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Abstract
Parkinson disease (PD) etiology is closely linked to the aggregation of a-synuclein (aS).

Copper(Il) ions can bind to oS and may impact its aggregation propensity. As a consequence,
deciphering the exact mode of copper(Il) binding to aS is important in the PD context.
Several previous reports have shown some discrepancies in the description of the main
copper(Il) site in oS, which are resolved here by a new scenario. Three Cu' species can be
encountered depending on the pH and the Cu to aS ratio. At low pH, Cu" is bound to the N-
terminal part of the protein by the N-terminal amine, the adjacent deprotonated amide group
of the Asp2 residue, and the carboxylate group from the side chain of the same Asp2. At pH
7.4, the imidazole group of remote His50 occupies the fourth labile equatorial position of the
previous site. At high Cu" over asS ratio (>1), His50 leaves the coordination sphere of the first
Cu site centered at the N-terminus, because a second weak affinity site centered on His50 is
now filled with Cu". In this new scheme, the remote His plays the role of a molecular switch
and it can be anticipated that the binding of the remote His to the Cu" ion can induce different

folding of the aS protein having various aggregation propensity.

Introduction
a-Synuclein (aS) is a 140 amino acid residue protein implicated in the pathogenesis of
severe neurodegenerative disorders known as synucleinopathies, including Parkinson’s

4

disease (PD) and dementia with Lewy’s bodies.'™ aS, together with B- and y-synuclein
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belongs to the synuclein protein family. While yS does not seem to be involved in
neurodegenerative disorders (but may be involved in various types of cancers’®), BS is
considered as the aS aggregation antagonist and it might play a preventing key role in the

: -1
neurodegenerative cascade.””

BS and aS are both co-localized in the pre-synaptic nerve
terminals and are considered as intrinsically disordered proteins in solution.'®?® The main
difference between the two proteins is the presence of the NAC (non-amyloid component)
region in aS only. Interestingly, that region is considered responsible for aS aggregation,
leading to the formation of parallel B-sheet rich fibril structures.” '

Over the last decade, the role of metal ions in aS aggregation has been taken seriously
into account by considering that (i) an alteration of metal homeostasis always occurs in

patients affected by neurodegenerative disorders,”*™°

and that (ii)) oS is able to bind
physiological metal ions like copper, iron and zinc.””* Imbalance of metal ion homeostasis is
one of the pathological hallmarks of PD, together with the presence of protein-based fibrillar
inclusions inside (Lewy's bodies) or outside neuronal cells of the substantia nigra. Although it
is still not clear if metal dyshomeostasis is a starting or ending point of neurodegeneration,
metal ions may contribute either to self-oligomerization of aS or, when redox active, to the
production of highly reactive oxygen species (ROS).

It is nowadays well accepted that copper coordination to aS increases its aggregation

ability and enhances its toxicity in vivo and in vitro,** !

in particular, it induces the formation
of copper(ll)-mediated oligomeric forms of aS which are the most toxic species able to
dramatically induce cell death in vivo.*> Most of investigators agree with Cu' anchoring to the
N-terminal region of aS with higher affinity than in the C-term part.”® Recent evidence
showed that this N-terminal anchoring is logically lost when the protein undergoes N-terminal
post-translational acetylation.> In that latter case, the Cu" site has been localized in the His50
region and the physiological relevance of Cu" binding to the N-acetylated synuclein
discussed. Copper-coordinated BS or yS shows no aggregation ability and relatively no
toxicity in vivo.** In contrast to copper, iron-mediated aS oligomers do not seem to be as
toxic.*? Moreover, coordination to redox active metal ions like the Cu"/Cu' couple can lead to
the production of ROS, in the presence of molecular oxygen and ascorbic acid that can lead to
extensive cellular damages and accelerate neurodegeneration evolution.”® ***° The link
between oxidative stress (probably mediated by redox metal ions) and PD is supported by
postmortem analysis that show oxidative stress-mediated neuronal cell degeneration.3 !

In this context the exact copper coordination to both aS and BS assumes important
significance and has first to be clarified. Copper(Il) binding to aS and to a lesser extent BS
2
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has been extensively studied in the last ten years.”> However, while implication of the two N-
terminal amino-acid residues, namely Metl and Asp2, in the higher affinity site is consensual,
there is still a main controversy on the exact nature of this Cu" binding site. As recently

- .33 . - ‘s 30, 38-48
reviewed in ~~ and discussed in most of the reports on this issue,”

two propositions have
emerged. The copper coordination modes will be referred to here as a “species” that
correspond to Cu' ions bound to a specific “site”. Site/species 1 and site/species 1' correspond
to a Cu" ion bound to the N-terminal amine, the adjacent deprotonated amide function of
Asp2, and the carboxylate side-chain of Asp2, the fourth equatorial position being occupied
by a water molecule or by the remote His (His50 in aS or His65 in BS), respectively (Scheme
1). The presence and nature of apical ligands have not been investigated yet. A second weak
affinity site (site 2) centered on the remote His has also been identified. In this species, near
pH 7.5, the Cu" ion is bound by the imidazole (Im) group of the His residue, one or two
adjacent deprotonated amide functions from the N-terminal side and oxygen donor atoms
(Scheme 1, right).* The two former species can be distinguished by their EPR parameters, as
reminded in Table 1, with a g of 2.24 and A(**Cu) of 190 + 5 10 cm™ for Cu" in site 1, g,
of 2.22 and A//(63 Cu) of 180 £ 5 10* cm™ for Cu" in site 1'. From an overview of Table 1, it
appears that Cu'' binding to both high affinity sites, 1 and 1', can occur depending on the
experimental conditions. Therefore, we wondered whether the apparent discrepancy of
literature data could be unified in a new scenario that takes into account the importance of
external stimuli such as pH or Cu:asS ratio. In this paper, we thus propose a new scenario that
reconciles most, if not all, of published data on Cu" binding to aS, a very important issue to

better decipher the impact of copper(Il) ions in PD.

N-term
IN-\IO /oligand

Cu

/ \ His50
o} N= =\

N=
< NH
- 4 C-term z
species 1 species 1' species 2
. J
high affinity N-terminally centered site low affinity His-centered site

Scheme 1. Species 1, 1' and 2 corresponding to Cu" binding into the high-affinity N-terminal amine-
centered site (left) and to the His50-centered site (right), respectively. Regarding species 2, in the
present work, the 2N20 equatorial coordination mode is predominant at pH 7.3 while in the work of
Kowalik,* the 3N10 mode was detected as the major species. Note that structure of species 2 is in line
with Cu" binding domain observed in Ac-a:S.** Note that, in general, when the His residue is involved
in the formation of a metallacycle, binding occurs via the N (to favor the most stable metallacycle),
else it mainly occurs via the N, (due to a less steric constraint).*
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. Ay(10* i Values
peptides g/ B conditions ref.
cm’) for
Site 1 (2N20)
[a] [a] 63/65 30
as 224(3)" | 1914 5% 330 M, 20 mM MES buffer, 100 mM NaCl, pH 6.5 and| <Y
5.0
350 uM in PBS buffer, pH 7.4, in mixture with site 1'
as . Scu | 4
2.24(6) | 185+5 350 uM in PBS buffer, pH 5.0,
H50N-aS 350 uM in PBS buffer, pH 7.4 and 5.0
asS 225 8
500-700 uM, 20mM MES, 20 mM MOPS buffer, 100 | .,
H50A-aS 2.25 189 +5 Cu
mM NaCl, pH 6.5 39
aS(1-6) 2.25
H50Q-0S(1-99) |2.24(0)]193 + 51 450 uM, 20 mM MES buffer pH 6.8 83050y | 40
aS, H50A 2.24(2) | 185+5
@) 25 mM MOPS buffer, pH 7.4 83050y | #
aS(1-10) 2.24(5) | 1925
aS(1-17/28/30/39)| 2.24(6) | 193+5 0.8-1.5 mM, pH 4.5 to 8.5 8650y | #
MD-aS(31-56) | 2.24(2) | 193+5 pH 5.5 8365Cy | #
this
aS(1-15)™ 2248 | 190+5 400 uM, 50mM Hepes buffer pH 7.3 BCu | yone
aS(1-15) o this
ba| 2248 | 1905 400 pM, no buffer pH 6.0 Cu | on
+Ac-aS(45-55)"
Site 1' 3N10)
aS(1-140) 222(8) | 179+5 | 350 uM in PBS buffer, pH 7.4, in mixture with site 1 | “Cu | *
aS(1-99) 2.22(4) 185 + 517
as 2.22(6)| 186 + 51
© 25 mM MOPS buffer, pH 7.4 83650y | #
aS(1-56) 2.22(9)| 180 + 51
aS(1-97) 2.22(6)™| 186 + 51
MD-aS(31-56) | 2.22(7) | 185+5 pH 7.4 6305y | #
aS(1-15)+Im this
aS(1-15)+ 2230 | 180+5 400 pM, 50mM Hepes buffer pH 7.3 Cu | on
Ac-aS(45-55)°
Site 2
Ac-MD-aS(41-56)| 2.22(6) | 17245 pH 7.5, no buffer 63050y | #
beay| 2277 | 174%5 o his
Ac-aS(45-55)"" 400 uM, 50mM Hepes buffer pH 7.3 Cu | o
2228 | 171+5

[ Values from measurement on the EPR spectrum in Figures of the paper.

*}Values from simulations (See Figure S1 and table S1 in the Supporting Information for further details).

[ The experiments were performed using **Cu but the values given in Table 1 and in the text were recalculated

for the most abundant **Cu isotope, to allow a more direct comparison with data obtained with mixture of

$Cuw/**Cu in their natural abundance.

[ the work of Kowalik, the major species at pH 7.5 is the 3N10 species containing two deprotonated amide
functions, while in the present work this species is detected in weaker proportion. In contrast, the 2N20 species

(containing only one deprotonated amide group) is predominant under our experimental conditions.
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Results
1-EPR and CD spectroscopy of copper(II)-aS model peptide complexes

Investigations were performed on simple models for each of the sites defined above,
that is: (i) peptide aS(1-15) (sequence: MDVFMKGLSKAKEGYV) encompassing the 15 N-
terminal amino-acid residues of aS for site 1, peptide aS(1-15) plus imidazole or an
imidazole containing molecule for site 1' and peptide Ac-aS(45-55) (sequence:
KEGVVHGVATV-NH,, A53T) containing His50 for site 2°. First, we have validated by EPR
that these systems were correct models of the three sites. In Figure 1-top, the three EPR
signatures of Cu" bound to those peptides at pH 7.3 are thus plotted and the EPR parameters
are reported in Table 1°. The EPR signatures of Cu' in site 1 and 1' are not so different (g, =
2.248, A, =190+ 5 10* cm™ and g =2.230,A,=180%5 107 cm'l, respectively, see Figure
S1 and table S1 in the Supporting Information for further details) and they perfectly reproduce
those of the corresponding species reported in the literature. Species 1' is characterized by a
small up-field shift of the hyperfine lines and a decrease in the hyperfine coupling compared
to species 1, thus leading to a position of the fourth "overshoot" hyperfine line that is identical
for both species. Superhyperfine coupling can be observed on the perpendicular transition for
species 1 but not for 1'. It is worth noting that we have used isotopically pure “*Cu to
maximize the observed differences in the EPR spectra and that they are still weak and can
thus be hardly detectable with use of mixture of *Cu/**Cu in their natural abundance. Circular
dichroism (CD) was also often used to characterize Cu" binding to synuclein. For this reason,
the three CD fingerprints of Cu" bound in the three model sites have been plotted in Figure 1-
bottom. On one hand, spectrum of Cu'-Ac-aS(45-55) is clearly different from those of
species 1 and 1', both in the d-d and in the charge transfer regions. It is also different from the
CD spectra of the Ac-aS protein recently published.*® This is because CD data on the protein
where acquired at pH 6.5, a pH where the Cu" affinity for the His50 centered site is so weak
(about 8 10° M, see Table 3) that the complex is significantly dissociated. On the other hand,
there is only a very subtle difference between the spectra of species 1 and 1', with a small blue
shift of the d-d envelope and the appearance of a weak positive CD feature near 350 nm for
the complex in the presence of imidazole (species 1'), in line with the replacement of the

oxygen atom of the water molecule by the nitrogen atom of the imidazole ring.”® CD spectra

® The mutation A53T was shown not to affect Cu(ll) coordination in site 2, see ref. 48.

® The experiments were performed using ®Cu but the values given in Table 1 and in the text have been
recalculated for the most abundant ®*Cu isotope, to allow a more direct comparison with data obtained with
mixture of 63Cu/GSCu in their natural abundance.
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of both species 1 and 1' are both close to the one of the a:S protein,** and because of their high
similarity, it is not possible to tell which one resembles more the CD spectrum of the protein.
It thus appears that EPR is a more suitable and reliable technique to investigate Cu" binding
to site 1 or site 1' than CD. In the following we will thus focus on EPR. Generally speaking,

this is a very powerful technique to decipher Cu(II) binding to flexible peptides.’" >
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50 Figure 1. EPR (top) and CD (bottom) spectra of Cu" bound to peptide aS(1-15) (a, red), peptide
51 aS(1-15) + 1 equiv. of Im (b, green) and to peptide Ac-aS(45-55) (c, blue). Top, experimental
52 conditions: [aS(1-15)], [Im] or [Ac-aS(45-55)] = 400 uM, [*Cu(II)] = 360 uM (0.9 equiv.) in 50 mM
Hepes buffer pH 7.3, 10% (v/v) of glycerol at 120 K; bottom, experimental conditions: [aS(1-15)],
55 [Im] or [Ac-aS(45-55)] = 400 puM, [Cu(Il)] = 360 uM (0.9 equiv.) in 50 mM Hepes buffer pH 7.3 at
56 25°C, €=1 cm.
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2-pH dependence of the EPR copper(Il) signal in the presence of oS model peptides.

The EPR signatures of Cu" bound to a 1:1 mixture of aS(1-15) and Ac-aS(45-55)
(0.9:1:1 Cu:aS(1-15):Ac-aS(45-55) ratio) as a function of pH are plotted in Figure 2. The
evolution from pH 5.5 to pH 7.3 shows that the Cu(Il) species changes progressively from
species 1 to 1', with the two species being in equal quantity near pH 6.0 (Figure 2¢). This is in
line with the deprotonation of the remote His (pK, close to 6.5**) and its subsequent binding

to Cu'’.

260 280 300 320 340 360
B (mT)
Figure 2. EPR spectra of Cu" bound to peptides aS(1-15) and Ac-aS(45-55) as a function of pH: 5.5
(b), 6.0 (¢), 6.5 (d), 7.0 () and 7.3 (f). Spectrum (a) corresponds to Cu'" bound to aS(1-15) at pH 7.3.
Recording conditions: [aS(1-15)] or [Ac-aS(45-55)] = 400 pM, [“Cu(II)] = 360 uM (0.9 equiv.), 10%
(v/v) of glycerol at 120 K. For samples from b) to ) pH was adjusted with the use of a NaOH stock
solution (1 mM) to obtain desired values; the pH was controlled before and after the EPR
measurements. For samples a) and f) 50 mM Hepes buffer was used to maintain a pH of 7.3.

3-Effect of Cu'" molar ratios

Then, we performed a second experiment at pH 7.3 in which the Cu ratio was
increased from 0.9 to 2 with regards to a 1:1 mixture of aS(1-15) and Ac-aS(45-55). The
corresponding EPR spectra are plotted in Figure 3, top. With the increase of Cu:aS-peptides
ratio, the EPR spectrum evolves from a species with 1'-like signature (compare spectra a and
b) to a combination of species with 1 and 2 signatures (compare spectrum d with spectra e and
f), as shown by the down-field shift of the hyperfine lines. This evolution can be even more
clearly demonstrated by the calculation of spectrum d, using a linear combination of spectra e

(50%) and f (50%) corresponding to Cu" bound in sites 1 and 2, respectively (Figure 4, a).
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Such an evolution agrees with the affinity of the N-centered sites (1 or 1') being higher than
those of the His-centered site (site 2), since site 2 is filled in a second time (see Table 3).
Reproduction of spectrum b in Figure 4 by a linear combination of Cu" in site 1, site 1' and

site 2 will be commented on in the discussion part.

O©CoO~NOOODWN -

10 We have also monitored the same experiment by CD (Figure 3, bottom). The results
" are in line with those obtained by EPR. However, the CD signatures of species 1 (spectrum a)
13 and 1' (spectrum b) are so close that linear combinations of either a) or b) with that of species
15 2 (spectrum c) both reproduce satisfactorily the spectrum of a mixture of aS(1-15), Ac-
aS(45-55) and Cu" in a 1:1:2 ratio (spectrum d). Hence CD, in contrast to EPR, does not
18 allow one to discriminate the nature of the high affinity binding site when both high and weak

20 affinity sites are occupied.
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Figure 3. Top: EPR spectra of Cu" bound to mixtures of peptides a.S(1-15) and Ac-aS(45-55) as a
function of the aS-peptides:Cu" ratio at pH 7.3 (b) 1.0 [aS(1-15)] : 1.0 [Ac-aS(45-55)] : 0.9 [Cu(I)] ;
() 1.0 [aS(1-15)] : 1.0 [Ac-aS(45-55)] : 1.5 [Cu(ID)] and (d) 1.0 [aS(1-15)] : 1.0 [Ac-aS(45-55)] : 2.0
[Cu(ID)]. Spectrum (a) corresponds to Cu(I) bound to peptide aS(1-15) + 1 equiv. of Im, spectra (e) to
Cu" bound to peptide aS(1-15) and (f) Cu" bound to peptide Ac-0.S(45-55) at pH 7.3. Bottom: CD
spectra of Cu" bound to peptide aS(1-15) and Ac-aS(45-55) as a function of the Cu(Il) ratio with
respect to the peptides at pH 7.3. (b) 1.0 [aS(1-15)] : 1.0 [Ac-aS(45-55)] : 0.9 [Cu(Il)] and (d) 1.0
[aS(1-15)] : 1.0 [Ac-0.S(45-55)] : 2.0 [Cu(II)]. Spectra (a) correspond to Cu' bound to peptide aS(1-
15) and (c) to Cu" bound to peptide Ac-aS(45-55) at pH 7.3. Top, recording conditions: [aS(1-15)] or
[Ac-aS(45-55)] = 400 puM, [©Cu(Il)] = 360 uM (0.9 equiv.), 600 uM (1.5 equiv.) and 800 uM (2.0
equiv.) in 50 mM Hepes buffer, 10% (v/v) of glycerol at 120 K for spectra b, ¢ and d respectively;
bottom, [aS(1-15)] or [Ac-aS(45-55)] = 400 pM, [**Cu(I)] = 360 uM (0.9 equiv.), and 800 uM (2.0
equiv.) in 50 mM Hepes buffer at 25°C, (=1 cm.

10
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dy"/dB

I I | I
260 280 300 320 340 360

B (mT)

Figure 4. Reproduction of spectra (d) and (c¢) from Figure 3, using a linear combination of EPR
spectrum of Cu" in site 1 and site 2 (a) and a linear combination of Cu" in site 1, site 1' and site 2 (b).
Linear combination is shown as dotted lined.
Discussion
1-A new scenario for copper(II)-aS coordination

The scenario depicted in Scheme 2, which has not been proposed in the literature yet,
explains the results detailed above. At pH 7.3, Cu" binds to site 1', made of the N-terminal
portion of aS and the remote His50. When the pH is decreased, His becomes protonated and
is released from the Cu' center leading to species 1. When the Cu:aS peptide ratio is
increased at neutral pH, the weak Cu" site centered on His50 (site 2) is filled up, thus
inducing concomitant release of His50 from species 1' leading to formation of species 1. Thus
species 1 can be formed either at lower pH or at Cu-aS ratio >1. The former possibility might
be more biologically relevant as (i) the Cu" affinity for site 2 is low and (ii) pH around 5-6
can occur in certain biological compartments, such as intracellular location, including

. . .. 4
endosomes and lysosomes, in which the aS protein is present.”>

11
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This scenario is confirmed by the fact that a combination of EPR signatures of species
1, 1' and 2 with the same relative weight reproduces perfectly the EPR spectrum obtained by
mixing aS(1-15), Ac-aS(45-55) and Cu" in a 1:1:1.5 ratio (Figure 4, b). Indeed, in
superstoichiometric ratio of Cu", the low affinity site 2 has to be filled with 0.5 equiv. of Cu"
and this requires 0.5 of His50. Thus only 0.5 equiv. of His50 is available to bind Cu" in the
high affinity site, leading to 0.5 equiv. of species 1'. The remaining 0.5 equiv. of Cu" is thus
finally bound to site 1. Details of Cu" occupation of sites 1, 1' and 2 as a function of Cu

equivalents are given in Table 2.

species 1
pH ~ 5-6 C-term

Cu -
species 1'
%;u pH ~7-8

C-term

/
/N
~ NH
species 1

C-term species 2

Scheme 2. Proposed role of His50 in modulating Cu" binding sites in a.S. Note that the same situation
may apply for His65 and BS.

Table 2. Repartition of Cu in the three sites as a function of the Cu equivalents at pH 7.3.

His50-bound in | His50-bound in

H . . . Y .
Cu’ equiv. Site 1 ‘ Site 1 Site 2 site 1" site 2
0.5 0 0.5 0 0.5 0
1 0 1 0 1 0
2 1 0 1 0 1
1.5 0.5 0.5 0.5 0.5 0.5

12
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2-A review of the published results in the light of the new scenario proposed.

At pH 7.3 the first anchor of Cu" binding to oS is the N-terminal amine leading to site
1' where the equatorial Cu" coordination is completed by the deprotonated amide function of
Asp2, the side-chain of Asp2 and the remote His50 at pH 7.3. This model agrees with the
majority of published data, which support His-binding to Cu" in aS. Indeed, most articles

report His binding to Cu" at a Cu:as ratio of 1:1 and pH 7.3.30- 414244

The main argument
comes from EPR spectra obtained using oS mutants at His50, where a shift similar to the one
observed here was obtained in the EPR signatures (due to switching to site 1) or by pulsed

40-42

EPR techniques with site specific labeling. This scenario is also in line with the NMR data

30.38,47 and with the

that show a line broadening of His50 at substoichiometric Cu' to aS ratio,
potentiometric studies with the model peptides aS(1-17/28/30/39) and MD-aS(31-56).** #°
Actually, the data reported by Drew"', where both species 1 and 1' are detected by
EPR near pH 7 can be easily explained by considering a pH decrease due to the use of PBS
buffer, the pH of which decreases significantly upon freezing.” This will result in the mixture

of species 1 and 1' as observed.”' Regarding the EPR data by Binolfi,** *’

they were obtained
at pH 6.5, where the two species coexist, and using “’**Cu. Under these conditions, difference
in the EPR signatures can be overseen. It is thus important to use isotopically pure Cu like in
the present study or in the study by Drew to obtain narrower and better spaced hyperfine lines,
enhancing the differences between the EPR signatures of the two species 1 and 1.

This new scenario also explains the CD data showing that a second Cu equivalent can
be bound to wt-aS but not to the His50 mutant.”® The conclusion that His50 is not involved in
the high affinity site at pH 7.3 was based on the apparent unchanged CD signature of the high
affinity site during the loading of the weak affinity site. However, as shown here, due to the
high similarity between species 1 and 1' CD fingerprints, modification of the signature of the

N-terminally centered high affinity site in presence of site 2 cannot be properly monitored by

CD, but can be by EPR (as shown in Figure 3) and EPR shows that His is bound.

Additionally, the model proposed here is in line with the affinity measurements
performed on aS and oS mutants at His50, or smaller peptidic models of them, showing that
systems containing His50 bear higher affinity for Cu", thus indicating participation of His (i.e.
site 1' is the main site at pH 7.3). More precisely, literature data are contradictory with
conditional affinity constant values (i.e. absolute values at a given pH, pH 7.3 here) spanning

from 10° M to 10" M™".* We have excluded values below 10° M, which are apparent

13
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values not corrected for the buffer contribution (competition of buffer for Cu" binding can
significantly decrease the determined affinity values). Remaining values are reported in Table
3. Competition experiments with the pentaglycine as external chelator or oxidized glutathione
chelator give dissociation constant values in nM range, with a four times higher affinity for
wild-type aS compared to the H50A mutant.*> Another accurate data come from the
potentiometry studies of peptide aS(1-17) corresponding to site 1 and to peptide MD-aS(31-
56) (i.e. the sequence of aS centered on His50 + the two key N-terminal amino-acid residues)
corresponding to sitel".** * At pH 7.4, affinity of Cu" for the former peptide is about five
times weaker than for the latter peptide. It is also interesting to note that when the pH is
decreased the difference of Cu' affinity between the two peptides tends to disappear in line
with the release of the His ligand at lower pH, leading to formation of a site 1 (instead of 1)
in the latter peptide (Table 3). This difference, while significant, has not been detected neither
by Trp fluorescence of aS(F4W) and aS(F4W,H50A) nor by ITC.*** 45 This may be due
to the fact that these techniques are less suitable for the determination of such a high affinity
constant, which thus requires performing the experiments at very low concentrations (here, <
100 nM). It is also worth noting that affinity of Cu" for the Ac-aS(45-55) peptide, use to
model site 2 is significantly weaker than for species 1 or 1', in line with above described
spectroscopic data. This effect is particularly obvious at low pH (pH 6.5) where there are

more than 4 orders of magnitude between the affinity values.

Table 3. Dissociation and corresponding affinity constants calculated from literature data.

peptide site pH K4 (nM) K, 10° refs.

wt-aS I 0.11%/0.15™ 9.1/6.7 *
aS(His50A) 1 0.40/0.60™! 2.5/1.7

MD-aS(31-56) I 7.4 0.19 532 “
aS(1-17) 1 0.94 1.06 ®
Ac-aS(45-55) 2 2.54 10° 0.39 10° “
MD-a:S(31-56) I 70 1.19 0.84 =
as(1-17) 1 ' 4.01 0.25 ®
MD-aS(31-56) I 65 14.7 0.068 “
aS(1-17) 1 ' 30.7 0.033 “
Ac-0S(45-55) 2 0.1210° 8.310° 8
MD-aS(31-56) I 60 195 5.13 107 -
asS(1-17) 1 ' 275 3.64 107 ®

% From competition with pentaglycine
™) From competition with glutathione
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3-Possibile formation of ternary copper(Il)-(aS), complexes.

In the course of our experiments, we have also investigated the possibility of forming
ternary species with site 1 plus imidazole containing molecules (Figure 1, Figure S2-S3). It
clearly appears that species 1 can form easily ternary complexes with imidazole containing
molecules occupying the fourth labile equatorial position but not more position (Figure S4).
Thus, species 1 could make ternary complexes with amino acids or other His containing
proteins and perhaps most importantly with His50 from another aS (or BS) molecules. This
would lead to a Cu-bridged synuclein dimer, which could have an important impact on the
aggregation behavior.™
Concluding remarks.

The Cu" binding scenario to aS reported in the present paper reconciles most of the
previously published studies on the same subject. It is strongly supported by EPR monitoring
of Cu" binding to relevant model peptides of oS as a function of pH and Cu to peptides ratio.
In this new model of Cu" binding to oS, the role of His50 appears to be crucial. We thus
anticipated that it can act as a molecular switch and induces different folding of the oS
protein, when involved in site 1' (substoichiometric ratio of Cu" to aS, pH > 6.5), site 2
(superstoichiometric ratio of Cu" to aS, pH > 6.5) or not involved at all (pH < 6.5). This may
thus impact the aggregation properties of the aS protein. Additionally, ternary species a.S-
Cu"-aS' or aS-Cu"-(Ac-aS), with the Cu" ion bridging two different protein molecules (oS
being bound by its N-terminal part and aS' or Ac-aS being bound by the His50) is also
possible and this may impact aggregating properties as well, where the proteins aggregation
has been widely acknowledged as a key event in the aetiology of PD. In case of Ac-aS, the
impact of Cu" on aggregation of Ac-aS, has been recently shown to be only minor.**
However, formation of mixed peptides complex aS-Cu'-(Ac-aS) is conceivable and its
consequences on aggregation might contribute to the biological relevance of the interaction of

Ac-aS with Cu".
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Materials and Methods

Peptide and reagents.

aS(1-15), Ac-aS(45-55, AS3T) and BS(1-15) peptides were synthesized on solid phase using
Fmoc chemistry. Rink-amide resin was used as the solid support, so that the resulting peptides
would be amidated at the C-terminus. After removal of the peptide from the resin and
deprotection, the crude product was purified by RP HPLC on a Phenomenex Jupiter Proteo
C12 column, using a Jasco PU-1580 instrument with diode array detection (Jasco MD-1510),
with a semi-linear gradient of 0.1% trifluoroacetic acid (TFA) in water to 0.1% TFA in
CH3CN over 40 min. The identity of the peptide was confirmed by Electrospray ionization
mass spectrometry (Thermo-Finnigan). The purified peptide was lyophilized and stored at
-20°C until use.

aS(1-15), BS(1-15) and Ac-aS(45-55) lyophilized peptides were weighed and dissolved in
pure water to obtain three high concentration stock solutions. The stock solution concentration
of both aS(1-15) and BS(1-15) was titrated by UV-Vis absorption monitoring the
phenylalanine absorption peak at 258 nm (typical of Phe-containing peptides) with a molar
extinction coefficient of 195 Mcm™, obtaining a 1.80 mM and 2.57 mM stock solution for
aS(1-15) and BS(1-15), respectively. For the Ac-aS(45-55) peptide, the concentration of the
stock solution was measured through a Cu(Il) titration in UV-Vis absorption by monitoring
the growth of the d-d band at 580 nm at pH 8.0 (with the use of 50 mM Hepes buffer) due to
the formation of the Cu(II)-amino/amido complex described by Valensin et al.** The obtained
stock solutions were frozen and stored at -20 °C.

All other reagents were purchased from Sigma Aldrich.

CD spectroscopy.

CD Spectra were recorded at 25 °C with a JASCO J-815 spectropolarimeter equipped with a
Perkin-Elmer temperature controller at a scan speed of 20 nm/min and 3 accumulations using
a quartz cell with a 1 cm path length.

The acquired spectral window was between 200 and 900 nm with a band width of 1 nm, with
a D.I.T. (data integration time) of 4 nm, a data pitch of 1 nm and standard sensitivity.
Background spectrum was recorded with 50 mM Hepes buffer pH 7.3 in the same
instrumental conditions and subtracted after the sample measurements.

pH was controlled after sample measurements (7.25 £ 0.05).

The obtained spectra were then smoothed with the Savitzy-Golay method.

Electron Paramagnetic Resonance (EPR).

EPR data were recorded using an Elexsys E 500 Bruker spectrometer, operating at a
microwave frequency of approximately 9.5 GHz. All spectra were recorded using a
microwave power of 20 mW across a sweep width of 150 mT (centered at 310 mT) with a
modulation amplitude of 0.5 mT. Experiments were carried out at 120 K using a liquid

nitrogen cryostat.

16

ACS Paragon Plus Environment

Page 16 of 20



Page 17 of 20 Submitted to Inorganic Chemistry

pH was controlled after sample measurements (7.25 £ 0.05). For pH-dependent measurements
no buffer was used, pH was controlled after EPR measurements. pH is adjusted with NaOH or
H,SO4 stock solution. Adjustment of pH in the EPR sample is performed with a micro-

electrode pH-meter.
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EPR simulations were performed by using the Easyspin software package’’ and routines

written in the lab.
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Deciphering the exact mode of copper(Il) binding to a.S is important in the Parkinson Disease
context. In the scenario proposed here, the remote His at position 50 plays the role of a pH
and copper(Il) concentration dependent molecular switch between three possible copper(Il)
binding sites. It is anticipated that the way His binds to the copper(Il) ion can induce different

folding of the oS protein leading to various aggregation propensity.
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