorption extinction coefficient at
214 nm for the peptides was determined using a calibration
curve prepared in this buffer, and the value of 11,500 cm™!
M~! was used to determine peptide concentration in all
experiments. Final concentration for spectroscopic and
kinetics studies was 0.3 mM. Cu(Il)-peptide complexes
were prepared by adding copper (II) sulfate in ratio 1:1.
Peptide samples for EPR spectroscopy were prepared in
the same buffer mixture with 50 % glycerol to achieve ade-
quate glassing. The addition of glycerol has no effect in the
structure of the Cu(II)-peptide complexes, as evaluated by
absorption and CD spectroscopy.

Electronic absorption and circular dichroism
spectroscopy

Room-temperature absorption and circular dichroism (CD)
spectra in the UV—-visible region were recorded using an
Agilent 8453 diode array spectrometer and a Jasco J-815
CD spectropolarimeter, using a scan speed of 100 nm/min,
a time constant of 0.5 s and a bandwidth of 2 nm. Three
scans were accumulated. Spectra were recorded in a 1 cm
path length quartz cell.

Electron paramagnetic resonance spectroscopy

Cu(ID—peptide complexes were analyzed by electron par-
amagnetic resonance (EPR) at 150 K, using an X-band
EMX Plus Bruker EPR spectrometer, with an ER 041 XG
microwave bridge and an ER 4102ST cavity. The following
conditions were used: microwave power, 10 mW; modula-
tion amplitude, 5 G; modulation frequency, 100 kHz; time
constant, 327 ms; conversion time, 82 ms; and averaging
over 12 scans.

Electronic structure calculations

The full AS(1-6) sequence, i.e. MDVFMK, was used in all
models, with an amidated C-terminus, and a N-terminus
without any modification. To build each set of models, dif-
ferent starting conformations of the peptide were tested:
alpha helix (a), beta-sheet (b), turn (t), and extended (e)
conformations. Eight different models were built, the num-
bers 4 and 5 denote tetra- and penta-coordinated models,
respectively. Letters a, b, t and e indicate the initial pep-
tide conformation, and S1 and S5 denote if the axial sul-
fur ligand corresponds to Metl or MetS, respectively.
Each Cu(Il)-peptide complex was constructed in Molden
[49], and the structures have a total of 111 atoms. Their
electronic structure was obtained using spin-unrestricted
Kohn—Sham Theory (UKS) within the linear combination
of Gaussian-type orbitals to solve the Kohn—Sham equa-
tions (LCGTO-KS) [50] as implemented in the deMon2k
code [51], which uses the variational fitting of the Cou-
lomb energy to avoid the calculation of 4-center integrals,
at the expense of introducing an additional auxiliary basis
set. All structures had a spin multiplicity of two (doublet)
and were fully optimized without any geometry constraints
at local level (LDA) with the Dirac [52]—VWN [53]
exchange—correlation functional and then with the gener-
alized gradient approximation (GGA) exchange—correla-
tion functional PBE [54], using a double-¢ plus polariza-
tion (DZVP) [55] orbital basis set and a GEN-A2 [56, 57]
auxiliary basis set. A frequency analysis was done for all
the stationary points located in the potential energy surface
with the PBE functional. It is important to mention that the
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Fig.1 EPR (a) and CD (b)
spectra of Cu(II) complexes
with AS(1-6) (red), and its Met
to Ile variants: M 11 (blue), M51
(green), and M1I/MSI (black).
In all cases, the Cu(II):peptide
ratio was 0.9:1.0, and the total
peptide concentration was

0.3 mM, using MOPS buffer
pH7.5
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exchange—correlation energy and potential were evaluated
using the auxiliary density. The optimized structures were
used to calculate the EPR parameters (g and A tensors)
with the ORCA program [58], using the global non-empir-
ical hybrid functional PBEQ [59] with the CP basis [60]
for copper and the DGAUSS basis [55] in all other atoms.
Solvent effects were included using the implicit solvation
model COSMO in ORCA [61, 62].

Cyclic voltammetry (CV)

CV experiments were performed at room temperature
using a Voltalab potentiostat PGZ 100 in a three electrode
arrangement with a Ag/AgCl reference electrode, a plati-
num wire as the auxiliary electrode, and a glassy carbon
electrode (GCE, 3 mm diameter) as the working electrode;
the latter was polished with 0.3 pm alumina powder on
a cloth polishing pad and washed with water and ethanol
under sonication. Phosphate buffer (10 mM) was used with
Na,SO, (50 mM) as the supporting electrolyte at pH 7.4.
Argon was used to maintain inert conditions during the
experiments. Total peptide concentration was 0.3 mM with
Cu(II) [1:1], while the potential scan rate was 5 mVs ™.

Reduction kinetics of the Cu(II)-peptide complexes

The reduction of Cu(Il)-peptides complexes by ascorbate
was performed under anaerobic conditions. Cu(Il)—peptide
complexes in 20 mM MOPS buffer pH 7.5 were degassed
in a Schlenk line, under a high purity nitrogen atmosphere.
The degassed complexes were placed in an anaerobic
1 cm path length quartz cell. Upon addition of 16 equiv of
L-(+4)ascorbate [the minimal amount of ascorbate needed to
achieve full reduction of the AS(1-6) complex], the inten-
sity of the characteristic d—d transition band (610 nm) in
the UV-Vis absorption spectrum was followed over time.
The solution was purged with high purity nitrogen during
the course of the experiment.
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Reoxidation of the Cu(I)-AS(1-6) complex
and HPLC-mass spectrometry analysis

Reduction of the Cu(II)-AS(1-6) and its Met to Ile vari-
ants were performed as described above. The reaction of
the Cu(I)-complexes with oxygen was initiated by adding
oxygen-saturated buffer at 4 °C (10 % volume), and the
reaction was monitored by UV-Vis absorption spectros-
copy, using an Agilent 8453 diode array UV-Vis spectrom-
eter. After reoxidation, the samples were treated with eth-
ylenediaminetetraacetic acid (EDTA) and injected into an
Eclipse XDB-C18 column (4.6 x 150 mm, 5 um) at 25 °C,
with a flow rate of 0.5 mL/min, using an HPLC chromato-
graph coupled to an ESI-TOF spectrometer (Agilent). The
capillary voltage was 3500 V, and degassing temperature
was 300 °C.

Results and discussion
Spectroscopic study of Cu(II)-AS peptide complexes

To evaluate the role of Metl and Met5 in Cu(II) coordina-
tion at the N-terminal site in AS, we studied several Met
to Ile variants of the AS(1-6) peptide: M1I, M5I and M11/
MSI. Titrations of these peptides with Cu(Il), as followed
by CD, show that they form complexes with 1:1 Cu:peptide
ratio, in a similar fashion as the AS(1-6) peptide. A com-
parison of the EPR spectra of all Cu(Il) complexes shows
identical signals, regardless of the presence of Met resi-
dues (Fig. 1a). One single set of EPR signals with param-
eters g, = 2.25 and A, = 184 G is observed in all cases.
These parameters have been associated to Cu(II) bound to
AS(1-6) with an equatorial coordination mode 2N20, as
previously described [26]. Similarly, the CD spectra for
these complexes are almost identical (Fig. 1b), showing
a positive ligand field transition at 16,400 cm~! (610 nm)
and negative ligand to metal charge transfer (LMCT) at
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Scheme 1 Proposed Cu(II) coordination modes for Cu—AS(1-6) complexes: 2N20 (a) and 2N20S with Met1 as axial ligand (b)

33,000 cm ™! (303 nm), which has been assigned to a depro-
tonated amide to Cu(Il) LMCT transition [27]. Further-
more, a second LMCT band is observed at higher energy
(43,000 cm™ ! 233 nm), which falls in the range for NH,
to Cu(Il) LMCT transitions [63]. Only a small decrease
in intensity at the ligand field transition at 16,650 cm™" is
observed for the M1I and M1I/MS5I variants, as compared
to the spectrum of the AS(1-6) and M5I complexes. This
small change might be due to a difference in the ligand
field strength and/or decrease in covalency of the Cu(Il)
complex, which is clearly associated to the absence of
Metl. This observation suggests that Metl may play a role
as axial ligand or as part of the second sphere coordination
shell of Cu(II) bound to AS(1-6).

Overall, these spectroscopic results indicate that the
equatorial coordination shell for Cu(Il) bound to AS(1-6) is
not affected significantly by Met to Ile substitutions at posi-
tions 1 and 5, and Met5 definitely does not participate in
Cu(Il) coordination at all. However, we cannot discard the
possibility that Met]l might participate as an axial ligand or
as an important residue in the second sphere coordination
shell (Scheme 1).

Electronic structure calculations of the Cu(Il)-
AS(1-6) complexes

UKS calculations were performed to evaluate the two coor-
dination models for the Cu(Il)-AS(1-6) complex shown in
Scheme 1. The equatorial ligands in both models are: the —
NH, group of Metl, the deprotonated amide nitrogen from
Asp2 (Npy,), the carboxylate side chain oxygen from Asp2
(B-COOp,), which enables the formation of (5,6)-membered
joined chelate rings, and a water molecule, leading to a
2N20 equatorial coordination shell. In some models, a sul-
fur atom from either Metl or Met5 participates as an axial
ligand, yielding a penta-coordinated complex 2N201S. To
build each set of models, different starting conformations
of the peptide were tested: alpha helix (a), beta-sheet (b),
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Fig. 2 Energy diagram of optimized structures of the tetra- and
penta-coordinated models for the Cu(I[)~AS(1-6) complex. For clar-
ity, most of H atoms are not shown

turn (t), and extended (e) conformations. Figure 2 shows the
eight different models that are evaluated; notation is given in
“Materials and methods”. The optimized structural param-
eters at local (VWN) and GGA (PBE) levels are reported
in Table S1, and the PBE structures are shown in Fig. 2.
Regardless of the exchange—correlation functional used,
the coordination geometry in the 4a, 4t, 4b and 4e models
is square planar; and the structures contain two bonds with
distances >2 A (Cu-NH, and Cu-O,,) and two bonds with
distances <2 A (Cu-Np, and Cu-Op,). These metal-ligand
distances from our tetra-coordinated optimized structures
are in agreement with the Cu-ligand bond distances previ-
ously obtained by QM/MM simulations [27]. In the models
5S1t, 5S1a, 5S1b and 5S5t, which contain a sulfur atom in
the axial position, the equatorial bond distances are larger
than in the tetra-coordinated structures, and show either tet-
rahedral or square pyramidal geometries.
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Tal.)le.l EPR parameters of D g tensor A tensor

optimized structures of the

tetra- and penta-coordinated 8 &y & A Ay, A,

models (2N20 and 2N201S)

for the Cu(I1I)-AS(1-6) complex 4a 2.051 2.053 2.182 —55.44 —65.19 —632.12
5S1t 2.017 2.112 2.189 —154.69 157.95 —471.34
5Sla 2.050 2.054 2.220 —36.56 74.97 —530.33
4t 2.045 2.055 2.184 —25.05 —59.31 —614.61
5S1b 2.023 2.106 2.192 109.90 —152.75 —505.62
585 2.032 2.088 2.192 75.73 —113.44 —522.18
Experimental® 2.051 2.059 2.250 57.00 24.00 567.00

The g and A tensors were calculated with the PBEO functional. The A tensor components are reported in
MHz. The structures are listed in ascending order of their relative energies

# Values obtained from an EPR simulation of the experimental spectrum, as reported in Ref. [27]

Among the lowest energy structures, with relative ener-
gies smaller than 5 kcal/mol (Table S2), two of them are
tetra-coordinated (4a and 4t) and two others contain the sul-
fur atom from Metl in the axial position (5S1t and 5S1a).
Overall, models with alpha helix (a) or turn (t) conforma-
tions have lower energies than models built with beta-sheet
(b) or extended (e) conformations. On the other hand, it
was not possible to build penta-coordinated models with
Met5 as axial ligand starting from extended or beta-sheet
conformations; while in the alpha helix conformation, the
MetS5 axial ligand came out of the coordination sphere upon
geometric optimization. Thus, only one penta-coordinated
model with Met5 as axial ligand (5S5t) was obtained, and
it corresponds to the highest energy structure with a relative
energy of ~30 kcal/mol. These results indicate that Met5
cannot participate as axial ligand for Cu(Il) in the Cu(Il)—
AS(1-6) complex.

Next, the EPR parameters for selected Cu(Il) models (4a,
5S1t, 5S1a, 4t, 5S1b and 5S5t) were calculated (Table 1).
Previously reported EPR parameters for the Cu(Il)-AS(1-
6) complex [27], obtained from a simulation of the experi-
mental data, are listed in Table 1 for comparison. Differ-
ences between calculated and experimental g and A values
in the order of 0.03 ppm and 50 MHz, respectively, are usu-
ally considered acceptable for this type of calculations [64—
68]. The 5S1a model is the only one that fulfills these cri-
teria, while the 4t model is overall in good agreement with
the experimental data, except for the g, value. It should be
noted though that the inclusion of explicit water molecules
in the 4t model significantly improves the g, and A, values,
bringing them closer to the experimental numbers (Figure
S2). Overall, our electronic structure calculations indicate
that the specific interaction of either a sulfur atom from
Metl or solvating water molecules in the axial position is
necessary to reproduce the experimental EPR parameters.
Thus, both, the tetra-coordinated 2N20 and the penta-
coordinated 2N201S with axial Metl, are plausible coor-
dination models for the Cu(I)-AS(1-6) complex and these

@ Springer

E (V) vs NHE
-0577 -0377 -0177 0023 0223 0423 0623
1200 T T T T T T
MDVFMK
800 [ IDVFMK
MDVFIK
400 | IDVFIK
—
<
% 0l
400 L
800 L
2c
-1200 L . , .

08 106 04 02 0 02 04
E (V) vs Ag/AgCl

Fig. 3 Cyclic voltammetry of Cu complexes with AS(1-6) (red),
and its Met to Ile variants: M11 (blue), MS5I (green), and M1I/MS5I
(black), collected at a scan rate of 5 mV/s. Anodic peaks are indicated
as /a or 2a, while cathodic peaks correspond to Ic or 2¢

two species might coexist. Removal of Metl would not be
expected to impact the EPR parameters significantly, while
it might affect the ligand field transitions, as observed by
CD (vide supra).

Cyclic voltammetry of Cu-AS(1-6) complexes

Cyclic voltammetry of the different Cu(II)-peptide com-
plexes was performed at pH 7.4 (Fig. 3). The electro-
chemical behavior of the Cu(Il)-AS(1-6) complex (red
line) displays two consecutive reduction peaks: Eélc) x
—0.365 and E) = —0.461 V vs Ag/Ag" (—0.142 and
—0.238 V vs NHE and labeled as 1c and 2c, respectively),
that are related to two overlapping oxidation peaks: EI(J?
~ —0.101 and E}) = —0.024 V vs Ag/Ag" (0.122 and
0.199 V vs NHE and labeled as la and 2a, respectively).
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The observation of these two sets of peaks indicates the
occurrence of two different redox processes. Upon any of
the Met to Ile substitutions, the peaks at Eélc) ~ —0.365
and Ega) ~ —0.101 V vs Ag/Ag* disappear, yielding very
similar voltammograms. This result suggests that the redox
process responsible for these two signals requires the pres-
ence of both, Metl and Met5 residues. The spectroscopic
characterization performed in this study indicates that Met1
can participate as an axial ligand to Cu(Il), while previ-
ous NMR studies of the Cu(I)-AS complexes indicate that
both, Metl and Met5 residues participate in Cu(I) coordi-
nation [36, 37]. Thus, it is plausible to assign the cathodic
peak at EiY) ~ —0.365 V vs Ag/Ag* (—0.142 V vs NHE)
to the reduction of the Cu(Il)-AS(1-6) complex to a Cu(I)
species bound to both Met residues.

Overall, the voltammograms for the Cu complexes that
contain Metl, i.e. Cu(Il)-AS(1-6) (red line) and Cu(Il)-
AS(1-6)MS5I (green line), display very broad reduction
peaks that are almost identical: EgﬂDVFMK = —0.461 and
EyPVTR = —0.467 V vs Ag/Ag* (—0.238 and —0.244 V
vs NHE, respectively; labeled as 2c in each trace in Fig. 3).
Both peaks display a half-peak width of about 67 mV,
which indicates that the rate of reduction of these com-
plexes is slow. This value of half-peak width is intermedi-
ate between the theoretical values for a fast electron trans-
fer (Nernstian, 59 mV) and a slow electron transfer step
(electrochemically irreversible, 95.6 mV) [69]. Consider-
ing that the cathodic and anodic peaks are quite far apart
(405433 mV), it can be proposed that the Cu(I)-AS(1-6)
and Cu(I)-AS(1-6)MS5I complexes are reduced follow-
ing a quasi-reversible electron transfer step followed by
a coupled chemical reaction that can be considered as the
reorganization in the coordination mode related to the sta-
bilization of the Cu(I) complexes. For these complexes,
containing Metl, one could assume that two possible
Cu(ID) species would form: 2N20 or 2N201S with Met1 as
an axial ligand. In both cases, a large reorganization would
be needed to yield a reduced Cu(I) species with either both
Met residues as ligands [for AS(1-6)] or only Met1 residue
in the Cu(I) coordination shell [for AS(1-6)MS5I]. In either
case, at least one Met residue needs to come into the coor-
dination sphere to stabilize the Cu(I) species.

On the other hand, the voltammograms of the complexes
that lack Metl, i.e. Cu(I)-~AS(1-6)M1I (black line) and
Cu(Il)-AS(1-6)M11/MS5I (blue line) show an identical pattern
(Fig. 3), where the reduction peaks are observed at around

—-044 V: EPCIDVF MK — —0.444 and EIDCIDVF K= 0449V
vs Ag/Ag® (—0.221 and —0.226 V vs NHE, respectively;
labeled as 2c in each trace in Fig. 3). These peaks appear at
less negative values and display a sharper shape than those

obtained for the complexes bearing the Metl residue. Addi-
tionally, the electron transfer kinetics for these complexes

seem to be faster than in the case of the Cu(I)-AS(1-6) and
Cu(II)-AS(1-6)MS5I complexes, as revealed by a higher value
of the half-peak width (62 mV). In the absence of Metl, the
only plausible starting Cu(Il) complex would be a 2N20
coordination mode, which would either be reduced to a Cu(I)
species with only nitrogen or oxygen ligands [as in the case
of AS(1-6)MI1I/M5I], or it might recruit Met5 as a Cu(l)
ligand [as in the case of AS(1-6)M11], although such process
would require a large reorganization of the peptide chain.
Since in both cases, the voltammogram is practically identi-
cal, it is likely that the former process is responsible for the
observed cathodic peak, yielding an electrochemical-chemi-
cal mechanism.

Overall, the cyclic voltammetry experiments demon-
strate that the Met residues play an important role in the
reduction and reoxidation processes of the Cu—AS(1-6)
complex, which will be next evaluated in the context of
chemical processes.

Reduction kinetics of Cu(II)-AS(1-6) complexes

The role of the methionine residues 1 and 5 in the reduc-
tion kinetics of the Cu(II)-AS(1-6) complex were evalu-
ated. Reduction of the Cu(I)-AS(1-6) complex and its
Met to Ile variants by ascorbate was examined at pH 7.5
in 20 mM MOPS buffer under anaerobic conditions, by
electronic absorption spectroscopy. Absorption intensity
at 610 nm, the characteristic d—d band in these complexes,
was monitored as a function of time after addition of a
16-fold excess of reductant. Plots of the absorption traces
for each Cu(Il)-peptide complex are shown in Fig. 4. The
reduction of the Cu(II)-AS(1-6) complex by ascorbate was
almost complete 120 min after the addition of the reduct-
ant, the absorption intensity at 610 nm was decreased by
93 % (Fig. 4, red). Similarly, the reduction of the Cu(Il)—
AS(1-6)MS5I variant occurs to a similar extent (84 %,
Fig. 4, green). However, for the complex that lacks Metl,
ie. Cu(I)-AS(1-6)M1I, the reduction of the complex
becomes more difficult, and only 45 % of the complex is
reduced (Fig. 4, blue). Most strikingly, when both Met resi-
dues have been replaced by Ile, the Cu(II)-peptide complex
cannot be reduced by ascorbate (Fig. 4, black) at all, even
when a 50-fold excess of reductant is added. These results
clearly indicate that the Met residues are essential for the
reduction of this complex, and particularly, Metl seems to
play a more important role than Met5.

Based on the anaerobic reduction of the Cu(II)-AS(1-
6) complexes by ascorbate, estimates for their reduction
potential may be obtained (see Supporting Information).
The reduction potential for the Cu(Il/I)-AS(1-6) com-
plex is estimated to be 82 mV, for the Cu(II/T)-AS(1-6)
MS5I variant the potential would be 57 mV, while the M11
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Fig. 4 Absorption spectra in the d—d region for the Cu(I)~AS(1-6)
complex (a), and its Met to Ile variants: MS5I (b), M1I (c), and M1l/
MSI (d), as a function of time, upon addition of 16 equiv. of ascor-
bate. Representative kinetic traces for the reduction of the Cu(Il)
complexes with AS(1-6) complex (red), AS(1-6)MS5I (green),
and AS(1-6)MI1I (blue) are shown in e; data were fitted to a single

substitution causes the largest drop in reduction poten-
tial, as an estimate of 1.4 mV is obtained for the reduction
potential of the Cu(I/I)-AS(1-6)M1I complex. The dras-
tic decrease in reduction potential of the Cu(II/I)-AS(1-6)
complex upon replacement of Metl by Ile is consistent
with a decreased affinity for Cu(I), as detected by a recent
NMR study [37]. The binding affinity of AS(1-6) for Cu(I)
was determined to have an apparent K, of 20 pM, while
that for the AS(1-6)M1I peptide increased to >500 pwM.
Using a thermodynamic cycle scheme, relating the reduc-
tion potential of the Cu—AS(1-6) complex to that of free
Cu and the relative affinities of the AS(1-6) peptide for

@ Springer

exponential fit (/ines), yielding the rate constants listed in Table 2.
No reduction of the Cu(I)AS(1-6)M1I/MSI was observed (d). In
all cases, the Cu(Il):peptide ratio was 0.9:1.0, and the total peptide
concentration was 0.3 mM, using MOPS buffer pH 7.5. Experiments
were performed under anaerobic conditions

Cu(II) and Cu(lI) ions, it can be estimated that the observed
drop in binding affinity for Cu(I) caused by the M1I muta-
tion would translate in a decrease of 82 mV in the reduction
potential of the complex (see Supporting Information). This
is in excellent agreement with our experimental estimates
for the reduction potentials of the Cu—AS(1-6) complexes,
revealing a decrease of 80.6 mV for the M 11 variant.

For each complex, the kinetic traces of reduction were
fitted to a pseudo-first order decay model (Fig. 4), yield-
ing the reduction rates (k) listed in Table 2. The rates of
reduction of the Cu(Il) complexes with the AS(1-6) and
AS(1-6)MS5I peptides are almost identical (0.120 £ 0.016
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Table 2 First order reduction rate constants for Cu(II)-AS(1-6)
complexes

Cu complex ks (min~1)

MDVEMK-Cu(Il) 0.120 £0.016
MDVFIK-Cu(II) 0.100 =+ 0.005
IDVEMK-Cu(Il) 0.050 + 0.001

IDVFIK-Cu(II) No reduction

Standard deviation from at least triplicate experiments is provided

and 0.10 & 0.054 min~!, respectively). However, replace-
ment of Metl by Ile leads to a significant decrease in reduc-
tion rate: ky,, = 0.050 & 0.001 min~', strongly suggesting
that Metl plays a key role in the reduction of the Cu(II)-
AS(1-6) complex. Considering that the MI1I substitution
causes a significant decrease in the reduction potential of
the Cu—AS(1-6) complex, it is reasonable to propose that
the observed decrease in rate of reduction might be ascribed
to a decreased driving force for this reaction. Using Marcus
semi-classical equation for intermolecular electron trans-
fer, assuming everything else constant, the decreased driv-
ing force for the Cu—AS(1-6)MI1I complex is expected to
decrease its rate of reduction by 26 times, as compared to
that of Cu—AS(1-6) (see Supporting Information); however,
the experimental value for kgpasi_e)/KeT(asa_emin 18 24
This analysis indicates that other factors contributing to the
rate of reduction of the Cu(Il)-AS(1-6) complex are affected
by the M1I substitution, and compensate for the decreased
driving force. For example, if the reorganization energy asso-
ciated were to be decreased by 0.23 eV, the predicted ratio
of reduction rates kgrase)/kerasa-emin would be 2.5,
approaching the experimentally determined value (see Sup-
porting Information). Indeed, our electrochemical studies
reveal a faster electron transfer kinetics for the M 11 variant,
as compared to AS(1-6), which could be reflecting a lower
reorganization energy for the former. Further spectroscopic
and theoretical studies of the reduced form of these com-
plexes would be required to confirm this proposal.

Reoxidation of the Cu(I)-AS(1-6) complexes
by oxygen

To evaluate its reactivity with oxygen, the Cu(I)-AS(1-6)
complex and its M5I and M 11 variants were confronted with
oxygen, by adding oxygen-saturated buffer. In all cases,
partial recovery of intensity at 610 nm, indicative of reoxi-
dation of the complex, was observed. The reoxidation reac-
tion samples were treated with EDTA to remove the cop-
per ions, and analyzed by HPLC-ESI-TOF (Fig. 5). In all
cases, the chromatograms display a peak at retention time
of ~31 min (labeled as *), for which the mass spectrometry

analysis reveals the presence of the intact peptides with m/z
values identical to those of the purified peptides (see Table
S3). However, the chromatograms reveal the presence of
other species. For the AS(1-6) peptide (Fig. 5a), two addi-
tional species are observed: one that elutes at ¢ = 26.1 min
(labeled as *) and displays a m/z corresponding to the pep-
tide with an additional oxygen (Table S3); and a second spe-
cies with ¢t = 21.9 min (labeled as **) and m/z indicative
of the addition of two oxygen atoms (Fig. 5b). In contrast,
the chromatograms of the M5I and M1I peptides (Fig. 5c, e,
respectively) reveal the presence of only one oxidized spe-
cies: a peak at ~26-27 min (labeled as *) with a m/z that cor-
responds to the peptide with an additional oxygen (Fig. 5d,
f, respectively). These results indicate that the peptides that
contain only one Met residue (M1I and MS5I) get oxidized
by one oxygen only, while the AS(1-6) peptide, containing
two Met residues, is oxidized by two oxygen atoms. This
implies that each Met residue can be oxidized to the sulfox-
ide form (MetQO), while no evidence is observed for their
conversion to sulfone species. In the case of the MS5I pep-
tide, which contains Metl only, the extent of oxidation to
the sulfoxide form is higher (41.4 %) as compared to that of
the M1I peptide (27.5 %), which contains Met5 only (Table
S3). These results are consistent with the notion that Met1
is more susceptible to oxidation than Met5, as previously
observed by NMR [37]. The higher susceptibility of Metl
towards oxidation is probably due to the fact that this Met
residue plays a key role as ligand for both, Cu(II) and Cu(I)
ions. Finally, in all cases the ESI-TOF data for the oxidized
species reveal a very small peak at a m/z that is indicative of
the loss of a CH;SOH species. These results suggest that the
MetO sulfoxide species would be susceptible to an elimi-
nation reaction that can generate methanesulfenic acid, and
render a peptide with no Met residue, and an alkene moiety
instead (Scheme 2). Such an irreversible chemical modifica-
tion of Met residues 1 and 5 would certainly impair the abil-
ity of AS to bind Cu(]) ions.

Copper-catalyzed chemical modifications of the N-ter-
minal region of AS might also have an impact in the fold-
ing of AS and its interaction with membranes. Indeed, it
has been suggested that oxidation of Met residues favor
the formation of toxic AS oligomers, while also affecting
the ability of the protein to associate to membranes [39,
70-73]. In the cell, the oxidation of Met residues can be
reversed by enzymes, such as methionine sulfoxide reduc-
tase (MsrA). However, it was recently shown that, while
MsrA can reduce the sulfoxide form of Met5 in AS, it is
ineffective in reverting the oxidation of Metl [74], which
is precisely the most susceptible residue to copper-cata-
lyzed oxidation. Furthermore, since the MetO species are
susceptible to elimination of sulfenic acid, rendering an
alkene moiety, copper-catalyzed oxidation of Metl in AS
would lead to an irreversible chemical modification of the

@ Springer
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Fig. 5 HPLC-ESI-TOF analysis of AS(1-6) (red, a), AS(1-6)M51
(green, ¢), and AS(1-6)M1I (blue, e), after one redox cycle with cop-
per; HPLC chromatograms are shown in a, ¢ and e, respectively. The
elution peaks labeled as filled circle display m/z values identical to
the non-modified purified peptides (Table S3). ESI-TOF data for the
peak labeled double asterisk in the AS(1-6) chromatogram is shown
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Scheme 2 Copper catalyzed oxidation of AS(1-6) results in a sul-
foxide species at both, Metl and Met5. Subsequent elimination of
methanesulfenic acid from the Metl sulfoxide species renders a pep-

N-terminal domain of AS, if Met oxidation at this position
cannot be reverted.

Conclusions

In this study, the role of Metl and Met5 in Cu(Il) coordina-
tion to the AS(1-6) fragment and the redox activity of the
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in b, while ESI-TOF data for the peaks labeled asterisk in the M5I
and M1I chromatograms are shown in d and f, respectively. In all
cases, the Cu(Il):peptide ratio was 0.9:1.0, and the total peptide con-
centration was 1 mM, using MOPS buffer pH 7.5. A summary of all
the species identified by HPLC-ESI-TOF is provided in Table S3
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tide with an alkene moiety at this position. This chemical modifica-
tion would impair the ability of AS to bind Cu(I) ions

resulting Cu—AS(1-6) complex were evaluated. By com-
bining spectroscopic studies and electronic structure cal-
culations, we show that Metl may play a role as an axial
ligand in the Cu(II)-AS(1-6) complex, while Met5 does
not participate in metal coordination at all. Our reactivity
studies show that, while both Met residues are important in
the reduction and reoxidation of this complex, Metl plays
a more important role than Met5. In contrast to the case of
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Met5, substitution of Metl by Ile causes a drastic decrease
in the reduction potential of the Cu—AS(1-6) complex,
and consequently, a decrease in the rate of reduction of
this complex. The significant contribution of Metl to the
reduction potential and reactivity of the Cu—AS(1-6) com-
plex directly reflects its important role as a ligand for Cu(I).
Moreover, we show that Metl is the most susceptible resi-
due to copper-catalyzed oxidation, and its physiologically
irreversible oxidation to sulfoxide could result into a per-
manent chemical modification that would impair the ability
of AS to bind Cu(I) ions. Consequently, copper-catalyzed
oxidation of AS may impact the ability of this protein to
associate to membranes and it may favor the formation
of toxic oligomers of AS. Overall, our study provides a
detailed characterization of the copper-catalyzed oxidation
of the N-terminal residues of AS, it underscores the impor-
tant roles that Met1 plays in copper coordination and in the
reactivity of the Cu—AS complex.
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