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ABSTRACT: Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the
presence of abnormal a-synuclein (aS) deposits in the brain. Alterations in homeostasis and
metal-induced oxidative stress may play a crucial role in the progression of aS amyloid
assembly and pathogenesis of PD. Contrary to aS, f-synuclein (fS) is not involved in the PD
etiology. However, it has been suggested that the S/aS ratio is altered in PD, indicating that
a correct balance of these two proteins is implicated in the inhibition of aS aggregation. aS
and fS share similar abilities to coordinate Cu(Il). In this study, we investigated and
compared the interaction of Cu(I) with the N-terminal portion of S and aS by means of
NMR, circular dichroism, and X-ray absorption spectroscopies. Our data show the importance
of M10K mutation, which induces different Cu(I) chemical environments. Coordination
modes 3510 and 2520 were identified for S and aS, respectively. These new insights into
the bioinorganic chemistry of copper and synuclein proteins are a basis to understand the
molecular mechanism by which S might inhibit aS aggregation.

B INTRODUCTION

Parkinson’s disease (PD) is a widespread neurodegenerative
pathology associated with severe disorders of the central
nervous system mainly caused by the death of dopaminergic
cells in the substantia nigra.'~’ Among several familiar or
inherited forms of PD, one is linked to the mutation of SNCA
genes coding a-synuclein (aS), an intrinsically disordered
protein whose biological function is unknown yet. aS is the
main component of Lewy bodies, histological hallmark of PD in
most inherited, familiar, early onset, and autosomal forms,® ™'
which are present in the brains of patients."'*

aS belongs to the synuclein family, which includes also j-
and y-synuclein (SS and ¥S, respectively) for their high
homologies (62%) in the amino acid sequence."® aS and fS are
colocalized in the presynaptic nerve terminals mostly expressed
in the brain, while yS is found primarily in the peripheral
nervous system."* Contrary to aS, #S and yS are not correlated
to neurodegeneration. Previous studies have shown that yS is
involved in various types of cancer,">~"* while S, representing
75—80% of the total brain synuclein content, is considered as
the nonamyloidogenic homologue of @S.*° For these reasons,
the biological and chemical behaviors of AS have been
extensively investigated and compared to aS.'”*'

In the last few decades, many efforts have been directed to
reveal the main cause and the exact mechanisms leading to aS
aggregation and their possible implication in PD. Previous
intriguing results show that the ratio fS/aS is altered in
neurodegenerative disorders, suggesting that a correct balance
of these two proteins is implicated in the inhibition of aS
aggregation.’~** The intrinsic ability of S to prevent
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aggregation and oligomerization of aS has been also observed
at equimolar protein concentrations. In particular, it has been
proposed that the presence of S gives rise to the formation of
aS—pS heterodimers, thus preventing aS homodimerization
and oligomerization.****

Transition metal ion homeostasis (Cu(1l)/(I), Fe(Ill)/(11),
Zn(11)) plays a key role in neurodegenerative disorders as these
ions are considered one of the possible factors leading to
protein agg1'<egation.26_30 Moreover, the oxidative stress
mediated by redox-active metal ions, like copper and iron, is
considered to be strictly linked to the production of reactive
oxygen species (ROS) strongly implicated in the pathogenesis
of PD and other neurodegenerative diseases.®>’ In fact,
uncontrolled ROS production is one of the most dangerous
challenges for cell vitality and is strictly linked with an altered
metal homeostasis.”’ Interestingly, altered cellular concen-
tration of metal jons have a significant impact on the
development of age-related neurodegenerative diseases.** >*

The interaction between aS and redox-active metal ions has
been a topic of numerous investigations. In particular, it has
been shown that (i) asS is able to bind both Cu(II) and Cu(I),
(i) Cu(Il) binding has a higher affinity than Cu(I), and (iii)
Cu(II) enhances protein aggregation and oligornerization.35_40
The structural features of the Cu(II) and Cu(I) binding sites
have been determined by different experimental meth-
0ds,***'7>° and the existence of two or three possible
independent Cu(II) binding domains is widely accep-
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ted 2838442494752 The main one (K = 020 + 0.02 uM) is
located at the N-terminal region, where Cu(Il) coordinates to
Met-1 N-terminal amino group, Asp-2 main chain nitrogen,
Asp-2 carboxylate group, and a water molecule or His-50
imidazole.*#***5275¢ The same region is also able to bind
Cu(I) with a micromolar affinity through Met-1 and Met-S
thioether groups.””~>* Obviously the main Cu(II) binding site
anchored to Met-1 amine group is completely abolished if the
N-terminus group is acetylated.”®

Recently, Cu(II) binding domains and affinities of aS and /S
were compared, showing the occurrence of identical metal
binding behavior for both proteins.** On the other hand,
nothing is known about Cu(I)—fS binding abilities. As easily
observed by comparing the amino acid sequences of aS and S
(Scheme 1), the N-terminal region is highly conserved, with the

Scheme 1. Comparison of the N-Terminal Sequences (1—
60) of a- and f-Synuclein®

aS 1-30 MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA
BS 1-30 MDVEMKGLSM AKEGVVAAAE KTKQGVTEAA
as 31-60 GKTKEGVLYV GSKTKEGVVH GVATVAEKTK
BS 31-60 BKTKEGVLYV GSKTREGVVQ GVASVAEKTK

“The six single-point mutations are shown in gray (K10M, A27T,
G31E, K45R, H50Q, and T54S.

presence of just six point mutations. One is at position 10,
where Lys in aS§ is substituted by Met in fS. Since methionine
residues constitute the Cu(I) binding domain, K10M
substitution might provide a new possible thioether ligand for
Cu(I) in SS. The presence of an additional methionine residue
in the protein sequence, could have a strong impact on the
copper(I) coordination environment and binding affinity of /S,
in contrast to what was observed for Cu(II) binding.**

To address this issue, here we investigated the behavior of
the N-terminal region of S in the presence of Cu(I) by means
of NMR, CD, and X-ray absorption spectroscopy (XAS). The
complete characterization of the metal coordination site and
the three-dimensional (3D) structure of the complex was
obtained by using the peptide encompassing the first 15 amino
acids (f3S,_;s), which, as previously shown for aS, represents a
good model for the copper binding at the N-terminal region of
the full-length protein,>”*4638-61

In addition to Cu(I), we also investigated Ag(I)—fS;_;s
interaction by NMR spectroscopy to evaluate whether silver
can act as a good probe of the Cu(I)—synuclein associations.®>

B EXPERIMENTAL SECTION

Peptides and reagents. The N-terminal S, ;5 and aS,_5 peptides
were synthesized in solid phase using fluorenylmethyloxycarbonyl
chloride chemistry. Rink-amide resin was used as the solid support, so
that the resulting peptides are 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 semilinear gradient of 0.1%
trifluoroacetic acid (TFA) in water to 0.1% TFA in CH,CN 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. #S;_;5 and
aS,_s were dissolved in 20 mM or 2 mM phosphate buffer in H,O at
pH 7.3, obtaining a final concentration ranging from 400 to S00 yM
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for NMR experiments, 100 uM for CD experiments, and 1.0 mM for
XAS experiments. The desired concentration of Ag(l) ions was
achieved by using a stock solution of 20 mM AgNO; (Sigma Chemical
Co.) in D,0. For Cu(I) complexes 10 mM [Cu(CH;CN),]BF, stock
solution was prepared in 20 mM phosphate buffer in D,O at pH 7.3
containing 5% v/v CH3CN. Ascorbic acid was added to the peptides
(ratio 2:1) just before use to avoid any possible oxidation of Cu(I) to
Cu(II). All the solutions were degassed with water-saturated N, just
before use and kept under inert N, atmosphere. TMSP-2,2,3,3-d,, 3-
(trimethylsilyl)-[2,2,3,3-d,] propansulfonate, sodium salt, was used as
internal reference standard for NMR measurements.

CD measurements. CD spectra were acquired on a Jasco J-815
spectropolarimeter at 288 K. A 0.1 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 spectrum, and data were smoothed with the Savitzky—Golay
method.”® Data were processed using Origin 5.0 spread sheet/graph
package. The direct CD measurements (6, in millidegrees) were
converted to mean residue molar ellipticity, using the relationship
mean residue Ae = 6 /(33000 X ¢ X 1 X number of residues), where c
and | refer to molar concentration and cell path length, respectively.

NMR measurements. NMR spectra were acquired at 278 and 288 K
using Bruker Advance spectrometer operating at proton frequency of
600 MHz. NMR spectra were processed with XwinNMR 3.6 and
TopSpin 2.0 software and 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
peptides was obtained by two-dimensional (2D) 'H-'H COSY,
TOCSY, and NOESY, and 'H-C HSQC experiments were
performed.

XAS measurements. The Cu(I) aS,_;s and f8S,_,5 samples for XAS
measurements consisted of 1 mM peptide solutions in 20 mM
phosphate buffer at pH 7.3 & 0.1 and were prepared under nitrogen
atmosphere by adding Cu(I) in slightly substoichiometric ratio to
avoid unbound metal (~0.9 mM). A glovebox under inert atmosphere
was used to load the peptide sample into a plastic cell covered with
Kapton windows. The sample holder and the Kapton windows had
been previously carefully washed with a highly concentrated
ethylenediaminetetraacetic acid solution (approximately 100 mM),
rinsed with pure water and absolute ethanol, and dried. The sample
cell was then mounted in a cryostat and kept at 100 K during data
collection. XAS data were collected at the GILDA CRG beamline of
the European Synchrotron Radiation Facility (Grenoble, France),
using a Si(311) double-crystal monochromator employing dynamical
sagittal focusing.® The photon flux was of the order of 10'° photons
s'and 1 mm X 1 mm spot size. The XAS data were recorded by
measuring the Cu Ko fluorescence using a Ge 12-element solid-state
detector over the energy range from 8800 to 9600 eV, using variable
energy step widths. In the X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
regions steps of 0.5 and 2.0 eV were used, respectively. Ionization
chambers in front and behind the sample were used to monitor the
beam intensity. Energy calibration of the spectra was obtained by
measuring metallic Cu foil. Data reduction to extract the EXAFS
spectrum was performed with the Athena software package.67 The full,
k* weighted, EXAFS spectra (20—790 eV above E, = 8983.9 eV) and
their Fourier transforms (FT) calculated over the range of 3.0—14.0
A~ were compared with theoretical simulations obtained by utilizing
the rapid curved multiple scattering theory implemented in the set of
programs EXCURVE9.20°*% The quality of the fit was assessed by
the goodness of fit function through the parameter £, which accounts
for the degree of overdeterminacy’® and by the R-factor as defined
within EXCURVE9.20.°%%

Structure determination. Nuclear Overhauser effect cross peaks in
2D 'H-'H NOESY spectra acquired on Cu(I)—fS,_;s and Ag-
(I)—pS,_15 complexes at 278 K were integrated with Cara program
and were converted into upper internuclear distances with the routine
CALIBA of the program package DYANA.”' The intra- and inter-
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residue constraints obtained were used to generate an ensemble of 30
structures by the standard protocol of simulated annealing in torsion
angle space implemented in DYANA (using 10 000 steps). To take
into account the observed coordination behavior of silver, distance
constraints between metal and the three sulfur methionine were
imposed. No dihedral angle restraints and no hydrogen bond restraints
were applied. The final structures were analyzed using the program
MOLMOL.*

B RESULTS

BS1_15—Cu(l) Binding. NMR and XAS spectroscopies were
used to investigate the copper(I) coordination sphere of S,_js
Upon Cu(I) addition, chemical shift variations on selected
NMR resonances were observed by comparing 'H—"*C HSQC
NMR spectra of the apo and the metal-bound fS,_;s (Figure
1A). The most affected signals belong to e-CH; and y-CH,
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Figure 1. '"H-"C HSQC NMR spectra of #S,_,s in the absence
(black contours) and in the presence of (A) 0.9 equiv of Cu(I) (green
contours); (B) 0.9 equiv of Ag(I) (red contours). The peptides (0.50
mM) were dissolved in H,0/D,0 90:10, 20 mM phosphate buffer,
pH 7.3, at 288 K.

groups of Met-1, Met-S, and Met-10, which showed ~0.2 and
3.0 ppm downfield shifts for 'H and "*C resonances,
respectively. Aside Met residues, significant chemical shift
perturbations were also observed for Asp-2, Val-3, and Phe-4
correlations. The same 'H—"C HSQC NMR spectra were
additionally recorded in the presence of 0.9 equiv of Ag(I) to
compare the behavior of the two metal ions. As easily observed
in Figure 1, Ag(I) causes almost identical chemical shift
variations on NMR resonances of S, s, thus suggesting the
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involvement of the same binding donors in the two metal
coordination spheres.

Additional features of the Ag(I)/Cu(I) coordination sites
were obtained comparing the "H—'"H TOCSY spectra of the
apo and the bound fS,_;s forms. The chemical shift variations,
measured in the presence of 0.9 equiv of Cu(I), are shown in
Figure 2A. Besides the large effects detected on Met-1, Met-S,
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Figure 2. (A) Chemical shift variations (A§ = Sbound — Sapo) of
BS;_15 0.40 mM at 288 K in the presence of 0.9 equiv of Cu(I). (B)
Comparison between Har chemical shift variations of fS,_;s induced
by the presence of 0.9 equiv of Cu(I) (red) and Ag(I) (black) ions.

and Met-10, the backbone protons of the first six amino acids
and of Leu-8 and Ser-9 are also affected by the metal ion. On
the other hand, the C-terminal region (11—1S) exhibits
negligible changes. Figure 2A also illustrates that only Met
residues show relevant shifts on side-chain protons (Hy, He),
clearly indicating the three sulfur atoms as the copper(I)
anchoring site. The presence of 0.9 equiv of Ag(I) ions yields
changes on Ha resonances almost identical to the ones
recorded for Cu(I), confirming the occurrence of similar
binding mode for both Ag(I) and Cu(I) (Figure 2B).

To better identify the role played by Met-10, we compared
the 2D NMR spectra of aS,_;5 and fS,_;5 recorded in the
presence of 0.9 equiv of Ag(I). (Supporting Information, Figure
1S). As easily observed, the two peptides possess very similar
NMR spectra with the obvious exception of Met/Lys mutation.

In addition to NMR, XAS spectra of both Cu(I)—fS,_;s and
Cu(I)—aS,_;s complexes were measured at the Cu K-edge to
better identify the first copper(I) coordination shell of 5S;_;;
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and compare it with that of aS,_;5. The Cu K-edge XANES
regions of Cu(I)—aS,_;5 and Cu(I)—fS,_;s complexes are
reported in Figure 3. The experimental EXAFS spectra, the
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Figure 3. XANES region of Cu(I) complexes with aS (black line) and
PS (red line) peptides. Alignment of the 1s—4p transition at 8982 eV is
visible.

Fourier filtered spectra, and the Fourier transforms (FT),
together with the best fits for the two peptides, are reported in
Figure 4a—f, respectively.

The Cu Ko edges of both samples are characteristic of Cu(I)
compounds both located at 8980 eV and showing a quite sharp
1s—4p transition at 8982 eV. However, the two edges differ at
the edge peak and in the XANES region indicating the
occurrence of different chemical environments for the two
Cu(I) ions. The intensity and sharpness of the 1s—4p peak
decreases from linearly two-coordinated Cu(I) sites to
tetrahedral ones, although other factors, like distortions from
ideal geometry, influence the transition intensities.”> When
compared to the model compounds reported in the
literature,”*~"® this feature appears very similar, in both
samples, to the transition present in tri- or four-coordinated
Cu(I) centers containing sulfur coordination.

The quality of the data is not outstanding; however, the
signal/noise ratio is satisfactory up to ~k = 12.5 A™!, allowing
the extraction of useful structural information from the
spectrum concerning the Cu(I) first coordination shell. To
this purpose we used Fourier filtering to isolate the spectrum
contributions up to ~2.8 A. Figure 4e,f shows the FT of the
filtered data for the two samples. The FT for Cu(I)—aS,_;s
reveals the occurrence of two resolved ligand shells (at ~1.9
and 2.3 A), while the Cu(I) coordination environment in
BS,_1s appears to be dominated by sulfur ligation. Similar data
were obtained by analyzing the FT of the raw data (without
filtering) thus excluding the presence of artifacts due to Fourier
filtering (Supporting Information, Figure 2S). Different fits of
the EXAFS and FTs were performed for both samples, varying
the number of ligand shells from two to four with all possible
combinations of O/N and S ligands and coordination numbers
(as integers) summing to three or four. Table 1 reports the
structural parameters relative to the copper coordination
obtained from the best fits to the spectra of the two samples,
while the parameters obtained by fitting the EXAFS and FT's by
varying the shell number and the coordinated atoms are shown
in Supporting Information, Table 1S. It can be noticed that the
best fits were obtained by using only two shells of ligands as
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increasing the number of shells did not significantly improve
the fits. These results indicate the existence of a quite
homogeneous Cu(I) environment in both samples with low
static disorder as confirmed by the low values of the Debye—
Waller parameters. The theoretical fits match the experimental
data quite well (Figure 4c—f) and support the existence of
different coordination environments for Cu(I) in aS;_;s and
PS,_1s- The first shell of Cu(I)—asS,_,; is clearly split into two
contributions at different distances. The analysis of the EXAFS
spectrum of Cu(I)—aS$,_,s indicates a four-coordinated Cu(I)
ion bound to two O/N atoms at 1.94 A, and 2 S ligands at 2.35
A. The short Cu—O/N distances are compatible with the
possible binding of carboxylate and or amide nitrogen ligands.
The two sulfur ligands belong to methionine residues. The
Cu(I)—fS,_ s EXAFS spectrum displays quite different features
with respect to the a-peptide. The first shell contributions are
not so well-defined as for Cu(I)—aS,_;;, indicating smaller
contribution from O/N donors with respect to S donors. The
fitting results in one O/N ligand at ~1.95 A and three sulfur
ligands at 2.29 A.

Structural Details of Cu(l)—fS,_;5 Complex. To
preliminarily monitor the conformational propensities of
fS,_1s in presence and in absence of metal ions, CD spectra
of apo and silver-bound peptides were collected (Figure ).
The CD spectrum of apo f#S,_;s shows the typical random coil
absorption band at 198 nm. The addition of increasing amounts
of Ag(I) in solution (from 0.125 to 4 equiv) does not result in
any shift of the amide bond transitions (Figure S, colored
dashed lines), but it yields a decrease in intensity of the
transition.

Additional metal-induced conformational details were
determined by integrating the NOEs correlations of 'H—'H
NOESY spectra of both Cu(I1)—fS,_;s and Ag(1)—fS,_;s
complexes. The measured integrals were then used to obtain
a set of inter- and intraresidue proton—proton distances, to be
used, together with the Cu(I)—S distances derived from the
EXAFS fitting (Table 1), as restraints for the calculation of the
3D structures.

As reported in Figures 1 and 2, Cu(I) and Ag(I) complexes
with fS,_;s exhibit very similar NMR behavior. However, all
the NMR spectra acquired in the presence of Cu(I) were
characterized by a huge line broadening of Met-1, probably due
to the presence of small amount of oxidized Cu(Il) bound to
the N-terminal amino group. For these reasons, only the
"H—'H distances derived from Ag(I)—fS,_,s interaction were
used for structure calculation. The obtained first 1S structures
are reported in Figure 6A, showing a good superimposition of
the N-terminal region only (1—5 residues).

Among the three methionines, Met-5 possesses a fixed and
stable side-chain orientation, while the thioether groups of Met-
1 (yellow spheres) and Met-10 (green spheres) are more
flexible, experiencing different relative positions. This might be
due to the lack of NMR constraints, which prevents the
unequivocal determination of Met-1 and Met-10 positions. As
shown in Figure 6, the absence of NOEs constraints also yields
a general disorder for all the C-terminal region. Interestingly,
the carboxylic group of Asp-2 (red spheres) is in close
proximity to the metal coordination sphere for all the 30
calculated structures, strongly suggesting its interaction with the
metal ion. For these reasons, a second structure calculation was
performed by further adding the Cu(I) Asp-2 carboxylate
binding distance (1.95 A) as additional constraint. The best 15
structures (Figure 6B) show an improved structural resolution

dx.doi.org/10.1021/ic502407w | Inorg. Chem. 2015, 54, 265—272
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Figure 4. Comparison of the theoretical signal (red) with experimental data (black) of Cu K-edge XAS spectra of copper(I) complexes of aS,_;s and
BS,_1s. K*-weighted EXAFS data of (A) Cu(I)—aS,_,5 and (B) Cu(I)—fS,_,s. k*-weighted EXAFS data filtered to remove the residue noise of (C)
Cu(I)—aS,_;5 and (D) Cu(I)—fS,_;s. Fourier transforms of (E) Cu(I)—aS;_;5 and (F) Cu(I1)—fS;_;s.

Table 1. Structural Parameters of Cu(I) Binding to aS1—15
and fS1-15

R- atom  distance Debye—Waller
sample factor type (A) factor (20) (A?) shell
Cu(l)—aS,_s 1884 20/N 1924 0.0029 2
28 2.294 0.0058S
Cu(I)—fS,_,s 2248 10/N 1950 0.0032 2
3S 2.295 0.0073

and a better defined metal coordination sphere. This approach,
combining NMR and XAS investigations, provides structural
details of both the protein conformation and the metal site as
previously illustrated for the structure determination of
bacterial copper transport proteins.””

B DISCUSSION

The interactions between amyloidogenic proteins and tran-
sition metal ions have been widely investigated in the last
decades ™ It is well-accepted that Af, aS, and PrP, the
misfolded proteins correlated to Alzheimer, Parkinson, and

0 (millidegree)

free  ----- 0.125egs Ag(l) ----- 0.5 egs Ag(l)
—— 1 eqgs Ag(l) 2 egs Ag(l) 4 eqgs Ag(l)
-10 T T T T T T 1
190 200 210 220 230 240 250 260

Wavelength (nm)
Figure S. CD spectra of 3S,_js. Black (apo peptide); red (0.125 equiv

Ag(1)); green (0.500 equiv Ag(I)); blue (1.00 equiv Ag(I)); magenta
(2.00 equiv Ag(I)); gray (4.00 equiv Ag(I)).
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Figure 6. Superimposition of the first 15 structures obtained for the
Ag(I)—pS,_1s complex calculated without (A) and with (B) the
binding of Asp-2 carboxylate. The structures are fitted on the 1-5
backbone residues with RMSD values for the backbone atoms 0.29 +
0.12 and 0.14 + 0.08 A for (A) and (B), respectively. The sulfur donor
atoms of Met-1, Met-S, and Met-10 are shown as yellow, cyan, and
green spheres, respectively. The carboxylic oxygen atoms of Asp-2 are
shown as red spheres, and the silver ion is shown as a gray sphere.
Figure was created with MOLMOL 2K.1.0.

Prion diseases, respectively, share the ability to bind copper in
both its oxidation states. In addition, it has been shown that
Cu(Il)/Cu(I) binding to aS and Af affects both protein
aggre§6::1_t£2n and the production of reactive oxygen species in
vitro.

For these reasons, many efforts have been directed to
understand the structural features of copper complexes with aS
and Af [see reviews 61, 62, and 80]. The existence of multiple
metal binding modes, in equilibrium and simultaneously
present in solution, is usually observed for most of the cases.
This is probably due to the absence of particular protein fold
stabilizing specific metal binding sites.

Previous investigations have shown that the N-terminal
region of @S is able to bind Cu(II) and Cu(1) ions.****~*® The
anchoring site of the cupric ion is the Met-1 amino group,
which gives rise to the formation of a stable metal coordination
sphere involving the amide nitrogen and the carboxylate oxygen
atoms belonging to Asp-2 as well.?#3%43455275¢ A¢ expected,
the latter binding mode is completely absent in acetylated as.%
Like aS, fS is able to bind Cu(II) at the N-terminus, between
residues 1—9.*' The resulting Cu(II) complex is very similar to
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the one detected for S in agreement with the fact that the two
proteins contain several identical amino acids in the region 1—9
(Scheme 1).

Conversely, Cu(I) binding donor atoms in aS and S are
provided by thioether groups of Met, which might act as metal
anchoring sites for acetylated aS as well. £S has an additional
Met at position 10, which strongly impacts the Cu(I) binding
abilities of this protein. Our NMR findings clearly indicate that
Met-1, Met-5, and Met-10 of S interact with the metal ion
(Figure 1A). In addition, XAS analysis provided evidence of
different Cu(I) chemical environment for Cu(I)—aS;_,s and
Cu(I)—fS,_;s complexes (Figure 3). Such behavior is also
evident by looking at the structural parameters calculated from
the fitting of the EXAFS spectra and reported in Table 1, which
reveal Cu(I) coordination to 2S and 3S atoms for aS;_;s and
PBSi_1s, respectively. The key role played by Met residues in
stabilizing the metal coordination sphere is also supported by a
recent study showing that Met/Ile substitution in aS leads to
dramatic decrease of Cu(I)—asS affinity.®'

In addition to the participation of 2/3 sulfur atoms, EXAFS
investigation revealed that 2 and 1 O/N atoms complete the
metal coordination sphere for aS and fS, respectively, thus
indicating the presence of four-coordinated Cu(I) ion, probably
with a tetrahedral geometry. The oxygen atoms might be
derived from water molecules or carboxylate groups belonging
to Asp and Glu, which usually take part in metal—protein
complexation. On the other hand, nitrogen atoms might be
provided by amino N-terminal group or acetonitrile. By looking
at the 'H chemical shift variations induced by the metal (Figure
2), with the exception of the changes observed on all three Met,
Asp-2 is the only residue exhibiting significant effects on both
Hp and Ha thus supporting its binding to Cu(I) for both aS
and fS systems. In fact, Asp-2 chemical variations were also
detected for aS,_g and aS,_;; systems in the presence of Cu(I)
and Ag(I), respectively.**® However, their smaller values
compared to the ones observed for Met (~0.06 vs ~0.2 ppm)
led to exclude the involvement of Asp-2 in Cu(I) binding.73’74
The involvement of Asp-2 is also supported by the structural
calculation reported in Figure 6, showing that the carboxylate
group is nicely approaching the metal ion in all the 30 derived
structures. Interestingly, the participation of Asp-2 in both
Cu(Ill) and Cu(I) binding represent the unique common
element between the coordination spheres of the two metal
ions, which experience different donor atoms (N vs S) in
Cu(II) and Cu(I) oxidation states, respectively.

Previous NMR investigations excluded the interaction of
Asp-2 probably because of the smaller effects observed on its
protons compared to the ones measured for Met residues
(~0.06 vs ~0.2 ppm).**®

With regard to the additional oxygen/nitrogen atom bound
to Cu(I) in aS,_;s system only, it probably belongs to a water
or acetonitrile molecule. In fact, this and previous NMR
investigations*>*® indicate that no other residues experience
such chemical shift variations to support their coordination to
the metal ion.

In conclusion our findings indicate that the N-terminal
regions of aS and /S interact differently with the cupreous ion,
conversely to what was previously reported for Cu(1).*' In
fact, while Cu(II) binding sites are well-conserved in aS and S,
different donor atoms are involved in the Cu(I) coordination
sphere of the two proteins. The main difference is due to M10K
point mutation, which leads to different coordination modes:
2520 and 3S10 in aS and S, respectively. These differences
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might influence the biological behavior of the two proteins and
in particular their redox features. We indeed expect that some
significant change in redox properties of copper complexes of
a$ and fS will occur by virtue of the difference in coordination
set of their Cu(I) forms, assuming that their Cu(IL)
counterparts bear the same coordination environment. The
reduced state should be more easily accessible for Cu—fS than
for Cu—a$, and therefore we expect a higher redox potential
for the Cu(II)/Cu(I) couple of AS than that of aS.
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