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ABSTRACT: Alterations in the levels of copper in brain
tissue and formation of α-synuclein (αS)-copper complexes
might play a key role in the amyloid aggregation of αS and the
onset of Parkinson’s disease (PD). Recently, we demonstrated
that formation of the high-affinity Cu(I) complex with the N-
terminally acetylated form of the protein αS substantially
increases and stabilizes local conformations with α-helical
secondary structure and restricted motility. In this work, we
performed a detailed NMR-based structural characterization of
the Cu(I) complexes with the full-length acetylated form of its
homologue β-synuclein (βS), which is colocalized with αS in
vivo and can bind copper ions. Our results show that, similarly
to αS, the N-terminal region of βS constitutes the preferential binding interface for Cu(I) ions, encompassing two independent
and noninteractive Cu(I) binding sites. According to these results, βS binds the metal ion with higher affinity than αS, in a
coordination environment that involves the participation of Met-1, Met-5, and Met-10 residues (site 1). Compared to αS, the
shift of His from position 50 to 65 in the N-terminal region of βS does not change the Cu(I) affinity features at that site (site 2).
Interestingly, the formation of the high-affinity βS−Cu(I) complex at site 1 in the N-terminus promotes a short α-helix
conformation that is restricted to the 1−5 segment of the AcβS sequence, which differs with the substantial increase in α-helix
conformations seen for N-terminally acetylated αS upon Cu(I) complexation. Our NMR data demonstrate conclusively that the
differences observed in the conformational transitions triggered by Cu(I) binding to AcαS and AcβS find a correlation at the level
of their backbone dynamic properties; added to the potential biological implications of these findings, this fact opens new
avenues of investigations into the bioinorganic chemistry of PD.

■ INTRODUCTION

The misfolding and aberrant self-assembly of proteins are
considered key molecular events in several neurodegenerative
disorders such as Creutzfeldt-Jakob’s disease, Alzheimer’s
(AD), and Parkinson’s disease (PD).1,2 Although these
structural transformations have been observed for a range of
proteins, the mechanisms behind the self-assembly of proteins
into fibrillar deposits remain unknown. An example of these
types of proteins is the synuclein family, a group of intrinsically
disordered proteins (αS, βS, and γS) that are abundant in the
brain and play a causative role in neurodegenerative disorders
and cancer.3 Their physiological roles are poorly understood,
though αS is suggested to be implicated in the folding pathways

of SNARE proteins.4−6 However, in disorders such as PD or
dementia with Lewy bodies it is well-documented that αS
adopts conformations with pronounced β-sheet secondary
structure that trigger neurotoxicity and the progressive loss of
dopaminergic neuronal cells in the substantia nigra, reflected by
the presence of amyloid fibrillar aggregates.7,8 Interestingly, βS
lacks the central hydrophobic cluster in its sequence (Figure 1)
and might have a protective role on these events in vitro and in
vivo.9−13 For these reasons, the biological and chemical
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behaviors of βS have been extensively investigated and
compared to αS.14−21

Transition-metal ion homeostasis (copper, iron, zinc) plays a
key role in neurodegenerative disorders, as these ions are
considered one of the possible factors leading to protein
aggregation.22−24 Indeed, metal−protein interactions can have
an important impact on the kinetics of amyloid aggregation and
the neurotoxicity of protein aggregates; particularly, this has
been demonstrated for the case of copper and zinc interactions
with the amyloid beta peptide,25 associated with Alzheimer’s
disease. Furthermore, coordination environments for copper
and zinc complexes in the amyloid beta peptide have been very
well-characterized by several biophysical and structural studies,
whereas the detailed knowledge of the structural and binding
features of these relevant metal ions as well as the mechanism
by which the metal ions might participate in the aggregation
process have contributed to the design of new therapeutical
schemes.26,27

An unresolved question in the neuropathology of PD relates
to the role of metal ions in αS fibril formation and
neurodegeneration. Protein−metal interactions have been
demonstrated to play an important role in αS aggregation23,28

and might represent the link between the pathological
processes of protein aggregation, oxidative damage, and
neuronal cell loss.22,24,29 Particularly, the structural and affinity
features for the interaction between αS and the Cu(II)/Cu(I)
couple became recently the focus of numerous investiga-
tions.15,18,28,30−35 Added to the abundant evidence revealing
that αS undergoes N-terminal acetylation in vivo (AcαS),36,37 it
was reported recently that this modification of αS abolishes
Cu(II) binding at the high-affinity binding site.38 Since copper
ions are predominantly found in their Cu(I) state in the
reducing environment of living cells, characterization of the
physiologically relevant AcαS−Cu(I) complexes is particularly
important.34,39 These studies revealed that the Cu(I) binding
sites were preserved in the acetylated form of the protein.34,40,41

From the structural residue-specific characterization of Cu(I)
binding to AcαS, it was demonstrated that the protein is able to
bind Cu(I) in a coordination environment that involves the
participation of Met1 and Met5 as the main anchoring
residues.18,33,34 The formation of an AcαS−Cu(I) complex at
the N-terminal region induced a dramatic impact on protein
conformation, leading to stabilized local conformations with α-
helical secondary structure and restricted motility.34

Advances in the bioinorganic chemistry of Parkinson’s
disease require that details of the binding specificity of Cu(I)
to the synuclein family and its conformational consequences to
be better understood. To this end, we have previously designed
and studied Cu(I) complexes with site-directed mutants of
αS.40 In the present work, we conducted experiments to
delineate the Cu(I) binding features of its natural homologue
βS. The full-length protein βS constitutes an excellent and
natural occurring model to understand and gain details of the
specificity, structural, and affinity features behind Cu(I) binding

to synucleins, because (1) βS shows a high degree of homology
with αS, particularly at the N-terminal region, where cotransla-
tional acetylation and specific Cu(I) binding occurs (Figure 1);
(2) the high-affinity Met-Cu(I) binding motif Met1-Xn-Met5 in
αS is replaced by the Met1-Xn-Met5-Xn-Met10 sequence,
presenting an additional Met residue in the 1−10 segment,
(3) the only His residue, located in one of the two regions
affected by Cu(I) binding at the N-terminus, is shifted from
position 50 in αS to position 65 in βS; (4) βS largely lacks the
long-range interactions present in αS, involving N- and C-
terminus and non-amyloid-β component and C-terminus
contacts, respectively.14,17 Moreover, both proteins are
colocalized at the presynaptic terminals of dopaminergic
neurons and are expressed at similar levels,3,42−44 whereas
altered expression levels of both synucleins have been
correlated with disease onset,45 adding biological implications
to our investigations.
The structural and dynamical properties of full-length βS and

its Cu(II) complexes in solution have been previously
elucidated.14−17 In addition, Cu(I) interactions with βS peptide
models containing the N-terminal Met binding site have been
reported.18,46 However, key aspects such as the impact of Cu(I)
binding on βS protein conformation and dynamics, the
potential role of other Cu(I) anchoring residues in the protein
sequence, as well as the quantification of the strength of Cu(I)
interaction at these sites remain unknown. Here, we report a
detailed structural characterization of the Cu(I) complexes with
the full-length, acetylated form of the βS protein. By using an
NMR-based approach we identified three Cu(I) sites at the N-
and C-terminal region of the βS protein, elucidated their main
anchoring residues, and determined their affinity features. A
comparative analysis with αS revealed that βS binds this metal
ion with higher affinity, involving Met-1, Met-5, and Met-10
residues at the N-terminal region as primary metal-anchoring
ligands. Notably, the formation of the high-affinity βS−Cu(I)
complex at the N-terminus seems to rely on the induction of a
local, subtle structural arrangement that brings the distant Met-
10 residue close to the Cu(I) ion (site 1). Compared to αS, the
shift of His from position 50 to 65 in the N-terminal region of
βS does not change the structural and affinity features of Cu(I)
binding at this site (site 2), whereas coordination of Cu(I) to
the Met binding site at the C-terminus is strongly reduced due
to the lack of one of the anchoring sulfur atoms (Met-116/Met-
127 in αS and Met-112 in βS). Our findings demonstrate that
the structural consequences derived from the metal−protein
interaction in AcβS differ from those observed in AcαS,
highlighting their potential implications in biological or
pathological processes related to metal transport, membrane
binding, and/or protein aggregation.

■ EXPERIMENTAL SECTION
Protein and Reagents. 15N and 15N−13C isotopically enriched N-

terminally acetylated βS (AcβS) was obtained by cotransfecting
Escherichia coli BL21 cells with the plasmid harboring the wild-type βS
gene and a second one that encodes for the components of yeast NatB
acetylase complex.47 Both plasmids carried different antibiotic
resistance, namely, Ampicillin and Chloramphenicol, to select the
doubly transformed E. coli colonies. Purification was performed as
previously reported,48 with the exception that both antibiotics were
included in the growth flasks to avoid plasmid purge during growth
and expression. The final purity of the AcβS samples was determined
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Copper sulfate, L-ascorbic acid, 2-(N-morpholino)-
ethanesulfonic acid (MES) buffer, and D2O were purchased from

Figure 1. Primary sequence of full-length αS and βS proteins. Met and
His residues involved in Cu(I) binding are highlighted.
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Merck or Sigma. The chemicals 4,4-dimethyl-4-silapentane-1-sulfonic
acid (DSS), 15N NH4Cl, and U−13C glucose were purchased from
Cambridge Isotope Laboratories or Sigma. Purified protein samples
were dissolved in 20 mM MES buffer supplemented with 100 mM
NaCl at pH 6.5 (Buffer A). Protein concentrations were determined
spectrophotometrically by measuring absorption at 274 nm and using
an epsilon value of 5600 M−1 cm−1. The peptide Ac-1MDVFM-
KGLSMAKEGV15-amide (1−15 AcβS) was purchased from EZBioLab
(purity 96.66%). The absorption extinction coefficient of the peptide
was determined using a calibration curve prepared in Buffer A,
weighting out the purified dry peptide samples. The absorption
extinction coefficient for the peptide was 19 666 cm−1 M−1 at 214 nm
and was used to determine the peptide concentration in each sample.
Generation of Peptide and Protein Cu(I) Complexes. To

generate the Cu(I) complexes of the model peptide 1−15 AcβS and
full-length AcβS protein, the respective Cu(II) complexes were
prepared first and then reduced with ascorbate under anaerobic
conditions. In all cases, the final concentration of ascorbate used to
generate each Cu(I) complex was 100:1 relative to the amount of
added Cu(II). Before and after ascorbate addition, samples were
treated with a flow of N2 during 5 min to generate an N2 atmosphere.
In all cases, NMR tubes sealed under N2 atmosphere were used, as
previously described.33,40,41

NMR Experiments. NMR spectra were recorded on a Bruker 600
MHz HD Avance III spectrometer, equipped with a cryogenically
cooled triple resonance 1H(13C/15N) TCI probe. One-dimensional
(1D) 1H experiments, two-dimensional (2D) 1H−15N HSQC, 15N R1/
R2 relaxation rates, 1H−15N NOE experiments, HNHA, and triple
resonance experiments (HNCACB, HN(CO)CACB, HNCO, and
HN(CA)CO) were all recorded in Buffer A at 15 °C using standard
pulse sequences from the Topspin suite (Bruker) library. Sequence-
specific assignments for the backbone of unbound and Cu(I)-bound
AcβS were obtained using the above-mentioned triple resonance
experiments. The backbone assignment of acetylated AcβS (Table S1)
was deposited at the Biological Magnetic Resonance Data bank under
No. 27027. DSS was used for chemical shift referencing. Mean
weighted chemical shift differences (mwΔδ) were calculated as
[(Δδ1H)2 + (Δδ15N/10)2]1/2.49 Neighbor-corrected secondary
structure propensity (ncSP) scores were calculated using Cα, Cβ,
CO, and Hα chemical shifts as input.50,51 Positive ncSP values ranging
from 0 to 1 and negative values from 0 to −1 are indicative of α or β
structures, respectively. Three-bond HN-Hα coupling constants
(3JHN‑Hα) were obtained from the ratio between the intensities of
the diagonal peaks and cross-peaks in the HNHA experiment.52 Three-
bond HN-Hα coupling constants (3JHN‑Hα) are sensitive to the torsion
angle ϕ populated by each residue in the protein sequence and thus
report on secondary structure content. This coupling falls in the range
of 3.0−6.0 Hz for an α-helix and 8.0−11.0 Hz for a β-sheet structure.
For a random coil, a weighted average of these values is observed that
typically ranges between 6.0 and 8.0 Hz for most residues.53,54

Acquisition and processing of NMR spectra were performed using
TOPSPIN 3.1 (Bruker Biospin). 2D spectra analysis and visualization
were performed with CCPN. Sequence-specific backbone assignments
and 3JHN‑Hα couplings analysis were done with CARA.55

AcβS−Cu(I) Complex Affinities. The affinity features of Cu(I)
binding to AcβS and the 1−15 AcβS peptide were determined from
1D 1H NMR and 2D 1H−15N HSQC experiments using 20 μM
protein and peptide samples recorded at increasing concentrations of
the metal ion. Changes in 1H−15N mwΔδ values of amide resonances
of Asp-2, Met-5, Lys-6, Leu-8, and Ala-11 (site 1) and Lys-60, Ala-63,
Ser-64, Gly-68, and Val-70 (site 2) of AcβS were fit to the model
incorporating one Cu(I) ion per site using the program DynaFit.56

This model assumes that the different AcβS sites are independent and
that the availability of free Cu(I) for one site at each titration point
depends on the amount of metal bound to the others. In the following
equations, AcβS species 1 and 2 refer to Cu(I) binding to sites 1 and 2,
respectively:

β β− ↔ + KAc S Cu(I) Ac S Cu(I)1 1 d1

β β− ↔ + KAc S Cu(I) Ac S Cu(I)2 2 d2

In the case of the 1−15 AcβS peptide, the Hε protons of Met-1,
Met-5, and Met-10, in close proximity to the sulfur atoms coordinating
Cu(I) at site 1, were used to estimate the affinity features of the
AcβS−Cu(I) complex according to a single-site model:

β β− ↔ + KAc S Cu(I) Ac S Cu(I)1 1 d1

The apparent Kd values estimated from the DynaFit analysis were
then corrected to calculate the conditional dissociation constants (cKd;
see Supporting Information). In all cases, the Kd values reported in the
text correspond to the conditional dissociation constants (cKd).

■ RESULTS
Binding Sites and Affinity Features of Cu(I) Com-

plexes in AcβS. To identify Cu(I) binding sites in AcβS and
determine their affinity features, we used 2D NMR spectros-
copy. Upon titration of 15N-enriched AcβS with increasing
concentrations of Cu(I), the 1H−15N heteronuclear single
quantum correlation (HSQC) spectra retained the excellent
resolution of the uncomplexed protein but demonstrated large
chemical shift changes in a discrete number of amide
resonances belonging to the first N-terminal residues, with
smaller shift perturbations around His-65 and Met-112 amide
groups (Figure 2A,B). The effects on His-65 and Met-112
amide resonances were enhanced in samples containing
increasing equivalents of the added metal ion. These results
demonstrated that Cu(I) binding to AcβS would be mediated
by the following ligand sets: Met-1/Met-5/Met-10, His-65, and
Met-112, in which the degree of metal-induced perturbations
decreased in the order Met-1/Met-5/Met-10 (site 1) > His-65
(site 2) ≫ Met-112 (site 3).
The estimated affinities for the Cu(I) complexes at the full-

length protein confirm this order, with values of cKd1 = 0.68 ±
0.07 nM for Cu(I) binding at site 1 and cKd2 = 16 ± 5 nM for
Cu(I) binding at site 2 (Figure 2C). The Cu(I) complex at the
Met-112 (site 3) site was not included in the binding model;
however, from the experimental conditions we estimated that
cKd3 for Cu(I) binding at this site is in the low micromolar
range.
To gain further insights into the Cu(I) binding to the high-

affinity Met motif, we next performed NMR experiments aimed
to monitor the resonances of Met side chains in the full-length
protein. To detect the characteristic Hε proton resonances
corresponding to the S−CH3 groups of Met residues we
performed 1D 1H NMR experiments. As shown in Figure S1,
the presence of Cu(I) ions caused the selective chemical shift
changes of Hε resonances in the S−CH3 groups of Met
residues, confirming that Cu(I) binding to the site 1 and site 3
is mediated by coordination of sulfurs atoms from Met-1/Met-
5/Met-10 and Met-112, respectively.
According to these results, we then investigated the binding

features of Cu(I) ions to the synthetic peptide 1−15 AcβS,
containing the Met-1/Met-5/Met-10 binding motif. The
binding features of Cu(I) complexed to the synthetic peptide,
as monitored by the metal ion-induced effects on the Hε
chemical shifts of S−CH3 Met groups, were similar to those
observed for site 1 in the full-length protein (Figure S2A),
consistent with the absence of interplay between this site and
the other identified Cu(I) binding motifs. The estimated
affinity for the Cu(I) complex in the 1−15 AcβS peptide
resulted to be cKd = 0.55 ± 0.10 nM (Figure S2B), in
agreement with the value obtained for the high-affinity site 1 in
the full-length protein.
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Conformation of the Cu(I) Complexed State of AcβS.
The NMR data demonstrated that AcβS is able to interact with
Cu(I) with the same binding preferences as the acetylated αS;
the N-terminal region constitutes the main anchoring interface
for Cu(I) binding. The relative affinities indicates a stronger
Cu(I) affinity for AcβS (cKd1 = 0.68 ± 0.07 nM) than AcαS
(cKd1 = 3.9 ± 1.0 nM)34 at the N-terminal Met binding motif.
Since formation of the high-affinity AcαS−Cu(I) complex at
the N-terminal region induced a dramatic impact on protein

conformation, leading to stabilized local conformations with α-
helical secondary structure and restricted motility,34 our results
in AcβS motivated us to evaluate the AcβS−Cu(I) complexes in
terms of their conformational properties. NMR chemical shifts
are frequently used to probe the propensity of intrinsically
disordered proteins to sample different regions of conforma-
tional space.57 We first used 13C-, 15N-, and 1H-based chemical
shifts to calculate neighbor-corrected secondary structure
propensity scores (ncSP) and compare the secondary structure
propensities of AcβS and its Cu(I) complexed form. As shown
in Figure 3A, the ncSP profiles for the acetylated metal-free
form of the protein showed a small population of α-helix
conformation near the N-terminus, limited to the 1−5 segment.
Indeed, it is that region that shows the major divergences
between the chemical shift data measured for the metal-free and
metal-complexed states of AcβS, consistent with an increase in
α-helix in the first five residues of Cu(I)-bound AcβS, as

Figure 2. NMR analysis of Cu(I) binding to AcβS. (A) Overlaid
1H−15N HSQC spectra of AcβS in the absence and presence of
increasing Cu(I) concentrations. From black to green: 0, 0.25, 0.50,
0.75, 1.0, 1.5, 2.0, 3.0, 5.0, and 10.0 equiv of Cu(I). Most-affected
residues are labeled. (B) Differences in the 1H−15N mwΔδ between
free and Cu(I)-complexed AcβS at a molar ratio of 10:1. (C) Binding
curves of Cu(I) to sites 1 (blue ●) and 2 (orange ●) of AcβS as
monitored by the average change in the mwΔδ for 1H and 15N of most
affected amide resonances: Asp-2, Met-5, Lys-6, Leu-8, and Ala-11
(site 1) and Lys-60, Ala-63, Ser-64, Gly-68, and Val-70 (site 2). Curves
represent the fit to a model incorporating complexes of Cu(I) into two
classes of independent, noninteractive binding sites, using the program
DynaFit. Experiments were recorded at 15 °C using 15N isotopically
enriched AcβS (20 μM) samples dissolved in Buffer A.

Figure 3. Impact of Cu(I) binding on the structural properties of
AcβS. (A) Secondary structure propensity as determined by the
measurement of ncSP scores in AcβS (black line) and AcβS−Cu(I)
forms (green bars). 13Cα, 13Cβ, 13CO, 15N, and Hα chemical shifts
were used to calculate the residue-specific ncSP scores. Positive values
ranging from 0 to 1 and negative values from 0 to −1 represent the
propensities to α and β structures, respectively. (B) 3JHN‑Hα couplings
measured for AcβS (black line) and AcβS−Cu(I) (green bars).
Experiments were recorded at 15 °C using 15N AcβS (200 μM) and
13C, 15N, AcβS (300 μM) samples dissolved in Buffer A, in the absence
and presence of 2 equiv of Cu(I). For comparative purposes, (C, D)
the ncSP and 3JHN‑Hα profiles measured for AcαS (black line) and its
AcαS−Cu(I) form (red bars), recorded under the same experimental
conditions.
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evidenced by the positive deviations in the ncSP values. Next,
we measured 3JHN‑Hα couplings in both AcβS and AcβS−Cu(I)
states, which are reliable quantitative reporters of the time-
averaged distribution of the backbone torsion angles ϕ.54 With
the exception of the decrease in 3JHN‑Hα observed for residues in
the 1−5 segment of AcβS upon Cu(I) binding, the values
measured for the two forms of the protein were essentially
indistinguishable. Added to the evidence coming from the ncSP
scores, the 3JHN‑Hα couplings, observed for the residues 1−5 of
AcβS in the presence of Cu(I), ranged between 4.8 and 5.8 Hz,
indicative of an increased α-helix conformation in the 1−5
segment of AcβS−Cu(I) relative to its metal-free state (Figure
3B).
When compared with the increase in α-helix content in the

1−10 segment of Cu(I)-complexed AcαS (Figure 3C,D), which
seems to be followed by a transiently populated helix in the
11−25 region (Figure 3C), the α-helix transition observed for
N-terminally acetylated βS upon Cu(I) binding is restricted to
the 1−5 segment of the AcβS sequence. Because the amino acid
sequence of AcαS and AcβS is identical within the first 10
residues with the exception of Met-10, the more restricted
nature of the Cu(I)-induced helix formation might be
associated with the metal coordination of Met-10 in AcβS.
Metal coordination of Met-10 in AcβS would then require a
backbone bend or turn around residues 6−8, leading to a break
of the helical architecture at that position of the AcβS sequence.
Dynamic Properties of the Cu(I) Complexed State of

AcβS. The structural implications of Cu(I) complexation to
AcβS were also evaluated in terms of the dynamic properties of
the Cu(I) complexed state of AcβS. To this purpose, we
measured 15N R1 and R2 relaxation rates and heteronuclear
(1H−15N) nuclear Overhauser effects (hetNOEs). This set of
experiments was first measured on the free state of AcβS, in
which the relaxation parameters showed a similar sequence
dependence, with lower values at the termini of the protein and
a plateau at the center of the relaxation profile, showing R1
values between 1.2 and 1.7 s−1, R2 values between 2.0 and 3.6

s−1, and hetNOEs in the range from −0.5 to 0.1 (Figure 4A−
C). Complexation with Cu(I) resulted in a slight increase in the
R1 values for the 1−10 segment of the protein sequence (mean
R1 values of 1.5 and 1.8 s−1 in the free and complexed protein,
respectively); however, more pronounced deviations were
found in the R2 values (mean R2 values of 2.2 and 4.0 s−1 for
the free and complexed protein, respectively) and NOE data
(mean hetNOEs values of −0.2 and 0.2 in the free and
complexed protein, respectively). These data indicate restricted
local sampling in the pico- to nanosecond time scale, and,
although in AcβS, complexation with Cu(I) induces a short α-
helical structure, which ends around residues Met-5/Lys-6
(Figure 3A,B), the values shown here report on enhanced
conformational order for the 1−10 segment of AcβS−Cu(I)
relative to the free protein.
For comparative purposes, the backbone dynamic profiles of

the Cu(I) complexed state of AcαS measured under the same
experimental conditions are shown in Figure 4D−F. The
increments observed for R1, R2, and hetNOEs parameters at the
1−10 segment of AcαS−Cu(I) reflect a loss of flexibility due to
the stabilization of an α-helical structure in this region, whereas
the increment in R2 values in the segment encompassing
residues 11−25, which is absent in the AcβS−Cu(I) complex, is
indicative of a conformational exchange process, supporting the
occurrence of a dynamically and transiently populated α-helix
in that region. The comparison clearly shows that the
differences observed in the conformational transitions triggered
by Cu(I) binding to AcαS and AcβS find a correlation at the
level of their backbone dynamic properties.

■ DISCUSSION

Copper and the proteins αS and βS are highly abundant in
synaptic vesicles and synaptosomes, reaching concentrations of
∼300 μM58,59 and ∼50 μM,43 respectively. Added to the
evidence that links metal ions with neurodegeneration, the fact
that a pool of loosely bound copper ions would exist on those

Figure 4. 15N relaxation parameters of AcβS and its Cu(I) complexes. (A) R1, (B) R2, and (C) 1H−15N hetNOE relaxation data of AcβS in the
absence (black) and presence (green) of Cu(I). Experiments were recorded at 15 °C using 15N isotopically enriched AcβS (200 μM) samples
dissolved in Buffer A in the absence and presence of 2 equiv of Cu(I). Panels D−F show the 15N relaxation parameters of AcαS (black) and its Cu(I)
(red) complexes, recorded under the same experimental conditions described for AcβS samples. (B, E) The increase of R2 values around His 65 in
AcβS−Cu(I) and His-50 and Met-116/127 residues in AcαS−Cu(I) reflects the fast exchange of Cu(I) at these secondary sites, as previously
reported.34
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cellular environments60,61 and might become available for
interacting with αS and βS proteins opens the door to address
an unresolved issue, as it is the basis of the neuroprotective role
proposed for βS in PD. Indeed, free copper levels were found
to have increased in the cerebrospinal fluid of PD patients.62,63

In consequence, in this work we characterized the Cu(I)
interaction features of AcβS and performed a comparative
analysis with AcαS. We found that, similarly to AcαS,34 AcβS
binds Cu(I) at three different sites; our NMR results revealed
that these sites are independent and noninteractive, with
affinities of cKd1 = 0.68 ± 0.07 nM for site 1 (Met-1/Met-5/
Met-10), cKd2 = 16 ± 5 nM for site 2 (His-65), and in the low
micromolar range for site 3 (Met-112). The higher affinity of
the AcβS−Cu(I) complex at site 1 compared to AcαS (cKd1 =
3.9. ± 1.0 nM)34 is supported by the involvement of an extra
Met side-chain at position 10, in agreement with results
reported for Cu(I) binding to Met motifs in other proteins and
peptides.64,65 By contrast, no differences were observed in the
affinity features for Cu(I) interaction centered at His-50 (cKd2 =
16 ± 2 nM)34 and His-65 (cKd2 = 16 ± 5 nM) residues in AcαS
and AcβS, respectively.
Previous studies based on transgenic mouse models

demonstrated that overexpression of β-synuclein modulates
strongly the membrane binding features and the formation of
intracellular inclusions of α-synuclein,11 whereas β-synuclein
peptides containing the 1−15 sequence (in which the high-
affinity Cu(I) is located) were shown to exert a neuroprotective
effect on tissue culture models of α-synucleinopathies.66 Added
to the fact that both synucleins are colocalized, from the
biological point of view, our findings allow us to hypothesize
that the neuroprotective effect described for AcβS might be
mediated by acting as a Cu(I)-sequestering protein, playing the
role of a copper sponge and thereby preventing or attenuating
the subsequent oligomerization of AcαS. Interestingly, it was
reported that the Metal-Responsive Transcription Factor-1
(MTF-1) efficiently up-regulates the expression of βS, but not
that of αS, in the presence of copper,67 suggesting that βS
might act as a metal response factor under normally fluctuating
levels of copper in the brain.
Related to this, the design of small molecules that target

metal−protein species and regulate metal-induced amyloid
aggregation and neurotoxicity is becoming an active area of
research.26,68,69 Interestingly, the precise design of this class of
compounds relies on the knowledge of the biological system to
be targeted; thus, whereas in AD the efforts are aimed at the
Cu(II) and Zn(II)-Aβ peptide interactions, in PD, it is the
AcαS−Cu(I) interactions what have become physiologically
relevant,69 since it was reported recently that N-terminal
acetylation of αS abolishes Cu(II) binding at the high-affinity
Met-1 site present in the nonacetylated protein.38

From the structural point of view, the consequences of Cu(I)
binding to AcβS and AcαS differ despite nearly identical amino
acid sequences at the N-termini of the two proteins. In AcβS,
complexation with Cu(I) induces a short α-helical structure
that ends around residues Met-5/Lys-6. Notably, from the
analysis of the NMR landscape for the Cu(I) complexed state
of AcβS, we observed that the signature of the Hα protons of
the Gly-7 residue is characterized by the presence of two
resonances instead of the expected single, averaged signal
observed for these protons in the free AcβS state or even in the
AcαS−Cu(I) complex (Figure S3). This observation is likely
the consequence of a structural rearrangement around Gly-7,
leading to the formation of a nonhelical compact conforma-

tion.70 Therefore, we suggest that interaction of Met-10 with
Cu(I) to form a 3S coordination environment18 results in the
stabilization of a backbone turn around Gly-7. This hypothesis
was further supported by the R1, R2, and hNOE profiles
measured for the AcβS−Cu(I) complexes, which showed that
restrictions to backbone mobility become evident only for the
first 10 residues of the protein, consistent with the induction of
a short helix-turn conformation in the 1−10 segment of AcβS
upon complexation with Cu(I) (Figure 5A).

That the N-terminal region constitutes the main anchoring
interface for Cu(I) binding to AcβS, where Cu(I) binds with
higher affinity than AcαS at site 1 and without substantial
changes at site 2, constitutes relevant conclusions of this study.
However, the most important finding of this work is the
difference in the nature of the conformational changes observed
on synucleins upon Cu(I) binding. In the case of the AcαS
variant, Cu(I) interaction with the Met motif at the N-terminus
triggers the formation of a stable α-helical structure at the 1−10
segment that seems to be followed by a dynamically and
transiently populated helix in the region comprising residues 11
to 25, as concluded by backbone dynamic NMR experiments
(Figure 5B). In contrast, for AcβS, complexation with Cu(I)
induces a short α-helical structure that ends around residues
Met-5/Lys-6 and would be followed by a backbone bend or
turn, leading to a break of the helical architecture at that
position of the protein sequence, as reflected by the chemical
shift and backbone dynamic NMR profiles. The differences in
conformational and dynamical properties observed for AcαS−
Cu(I) and AcβS−Cu(I) complexes might have both physio-
logical and pathological implications, since processes like
membrane binding, metal transport, or protein amyloid
aggregation constitute molecular events, where helical secon-
dary structure elements have been reported to play a major
role.71−74 At this juncture, combined efforts from the fields of
structural, cellular, and animal biology will be critical to address
such important, unresolved issues and support the notion of
PD as a metal-associated neurodegenerative disorder.

Figure 5. Graphical illustration of conformational and dynamical
properties of AcβS−Cu(I) (A) and AcαS−Cu(I) (B) complexes.
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Fernańdez, C. O. Copper binding to the N-terminally acetylated,
naturally occurring form of alpha-synuclein induces local helical
folding. J. Am. Chem. Soc. 2015, 137, 6444−6447.
(35) Camponeschi, F.; Valensin, D.; Tessari, I.; Bubacco, L.;
Dell’Acqua, S.; Casella, L.; Monzani, E.; Gaggelli, E.; Valensin, G.
Copper(I)-α-synuclein interaction: structural description of two
independent and competing metal binding sites. Inorg. Chem. 2013,
52, 1358−1367.
(36) Bartels, T.; Choi, J. G.; Selkoe, D. J. α-Synuclein occurs
physiologically as a helically folded tetramer that resists aggregation.
Nature 2011, 477, 107−110.
(37) Fauvet, B.; Fares, M.-B.; Samuel, F.; Dikiy, I.; Tandon, A.;
Eliezer, D.; Lashuel, H. A. Characterization of semisynthetic and
naturally Nα-acetylated α-synuclein in vitro and in intact cells:
implications for aggregation and cellular properties of α-synuclein. J.
Biol. Chem. 2012, 287, 28243−28262.
(38) Moriarty, G. M.; Minetti, C. A. S. A.; Remeta, D. P.; Baum, J. A
Revised Picture of the Cu(II)−α-Synuclein Complex: The Role of N-
Terminal Acetylation. Biochemistry 2014, 53, 2815−2817.
(39) Dell’Acqua, S.; Pirota, V.; Monzani, E.; Camponeschi, F.; De
Ricco, R.; Valensin, D.; Casella, L. Copper(I) Forms a Redox-Stable
1:2 Complex with α-Synuclein N-Terminal Peptide in a Membrane-
Like Environment. Inorg. Chem. 2016, 55, 6100−6106.
(40) Miotto, M. C.; Binolfi, A.; Zweckstetter, M.; Griesinger, C.;
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