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ABSTRACT: a-Synuclein (aS) is the main protein component of Lewy bodies, characterizing the pathogenesis of Parkinson's disease. a.S
is unstructured in solution but adopts a helical structure in its extended N-terminal segment upon association with membranes. In vitro the
protein binds avidly Cu", but in vivo the protein is N-acetylated and Cu" binding is lost. We have now clarified the binding characteristics
of the Cu' complex with the truncated aS peptide 1-15, both in N-acetylated and free amine forms, in a membrane mimetic environment
and found that complexation occurs with a 1:2 Cu'-aS stoichiometry, where Cu' is bound to Met1 and Met5 residues of two helical peptide
chains. The resulting tetrahedral Cu' center is redox stable, does not form reactive oxygen species, and is unreactive against dopamine in
the presence of O,. This suggests that, unlike cytosolic Cu™-aS, which retains the capacity to activate O, and promote oxidative reactions,

membrane-bound Cu'-aS may serve as a sink for unreactive copper.

INTRODUCTION

a-Synuclein (aS) is a small (140-residue), natively un-
folded cytosolic protein,’ constituting the primary com-
ponent of the intracellular aggregates present in Lewy
bodies,” a hallmark of Parkinson's disease (PD).> The
mechanism of formation of these inclusion bodies and
their relationship with the specific damage of dopaminer-
gic neurons of the substantia nigra occurring in the dis-
ease remain unclear. In addition, S is found both inside
and outside neuronal cells, for instance as the non-
amyloid-p component of the extracellular amyloid
plaques in Alzheimer's disease brains.* Although the
normal function of aS remains unknown, its localization
at presynaptic terminals® and its association with synaptic
vesicles® suggest that aS has a role in neurotransmitter
release, and in particular as a chaperone controlling
SNARE protein complex assembly and distribution.” The
investigation of the structural properties, redox reactivity,
ligand and metal binding behavior of oS has been carried
out mostly using protein or fragments containing a free
amino N-terminal group,® whereas in vivo the protein is
N-acetylated.® In addition, it should be taken into account
that most aS resides in a membrane environment, where-
as the vast majority of in vitro studies focused on protein
or peptide fragments in solution. In particular, this con-
cerns the metal binding properties of aS, which are rele-
vant because high concentrations of metal ions are de-
tected in Lewy bodies,"” and in cerebrospinal fluids of PD
patients,” as a result of abnormal metal homeostasis.
Among them, Cu" binding appears to be strongly affected
by N-acetylation, as the remarkable affinity of non-
acetylated oS for this metal ion, with K, in the range of 0.1

nM,"” is completely lost upon N-acetylation.” In contrast,
binding to Cu' is not affected by this modification, be-
cause it occurs at the sulfur atoms of Met1 and Mets side
chains of both N-acetylated and free amine forms of «S."

In this paper, we address the problem of the structure
and redox reactivity of the Cu' complex of the aS N-
terminal peptide 1-15 in a model membrane, explicitly
considering the effect of N-acetylation. It is known that
aS becomes partially structured in a-helical form upon
interaction with phospholipids, unilamellar vesicles, and
sodium dodecyl sulfate (SDS) micelles.” N-Acetylation
further increases lipid affinity and a-helical propensity of
the N terminus.” Among the variety of studies carried out
with non-acetylated «S, worthy of note in the present
context are the differences recently emerged in the behav-
ior of the Cu"-aS complex in a membrane environment
compared with aqueous buffer solution. The metal coor-
dination set only loses Hisso binding, due to N-terminal
a-helix structuring of the peptide, leaving the affinity ap-
proximately constant (K4 ~0.1 nM),” and the membrane
environment favors a reduction in oxygen radicals pro-
duction.”® The reactivity studies of the Cu-aS,.,5 and Cu-
Ac-aS,,5 complexes are here addressed toward the oxida-
tion of dopamine, and related catechols, in view of its
possible interaction with oS at nerve terminals.?

RESULTS AND DISCUSSION

To evaluate the structural properties of the Cu' binding
region in the membrane mimicking environment, we
used the N-terminal oS pentadecapeptide fragment, both
in the N-acetylated (Ac-aS,.,;) and free amine (aS,.s)

. . . . 114,
forms, containing the coordinating residues for Cu.""



Like the full length protein, Ac-aS,.,5 and aS,.,5 undergo a
conformational transition from random coil to o-helix
upon interaction with SDS micelles, as shown by the CD
spectra and the 3D NMR structure obtained in presence
of membrane mimicking environment (see Figure 1S in
Supporting Information). As previously found for the full
length protein,”® our NMR structures show that a-helix
conformation is stabilized by N-acetylation of the 15-
amino acid peptide. Copper(I) binding to Ac-aS, ,;and oS,
s was first investigated through the changes observed in
NMR spectra. In addition to experiments performed in
presence of Cu', we also used Ag' as a convenient, redox
stable probe, that proved to be helpful to define the metal
coordination characteristics of Cu'-aS in aqueous solu-
tion.”** Cu' and Ag' additions to Ac-0aS, 5 cause selective
chemical shift variations on "H NMR signals. The presence
of 0.4 Cu' or Ag' equiv. yields very comparable variations
on peptide NMR resonances, as shown in Figure 1, thus
supporting similar metal coordination spheres. In both
cases, the most affected residues are Met1, Phe4, Mets
and Glyy.
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Figure 1. Overlay of 'H-'H TOCSY spectra of Ac-aS,.;5 in ab-
sence (black) and in presence of 0.4 Cu' (cyan) and 0.4 Ag' equiv.
(magenta). Peptide concentration was 0.4 mM, in 20 mM phos-
phate buffer, 40 mM SDS.

Interestingly, besides chemical shift variations, selective
line broadening is observed for Phe4 and Mets correla-
tions. The broadening, also evident in the 'H-*C HSQC
peaks of Met1 and Mets thioether groups, is attenuated by
slightly increasing metal concentration (Figure 2S). In ad-
dition to that, as normally found in titration experiments,
the chemical shift variations become more significant by
gradually increasing metal concentration, as shown by the
shift of methyl protons of Val3 and Leu8 for both Cu' and
Ag' complexes (Figure 2A). We focused on resonances
easy to examine for both metal ion titrations belonging to
CH, groups of Val and Leu since this region is, contrary to
amide Met SCH, (2.6-1.8 ppm) regions, which are sensi-
tive to minimal variations and obscured by ascorbic acid
signals for Cu' containing spectra. Interestingly, Ag' and
Cu' provide very similar effects, strongly indicating an
analogy in their binding modes. Plotting the measured
chemical shift variations shows that a chemical shift plat-
eau is reached in presence of about 0.5 metal equivalents

and no changes occur by further increasing metal ion
concentration (Figure 2B). This behavior is also evident in
similar plots of chemical shift variations of methyl pro-
tons of Met1 and Mets and amide protons of Met1, Asp2,
Phe4, Mets and Leu8 (Figures 3S and 4S), suggesting the
formation of a 1:2 metal-peptide complex, where the met-
al is tetrahedrally coordinated to the four thioether
groups of Met1 and Mets of two helical Ac-aS,,; mole-
cules. The binding plots enabled to obtain estimated Ky
values of 2.9x10® (for Cu') and 2.6x10® M* (for Ag') (Fig-
ures 2B and 4S), i.e. two orders of magnitude smaller than
that found for the complex with the full protein, Cu'-asS,
in aqueous buffer.” These values were further supported
by fitting data shown in Figure 4S, yielding K4 values
ranging from 2.5><1o'8 to 7.7><1o'8 M2,
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Figure 2. (A). Overlay of selected regions of "H NMR spectra of
Ac-aS1-15 0.4 mM with increasing amount of Cu' (lower panel)
and Ag' (upper panel): from 0.0 (black trace) to 0.5 (violet trace)
Ag' equiv.; (B) Binding curves of Ag'-Ac-0S,.s (black squares)
and Cu'-AcaS,.s (red circles) complexes as monitored by changes
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in methyl protons chemical shifts (Ad) of Val3. Peptide concentra-
tion was 0.4 mM, in phosphate buffer 20 mM, 40 mM SDS.

Interestingly, identical behavior (Figures 5S, 6S and 7S)
was observed for oS, ., strongly indicating that the metal
coordination sphere and stoichiometry is maintained re-
gardless of the presence of N-acetylated or free amine N-
terminus.

The i and i+4 positions of the two methionines in the oS
sequence make their side chains perfectly positioned one
above the other in an o-helical structure. Therefore, it can
be anticipated that Cu', or Ag', binding to Met1 and Mets
is stabilized by the helical conformation of the peptide. In
fact, CD spectra of Ac-aS,.,5 recorded in presence of either
Cu' or Ag' confirm that the peptide backbone retains the
a-helical conformation (Figure 8S). In addition, the com-
parison of NMR spectra of apo and metal bound Ac-aS,,
confirms the maintenance of all Hy-Hy NOEs, typical of
systems containing a-helical structure (Figure 3).
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Figure 3. Selected regions of "H-'"H NOESY spectra of Ac-aS_;s
in the absence (A) or presence of 0.6 Ag' metal equiv. Peptide
concentration was 0.4 mM, in phosphate buffer 20 mM, 40 mM
SDS.

NOEs cross-peaks belonging to AgI—AC—O(SI_15 complexes
were converted into proton-proton distances to be used

as restraints for the structure determination (see experi-
mental section for details). The obtained structures (Fig-
ure 9S) are well superimposed and support a well-defined
o-helix conformation from residue 1 to 12. On the other
hand, two opposite orientations are found for the metal
ion, which appears to assume a tetrahedral geometry.
These data are in agreement with the NMR titration ex-
periments shown in Figure 2 and strongly support the
formation of a bis-peptide complex.

The obtained structural features were then exploited to
build up a model of the Cu'-aS, ,; complex (Figure 4), con-
sidering the effective 1:2 Cu:peptide stoichiometry and
imposing Cu'-sulfur distances in the range of 215-2.35 A
for all four Met ligands. To generate this model we con-
sidered the same H-H distance restrains for both mono-
mers. Figure 4 shows the existence of two possible relative
orientations of two a-helical peptides, containing the N-
and C-termini parallel or antiparallel to each other, re-
spectively. The proposed Cu(I) binding sites include 4 sul-
fur donor atoms and show different solvent accessibility.
CPK graphical representation of the mean structures cor-
responding to parallel or antiparallel conformations,
point out that copper ions are less solvent exposed when
the dimeric Cu' -aS,,5 structure is antiparallel (Figure
10S).

Figure 4. Structural models of Cu'-Ac-aS;.s 1:2 complex. The
structures were fitted on the 1-10 backbone residues of the two
Ac-aS;_j5s molecules. (A) The first 10 structures with parallel ori-
entation of the helices, RMSD values of 0.86 + 0.37 A and 1.45 +
0.49 A for backbone and heavy atoms, respectively. (B) The first
14 structures with antiparallel orientation of the helices, RMSD
values of 1.49 + 0.62 A and 2.15 + 0.67 A for backbone and
heavy atoms. Figure was created with MOLMOL 2.K.1.

The importance of oxidative modifications of oS in de-
termining structural/biological alterations of the protein
is well recognized,” and the effects associated with metal
binding to oS are of particular relevance in this context.
The possibility that metal-aS complexes produce oxygen
radicals is also worthy of note,”® because these species
may be toxic also to exogenous molecules. We therefore
performed a series of experiments with the aim of as-
sessing the effect of membrane incorporation of the Cu'-
Ac-aS,.,5 complex, and the parent Cul—ocSI_15 complex, on
their oxidative reactivity towards external substrates.
Among the potential substrates, the most important is
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certainly dopamine (DA), in view of the possible involve-
ment of &S in the control of the neurotransmitter cyto-
plasmic concentration and release at nerve terminals,®
and the observation that in vitro DA oxidation induces
formation of stable, potentially toxic oS oligomers.”
However, DA itself is not an easily manageable substrate
to obtain quantitative information: its oxidation is slow in
the presence of catalytic amounts of Cu",> while the cor-
responding quinone (DAQ) is very reactive and under-
goes rapid conversion to dopaminochrome (DAC) and
further oxidative oligomerization,* yielding insoluble me-
lanic precipitate. Interestingly, DA autoxidation in aque-
ous buffer at pH 7.4, monitored through the characteristic
DAC absorption at 475 nm, is partially quenched in SDS
micelles (see Figure uS). This is due to interaction of the
protonated DA amino group with the negatively charged
surface of the mimetic membrane,” which probably hin-
ders intramolecular cyclization of DAQ to DAC.* The ad-
dition of catalytic amounts of Cu" (25 pM) to a solution of
DA (3 mM) in 50 mM Hepes buffer at pH 7.4 containing
SDS (20 mM), increases its oxidation rate, and this slow
catalytic effect is not affected by the addition of an excess
Ac-aS,.,5 (Figure 5A). Though, it is interesting that when
the same experiment is carried out with aS,,, the non-
acetylated peptide progressively quenches the reaction
(Figure 5B).
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Figure 5. Kinetic profiles of DA oxidation with time, in 50 mM
Hepes buffer solution at pH 7.4 and 25 °C with SDS (20 mM):
(A) DA (3 mM) in the presence of Cu" (25 uM) (gray line) and
with addition of 2.5 equiv. of Ac-aS,.;5 (black dotted line); (B) (a)
DA (3 mM) in the presence of Cu" (25 uM); (b) and (c): same as
before but with addition of 1 and 2 equiv. of aS,.;s, respectively.
In both cases, the absorption profiles were corrected for DA au-
toxidation in the same conditions.

These experiments suggest that the weak binding of
Cu" to Ac-aS,,5 is unable to keep the ion in the membrane
(it is probably entirely bound to excess DA in the buffer

solution). Upon reduction, Cu' is not immediately trapped
by Ac-aS,., in the membrane, because its reaction with O,
is faster and catalytic turnover can proceed, as represent-
ed by the following simplified reaction scheme:

Cu" + DA — Cu' + DA’

Cd' + O, 2 CuwoO,

Cu/O,+ DA —— Cu" + DA’

2DA" — DA + DAQ

On the contrary, oS, binds strongly both Cu" and Cu'
in the membrane, preventing the reaction of the latter
with dioxygen. As a matter of fact, if Cu" is reduced prior
to the addition of DA and dioxygen, the resulting Cu' ion
is efficiently trapped by Ac-oS,,s in nonreactive form in
the membrane, so that DA oxidation is completely
quenched (Figure 6).
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Figure 6. Kinetic profiles of DA oxidation with time, in 50 mM
Hepes buffer solution at pH 7.4 and 25 °C with SDS (20 mM):
DA (3 mM) in the presence of Cu" (25 uM) and 2 equiv. of
ascorbate (gray line), and with prior addition of 2.5 equiv. of Ac-
oS;.i5 (black line). The solutions containing SDS, ascorbate, Cu"
and peptide were prepared in an inert atmosphere and then an air-
saturated solution of DA was added. Time zero corresponds to
consumption of ascorbate.

Given the difficulties to carefully analyze DA oxidation
products, we considered the oxidation of 4-
methylcatechol (MC), which lacks functional groups in
the side chain. As previously reported,’® the oxidation of
MC (3 mM) promoted by Cu" (25 uM) at pH 7.4 (50 mM
Hepes buffer) proceeds with a biphasic behavior due to
the initial development of an absorption band at 401 nm
(e = 1550 M™ cm™), due to 4-methylquinone (MQ), that
subsequently shifts to 480 nm upon formation of an addi-
tion product between excess MC and the quinone. This
addition product has been isolated and characterized here
(Figure 12S and Scheme 1S). Longer reaction times lead to
further oligomeric products that were not taken into con-
sideration. When MC oxidation is studied in buffer con-
taining SDS, the addition of slightly more than 2 equiv.
Ac-aS,,5 with respect to Cu' (generated by reduction of
Cu" with ascorbate before addition of the substrate) com-
pletely quenches the reaction (Figure 7). Note that SDS
alone has no effect on the reactivity of free Cu'".
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Figure 7. Kinetic profiles of MC oxidation with time, in 50 mM
Hepes buffer solution at pH 7.4 and 25 °C with SDS (20 mM):
MC (3 mM) in the presence of cu (25 uM) and 2 equiv. of
ascorbate (gray line), and with prior addition of 2.5 equiv. of Ac-
aS;.5 (black line). The procedure is the same as that reported in
the legend of Figure 4. The absorption profiles were corrected for
MC autoxidation in the same conditions. Time zero corresponds
to consumption of ascorbate.

On the other hand, the effect of aS,,; on the copper
mediated oxidation of MC is similar to that already ob-
served for DA oxidation, i.e. the reaction is partially
quenched by the high affinity of this peptide for Cu" (Fig-
ure 8). More interestingly, if the medium also contains
SDS the quenching is complete (Figure 8).
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Figure 8. Kinetic profiles of MC oxidation (3 mM) in Hepes
buffer (50 mM) at pH 7.4 and 25 °C in the presence of: (a) Cu'"
(25 uM) alone, and with the addition of: (b) 2 equiv. of «S;.
155 (¢) SDS (20 mM); (d) 2 equiv. of aS;;5 and SDS (20 mM).
All traces were corrected for MC autoxidation in the same condi-
tions.

A more detailed study could be carried out using 3,5-di-
tert-butylcatechol (DTBC), because it is electron-richer
than DA and MC, and hence its oxidation is faster, and in
addition it bears the advantage of forming a stable qui-
none (DTBQ). This allowed performing more detailed ki-
netic studies. The only drawback is that DTBC oxidation
cannot be studied in pure aqueous buffer, due to its lim-
ited solubility.” The oxidation of this substrate (3 mM) in
the presence of Cu' (25 pM) was therefore studied in
methanol/s0 mM Hepes buffer at pH 7.4 (80:20 v/v), fol-
lowing the absorption band of DTBQ at 407 nm. As previ-
ously reported,26 the addition of aS, 5 to the reaction solu-
tion leads to progressive reduction of the reaction rate,
but the reaction is not completely quenched even at an

asS,.5 to Cu" ratio of 41 (Figure 9). However, when the ex-
periment is carried out in the presence of SDS (20 mM),
the quenching of the catalytic reaction becomes complete
at ratio of aS, 5 to Cu" ratio of 2:1 (Figure 9).

Figure 9. Dependence of the initial rate of DTBC oxidation on
the molar ratio of aS;_;5/Cu". The kinetics were studied in metha-
nol/50 mM Hepes buffer at pH 7.4 (80:20 v/v) and 25 °C by react-
ing: (a) DTBC (3 mM), Cu" (25 pM), and variable amounts of
0S1.15, from 0 to 4 equiv. with respect to Cu" (+), and (b) the rea-
gents in the same conditions as above but with addition of SDS
(20 mM) to the solution ().

The effect of Ac-aS,., in the catalytic DTBC oxidation in
the presence of SDS depends on the initial copper oxida-
tion state. When the experiment is performed starting
with copper(Il), the kinetic trace is not affected by the
presence of Ac-aS, 5 (Figure 13S). This agrees with the low
affinity of the acetylated peptide vs. copper(Il). A differ-
ent behavior is observed if the reaction is started from an
anaerobic solution of copper(I). Upon exposure to air the
DTBQ band progressively develops. But in the presence of
Ac-aS,. 5 the reactivity of copper is progressively reduced
(Figure 10). This can be explained considering that Ac-aS,.
s, maintains the copper(I) coordination set, therefore after
binding the metal ion the resulting complex is transferred
into the micelles. Most importantly, as in the case of DA
oxidation, a complete quenching of the reaction is ob-
tained with a Cu:Ac-aS,,; = 1:2 molar ratio. The kinetic
profiles of Figure 10 also show that upon copper redox cy-
cling during turnover, the reactivity observed starting
with copper(Il) is restored. This does not happen when
the copper:Ac-aS,,; ratio is 1:2, suggesting that the
Cul(Ac—ocSHS)2 species within the micelles is stable to di-
oxygen and unable to promote further oxidation.



Figure 10 - Kinetic profiles at 407 nm for the oxidation of DTBC
(3 mM) in methanol/50 mM Hepes buffer at pH 7.4 (80:20 v/v)
and 25 °C in the presence of copper(I) (25 pM), stock solution in
CH;CN, and SDS (20 mM) (dotted line), and with the addition of:
1 equiv. of Ac-aSynl5 (dashed line); 2 equiv. of Ac-aSiis
(black line). All traces were corrected for DTBC autoxidation in
the same conditions.

CONCLUSIONS

The interaction of oS, ,; peptides, in both acetylated and
non-acetylated forms, with membrane-like environment
drastically changes their copper(I) binding ability, in
terms of the donor atoms involved, binding stoichiome-
try, and affinity. The membrane-bound, a-helical oS pep-
tides bind Cu' in a 21 ratio yielding a tetrahedral CuS,
site, through the side chains of the N-terminal methio-
nines, and with higher affinity than the complex formed
in aqueous solution.” aS,,; peptides contain the copper
binding sites of the full protein, suggesting that a similar
behavior can be expected for full-length aS in the mem-
brane, as previously demonstrated for unstructured oS..
Therefore, it can be hypothesized that binding of the pro-
tein to the membrane not only represents a powerful trap
for adventitious copper, which seems to be correlated
with PD etiology,”® but provides an excellent system for
eliminating the potentially harmful redox reactivity of the
metal ion.®* In fact, unlike cytosolic Cu'-aS, the mem-
brane-bound complex may not promote oxidative reac-
tions. This result can explain recent findings on cellular
models, where it is shown that «S in physiological con-
centration and in its monomeric state does not generate
ROS production and cell toxicity in the presence of cop-
per or iron.** However, toxicity effects due to massive
ROS production and oxidative stress arise when even
small amounts of soluble aS oligomers are formed, at the
early stages of the protein self-assembly process.

MATERIALS AND METHODS

1. Peptide synthesis. The N-terminal peptide fragment
aS,.. (MDVFMKGLSKAKEGV-NH,) and its N-acetylated
form Ac-0S,.; (Ac-'MDVFMKGLSKAKEGV"-NH,) were
synthesized using the standard fluorenyl methoxycarbon-
yl (Fmoc) solid-phase synthesis in DMF. Rink-amide resin
was used as solid support, which yielded the peptides

amidated at the C-terminus. After deprotection of the res-
in with 20 mL of 20 % (v:v) piperidine in DMF, the first
amino acid (3 mol equiv. vs. resin sites, estimated to be
0.64 mmol/g of resin), was added in the presence of 3
equiv. of N-hydroxybenzotriazole, 3 equiv. of benzotria-
zol-1-yl-oxytripyrrolidinophosphonium  hexafluorophos-
phate and 6 equiv. of N,N-diisopropylethylamine. After 45
min, the same coupling procedure was repeated. After re-
coupling of each amino acid, a capping step was per-
formed by using 20 mL of 4.7 % acetic anhydride and 4 %
of pyridine in DMF. Deprotection of the Fmoc group was
performed by treating twice the resin, for 3 min and 7
min, respectively, with 15 mL of 20 % piperidine in DMF.
In order to obtain Ac-aS,.,; peptide the capping step pro-
cedure has been repeated also after the binding of the last
residue, Meti.

At the end of the synthesis, the protection of the side
chains of the amino acids were removed with a solution of
95 % trifluoroacetic acid (TFA, 25 ml for 1 g of resin),
triisopropyl silane (2.5 %) and water (2.5 %), which serves
also to release the peptide from the resin. After stirring
for 3 h, the solution was concentrated under vacuum and
cold diethyl ether was added to precipitate the peptide.
The mixture was filtered and the precipitate washed with
cold diethyl ether; then, it was dissolved in water and pu-
rified by HPLC, using a 0-100 % linear gradient of 0.1 %
TFA in water to 0.1 % TFA in CH,CN over 40 min (flow
rate of 3 mL/min, loop 2 mL), as eluent. The product was
then lyophilized, yielding a white solid, which was charac-
terized by ESI-MS.

ESI-MS data (direct injection, MeOH, positive-ion
mode, capillary temperature 200 °C): m/z 1640 (aS,.,sH"),

820 (a‘sl-lsH 2“), 547 (asl-15H33+) a.m.u.; 1632 (AC-(X,SI_ISH+),
8415 (Ac-aS,sH,™), 561 (Ac-0S,,sH*) a.m.u.

2. CD spectroscopy. CD spectra were acquired on a
Jasco J-815 spectropolarimeter at 288 K. A o.1-cm cell path
length was used for data between 180 and 260 nm, with a 1
nm sampling interval. Four scans were collected for every
sample with scan speed of 100 nm min™ and bandwidth of
1 nm. Baseline spectra were subtracted from each spec-
trum and data were smoothed with the Savitzky-Golay
method.* Data were processed using Origin 5.0 spread
sheet/graph package. The direct CD measurements (8, in
millidegrees) were converted to mean residue molar ellip-
ticity, using the relationship: mean residue Ae =
0/(33000xcxIxnumber of residues), where ¢ and 1 refer to
molar concentration and cell path length, respectively.
The CD spectra of S, ,5in the presence of SDS is reported
in Figure 1SA, whereas the CD titration of Ac-aS,,5 with
Ag' in the presence of SDS is reported in Figure 7S. The
peptide concentration was 0.1 mM in 2.0 mM phosphate
buffer at pH 7.4 and 25 °C. The desired concentrations of
Ag' ions and SDS were achieved by using stock solutions
of AgNO, and SDS (Sigma Chemical Co.) in water.

3. NMR spectroscopy. NMR spectra were acquired at
298 K using Bruker Avance spectrometer operating at
proton frequency of 600 MHz. NMR spectra were pro-
cessed with XwinNMR 3.6 and TopSpin 3.0 software and
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analyzed with the program Cara.** Suppression of residual
water signal was achieved either by presaturation or by
excitation sculpting,” using a selective 2 ms long square
pulse on water. Proton resonance assignment of the pep-
tides was obtained by 2D 'H-'H COSY, TOCSY and
NOESY and 'H-®C HSQC experiments. The peptide was
dissolved in 20 mM phosphate buffer at pH 7.4 with 10%
of D,O. The final peptide concentration was 0.4-0.5 mM.
The desired concentrations of Ag' ions and SDS were
achieved by using stock solutions of AgNO, and SDS
(Sigma Chemical Co.) in deuterated water. For Cu' com-
plexes, a 10 mM [Cu(CH,CN),]BF, stock solution was pre-
pared in 20 mM phosphate buffer in D,O at pH 7.4 (con-
taining 5% v/v CH;CN). 1.5 mM ascorbic acid was added
to the peptide just before use in order to avoid Cu' oxida-
tion to Cu". The relevant NMR data are reported in Figure
2S and 3S.

4. Structure Calculation. NOE cross peaks in 2D 'H-'H
NOESY spectra acquired on apo peptides, Cu'/Ag' oS,
and Cu'/Ag' Ac-oS,,, systems at 298 K were integrated
with Cara program and were converted into internuclear
distances list with the routine CALIBA of the program
package DYANA.?* To generate a NMR dimeric structure
from a single distance restrains list, a double atom amino
acid sequence of the same fragment was created in a sin-
gle file, using the same distance restrains for both mono-
mers. An ensemble of 30 structures were obtained by the
standard protocol of simulated annealing in torsion angle
space implemented in DYANA (using 10000 steps). To
take into account the observed coordination behavior of
the metal ion, distance constraints between metal and the
two methionine sulfur donors of the two oS, ,; monomers
were imposed (4 thioether groups coordinated), consider-
ing the 21 peptide metal ratio. No dihedral angle re-
straints and no hydrogen bond restraints were applied.
The final structures were analyzed using the program
MOLMOL.»

5. Kinetics of oxidation of catecholic substrates.
The catalytic oxidation of catecholic substrates mediated
by copper-Ac-asS,.,5 or copper-aS, s complexes were stud-
ied in the presence of SDS and compared to that of free
Cu™.

a) Dopamine oxidation

DA oxidation was monitored by UV-visible spectrosco-
py (with an Agilent 8453 spectrophotometer) through the
absorption band of dopaminochrome at 475 nm.>° DA (3
mM) autoxidation was studied in s0 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes)
buffer at pH 7.4 at room temperature, in the absence and
presence of SDS (20 mM) (Figure uS).

The oxidation of DA in presence of aS,.5 (25-50 pM) or
Ac-aS,.,5 (62.5-100 uM) was studied using Cu" (25 pM) in
the presence of SDS (20 mM).

The copper(I) species was generated from copper(II) ni-
trate (25 pM), by reduction in an inert atmosphere with 2
equiv. of ascorbate. Thus, the solutions containing SDS,
ascorbate, Cu" and Ac-aS, 5 (62.5-100 uM) in Hepes buffer
were prepared under an inert atmosphere in 2 mL volume

and then the reaction was started by adding an air satu-
rated solution of DA to obtain a final volume of 2.5 mL.

b) 4-Methylcatechol oxidation

MC oxidation was monitored through the absorption
band of 4-methylquinone at 401 nm (g = 1550 M" ecm™),”
that subsequently undergoes a shift to 480 nm due to an
addition reaction by excess MC. The addition product has
been characterized by ESI-MS: m/z 247 (addition prod-
uct-H") a.m.u (Figure 12S). In Scheme 1S, the two isomeric
compounds formed by nucleophilic attack of the catechol
with quinone are shown.

The MC (3 mM) autoxidation experiment was per-
formed in 50 mM Hepes buffer at pH 7.4 at room temper-
ature in the absence and presence of SDS (20 mM). The
catalytic oxidation of MC by Cu”—ocSl_15 was studied using
copper(Il) nitrate (25 pM) and oS, 5 (25-50 pM) in the
presence and absence of SDS (20 mM).

The same study was performed with CuI—AC—(xSHS, using
copper(Il) nitrate (25 uM), after reduction in an inert at-
mosphere with 2 equiv. of ascorbate, and Ac-aS,.,; peptide
(62.5-100 uM) and SDS (20 mM).

¢) Kinetics of 3,5-Di-tert-butylcatechol oxidation

The oxidation of DTBC was monitored through the ab-
sorption band of DTBQ at 407 nm (¢ = 1500 M™ cm™), in a
mixed solvent of 80% methanol and 20% 50 mM aqueous
Hepes buffer at pH 7.4 (v/v) at 25 °C. All measurements
were performed in duplicate. The kinetic traces showed a
biphasic behavior. The conversion from AA/s to s™ units
was made using the quinone extinction coefficient and
copper concentration. Autoxidation of the substrate was
negligible in these conditions. To assess the effect of aS, 5
in the reaction, the peptide was added in variable stoichi-
ometry (from o to 4 equivalents with respect to Cu*) in
the presence of saturating concentration of DTBC (3
mM), followed by copper(Il) nitrate (25 pM) as the last
reagent. The same experiment was repeated in the pres-
ence of SDS (20 mM).

Similar studies were performed with the copper com-
plex with Ac-aS,.. This peptide was added in variable
stoichiometry (from o to 3 equivalents with respect to Cu)
to a solution of 80% methanol and 20% 50 mM aqueous
Hepes buffer at pH 7.4 (v/v) containing DTBC (3 mM),
followed by tetrakis(acetonitrile)copper(I) hexafluoro-
phosphate (25 uM, from a stock solution in MeCN) as the
last reagent. The same experiment was repeated in the
presence of SDS (20 mM).
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SYNOPSIS TOC

In a membrane environment, copper(I) binds to the truncated a-synuclein (aS) peptide 1-15, both in N-acetylated and free
amine forms, with a 1:2 Cu'-aS stoichiometry, where Cu' is bound to Met1 and Met5 residues of two helical peptide chains.
The resulting tetrahedral Cu' center is redox stable, does not form reactive oxygen species, and is unreactive against dopa-
mine in the presence of O,.
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