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Abstract
Parkinson’s disease (PD) is the second most prevalent age-related, neurodegenerative disorder,
affecting >1% of the population over the age of 60. PD pathology is marked by intracellular
inclusions composed primarily of the protein α-synuclein (α-syn). These inclusions also contain
copper and the interaction of Cu2+ with α-syn may play an important role in PD fibrillogenesis.
Here we report the stoichiometry, affinity and coordination structure of the Cu2+-α-syn complex.
Electron Paramagnetic Resonance (EPR) titrations show that monomeric α-syn binds 1.0
equivalent of Cu2+ at the protein N-terminus. Next, an EPR competition technique demonstrates
that α-syn binds Cu2+ with a Kd ≈ 0.10 nM. Finally, EPR and Electron Spin Echo Modulation
(ESEEM) applied to a suite of mutant and truncated α-syn constructs reveal a coordination sphere
arising from the N-terminal amine, the Asp2 amide backbone and side chain carboxyl group, and
the His50 imidazole. The high binding affinity identified here, and in accord with previous
measurements, suggests that copper uptake and sequestration may be a part of α-syn’s natural
function, perhaps modulating copper’s redox properties. The findings further suggest that the
long-range interaction between the N-terminus and His50 may have a weakening effect on α-syn
interaction with lipid membranes thereby mobilizing monomeric α-syn and hastening
fibrillogenesis.

Parkinson’s disease (PD) is the second most prevalent neurological disorder after
Alzheimer’s disease, affecting >1% of the US population over the age of 60 (1). PD, an
idiopathic neuropathy, is chronic, progressive, and often fatal. Clinical symptoms of PD
include diminished motor function, tremors, and speech disorders, attributed to the
progressive loss of dopaminergic neurons of the substantia nigra (2). A hallmark of affected
dopaminergic neurons are Lewy Bodies, cytosolic filamentous inclusions composed
primarily of the protein α-synuclein (α-syn). The correlation between α-syn and PD has been
clearly demonstrated in animal models where α-syn over expression leads to PD-like motor
deficits and intracellular deposits reminiscent of Lewy Bodies (reviewed in (3)).
Furthermore, hereditary early onset PD in humans is linked to genetic mutations in α-syn or
copy number variation (4,5).

α-Synuclein is a 140 residue, intrinsically disordered protein that is localized primarily to the
presynaptic terminals of dopaminergic neurons (Figure 1) (6). The segment referred to as the
Non Abeta Component (NAC), residues 61–95, is dominated by hydrophobic residues and
tends to form aggregates leading to the parallel beta-sheet rich fibril structures present in
Lewy Bodies (7,8). Aggregates from the NAC also contribute approximately 10% of the
protein in the senile plaques in Alzheimer’s disease patients (9). The N-terminal region of α-
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syn, encompassing the NAC (residues 9 – 97), possesses a series of 11-residue imperfect
repeats that form an amphipathic alpha-helix when associated with lipid vesicles, a structure
similar to exchangeable apolipoproteins (10,11). The C-terminal tail is highly acidic and
devoid of secondary structure. However, truncation of this segment produces shortened lag
time in fibril kinetics studies, suggesting a possible auto-inhibitory role against α-syn
polymerization (12).

While the primary cause of α-syn aggregation in PD is unknown, there is a growing body of
evidence implicating environmental factors such as long-term exposure to heavy metals (13–
16). The substantia nigra region of PD affected brains has been demonstrated to have a
significant increase in iron content (17) and Cu2+ levels are significantly increased in the
Cerebrospinal Fluid (CSF) of PD patients (18). It is well-documented that α-syn interacts
with Cu2+, a prevalent species of the CSF, leading to enhanced aggregation and in vitro
polymerization (19–22).

The interaction between α-syn and Cu2+ may also play a role in the protein’s normal
physiological function. Other neurodegenerative proteins, such as Abeta in Alzheimer’s
disease and PrP in the prion diseases take up copper (23–25). Unambiguous functions have
not yet been identified in these cases, but the regulation of copper homeostasis and redox
activity are common themes. Most α-syn is intracellular, where copper is found
predominantly in the Cu+ state, but a fraction is secreted to the oxidizing extracellular space
that favors Cu2+ (26). Synaptic Cu2+ concentrations range from 2 – 200 µM (27), well in
excess of the α-syn-Cu2+ affinities measured by most laboratories. Moreover, the substantia
nigra is part of the basal ganglia, which possesses among the highest copper concentrations
of the CNS (21,28). Perhaps α-syn is another player in the line of defense against
uncomplexed copper, with action localized to the membrane surface. Moreover, Cu2+

facilitates oxidation of the N-terminal methionine in α-syn, which hinders in vitro fibril
formation (29).

Despite the need to clearly characterize the interaction between α-syn and Cu2+, there is still
uncertainty regarding the α-syn-Cu2+ binding stoichiometry, affinity and coordination
structure (reviewed in (30)). Potentiometric studies performed on α-syn derived N-terminal
peptides suggest that Cu2+ is coordinated by nitrogens from the N-terminal amine, the Met1
backbone amide, and the His50 imidazole, and an oxygen from the Asp2 carboxylic acid
(31,32). These findings are consistent with Trp fluorescence quenching experiments, which
also show a preference for copper binding to the N-terminal region (33). Electron
paramagnetic resonance (EPR) on full length (140 residue) α-syn suggests a coexistence of
structures involving the N-terminus and His50, and that His50 participation may be facile
(34). NMR line intensity measurements contrast this and suggest instead that there are no
long range coordination structures, but rather a series of local Cu2+ sites distributed about
the N-terminus, His50, and several areas of negatively charged residues in the C-terminal
tail (35).

Reported affinity measurements also yield variation. Circular dichroism titrations identify
two Cu2+ sites with dissociation constants of 0.7 µM and 60µM (36). Fluorescence
quenching probed by a Trp at position four identifies tighter interaction, with a dissociation
constant of 100 nM (37). Finally, isothermal titration calorimetry (ITC) of exchange with a
soluble copper-glycine complex finds a single Cu2+ site in wild type α-syn, with a
dissociation constant of approximately 0.2 nM (38).

While most of the studies above point to the involvement of the α-syn N-terminal domain in
Cu2+ uptake, the role of other protein segments, most notably His50, remain unclear. And as
noted above, reported affinity measurements vary by approximately three orders of
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magnitude. Here we apply continuous wave (cw) and pulsed EPR to wild type and a panel of
mutant α-syn species, at varying stoichiometric ratios. There are three elements to this study.
First, through titration studies, we examine the number of Cu2+ binding sites, and more
generally, how the protein responds to increasing levels of the metal ion. Next, using
mutagenesis, we identify the residues responsible for the primary binding sites. Finally,
competition studies are applied to evaluate affinity. While our studies support the
involvement of the α-syn N-terminal domain, we find strong evidence for participation of
His50, especially at 1:1 copper:protein. Moreover, we find that the affinity at this ratio is
very high, with a Kd value consistent with the lowest reported value in the current literature,
thus pointing to a physiological role for the α-syn-Cu2+ interaction.

Materials and Methods
Proteins and Reagents

The human wild type α-syn gene cloned into pRK172/α-synuclein plasmid vector was a
generous gift from the Fink lab at UCSC. The primers for the mutations H50A and Q98Stop
were obtained from Invitrogen. Mutations were performed using the Gene Tailor™ Site
Directed Mutagenesis System (Invitrogen Cat. Nos. 12397-014 and 12397-022). α-syn, α-
syn(1–97), and α-syn(H50A) were recombinantly expressed in Escherichia coli BL21(DE3)
competent cells (Invitrogen, Carlsbad, CA) using an auto-induction procedure of Kim et al.
described previously (39). Cells were harvested by centrifugation followed by sonication in
lysis buffer (50mM NaCl, 20mM Tris, 0.2mM PMSF(phenylmethylsulfonylfluoride), 10%v/
v Triton-X100 (Sigma, Switzerland) pH=7.4). Purification was performed using two rounds
of ammonium sulfate precipitation (first round 0.164 g/mL; second round 0.117 g/mL)
followed by centrifugation, resuspension in 6M guanidine HCl and reverse-phase HPLC (C4
column on a Thermo Scientific instrument). All peptides were synthesized using
fluorenylmethoxycarbonyl (Fmoc) methods as described previously (40).

Electron Paramagnetic Resonance
Samples were prepared in degassed buffer containing 25mM MOPS buffer and 25%v/v
glycerol, where the glycerol served as a cryoprotectant. All continuous wave X-band spectra
(ν = 9.44GHz, microwave power in the range of 0.6–5.0 mW, modulation amplitude of 5.0
G, and sweep width 1200G) were collected at approximately 125K, using a Bruker EleXsys
spectrometer and an SHQ (Bruker) cavity equipped with a variable temperature controller.
Competition assays were performed as described in text and resultant composite spectra
were analyzed using non-negative least-squares (NNLS) in the Matlab program suite. Three-
pulse ESEEM measurements were obtained at 20K on a Bruker E580 X-band spectrometer
using a dielectric resonator and an Oxford CF 935 cryostat. A π/2-τ-π-T-π/2-τ-echo sequence
with pulse lengths of 12, 24, and 12 was used. Initial value of τ = 136ns and T was
lengthened in 799 steps of 12ns each with 100 samples per step.

Dynamic Light Scattering
Hydrodynamic dimensions were estimated using Dynamic light scattering on a DynaPro
Molecular Sizing Instrument (Protein Solutions, Lakewood, NJ) using a1.5-mm path length
12µl quartz cuvette. All experiments were carried out at 35uM protein in 75mM MOPS/
NEM buffer at pH=7.4 after 20min centrifugation at 13000rpm.

Results
Stoichiometry

Copper to α-syn binding stoichiometry was determined by EPR titration at pH 7.4 and
referenced against a calibrated copper-EDTA standard. Specifically, Cu2+ (delivered as
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copper acetate) was titrated to a fixed concentration of protein. The integrated cw EPR
spectrum (double integral of the 1st derivative EPR signal) is directly proportional to the
amount of bound Cu2+. Normalized copper spectra at one, two and four equivalents (Figure
2) are characteristic of a type 2 (oxygen and nitrogen) coordination environment, with well-
resolved splittings between the parallel hyperfine lines. At one equivalent of Cu2+, the EPR
spectrum gives a single set of hyperfine lines, whereas at two or more equivalents, there is a
shift towards lower field, along with the emergence of an additional overlapping spectrum.
The implications of these spectra are discussed further below. Spectral integration vs added
Cu2+, shown in the inset, demonstrates that copper uptake reaches a maximum at two added
equivalents. Consistent with saturation of α-syn at two copper equivalents, we observe no
change in spectral details between two and four equivalents.

Although α-syn saturates at 2:1 copper:protein, the integrated spectra reveal only 1.3 bound
equivalents (vertical axis of inset in Figure 2). This is in contrast to our previous work with
the octarepeat domain of the prion protein, for example, where each added equivalent is
directly reflected in the integrated EPR signal. We considered several possible mechanisms
that would lead to a lower than expected signal integral. First, with two bound Cu2+ ions,
there could be diamagnetic coupling between the sites, giving rise to a singlet ground state.
This is observed in multinuclear copper complexes and in proteins that have bridging
imidazoles between Cu2+ centers. The coexistence of singlet and triplet states gives rise to a
strong non-Curie temperature dependence. We examined the integral of α-syn with two
added equivalents of copper from 20K to 120K (data not shown) and found typical 1/T
dependence, which likely rules out coupled copper centers.

Next, we considered whether α-syn, in the presence of copper, formed dimers or well
defined oligomers. For example, an α-syn dimer that saturates at three equivalents of copper
would give a maximum copper to protein ratio of 1.5, approximately what is observed in the
titration of Figure 2. We used Dynamic Light Scattering (DLS) to assess the protein
hydrodynamic radius (RH) and thus whether α-syn remains monomeric in the presence of
copper. Experiments were performed with α-syn in buffer, and with one or two equivalents
of Cu2+ (data not shown). In all cases, a single peak corresponding to a hydrodynamic radius
of 3.3 ± 0.2nm dominated, with no evidence of dimers, trimers or other well defined
oligomers. Moreover, the measured hydrodynamic radius is consistent with the expected
value for a 140 amino acid random coil polypeptide (41).

Finally, we considered whether the second added equivalent is weakly bound and in
equilibrium with aquo copper (as EPR silent Cu(OH)2 complexes). To address this
possibility, we used the prion-derived peptide HGGGW as a competitor. This well
characterized species binds Cu2+ with a dissociation constant of 7.0 µM. Addition of 1.0 eq.
of HGGGW to a 1.5:1 mixture of Cu2+:α-syn completely eliminated the α-syn EPR
spectrum associated with the second Cu2+ equivalent. In its place we observed the
characteristic spectrum of the Cu2+-HGGGW complex and, to within experimental error,
spectral integration accounted for 1.5 eq. of Cu2+. Consequently, the peptide HGGGW
efficiently competes away the second Cu2+ eq. from α-syn demonstrating a low affinity
interaction characterized by a Kd ≫ 7 µM. We conclude from these experiments that while
α-syn takes up two eq. of Cu2+, the second eq. binds with low affinity and is not
physiologically important. These results are in good agreement with recent findings by Hong
and Simon who used isothermal titration calorimetry to identify a single high affinity copper
site in α-syn (38).

Identification of the Cu2+ Coordination Features
To determine the smallest segment of wt α-syn that possesses all the functional groups that
directly coordinate Cu2+, we developed a panel of truncated and chemically modified α-syn
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variants. These include α-syn(1–10), α-syn(1–56), α-syn(1–97), and several N-terminal
acetylated species. At a single equivalent of Cu2+, α-syn(1–56) and α-syn(1–97) give spectra
that nearly overlap with wild type (Figure 3). However, upon addition of a second Cu2+

equivalent, only α-syn(1–97) shows a shift in the parallel region similar to that observed in
full-length α-syn. In contrast, while α-syn(1–10) takes up a single equivlent of Cu2+, the
bound species gives an EPR spectrum that does not overlap with 1:1 Cu2+: α-syn(1–97) or
1:1 with full-length. Acetylation of any of the α-syn variants completely abrogates copper
uptake (data not shown). Together, these data demonstrate that the α-syn N-terminus
participates in Cu2+ coordination, (42) but residues beyond the first ten are required to
recapitulate the coordination environment of wild type α-syn.

To identify the specific residues required for copper coordination, point mutations were
introduced into both synthetically produced peptides and recombinantly expressed α-syn
protein. A║ and g║ values derived from the EPR spectra (shown in Table 1), are consistent
with a 3N1O coordination environment, as determined from Peisach-Blumberg correlations.
In addition, previous potentiometric studies suggest that Asp2 is involved in Cu(II) binding
(31,32). Indeed, peptide coordination of metal centers with the 2nd aspartate residue
following a free peptide N-terminus give very stable Cu2+ complexes (43). To directly test
for this, we prepared α-syn(1–56) with a D2A point mutation. EPR spectra 1:1 Cu2+

complexes with α-syn(1–56) and α-syn(1–56, D2A) reveal differences in the intense
perpendicular features at approximately 3300 G and in the parallel hyperfine splittings, in
turn suggesting a direct interaction with the aspartate side chain.

Next we considered His50. Although distal from the α-syn N-terminus, imidazole is an avid
copper binding group and experiments above suggest participation from residues beyond the
first ten. EPR spectra from wild type α-syn and α-syn(H50A), each with a single eq. of
Cu2+, were compared as shown in Fig. 3. The parallel region for the mutant species exhibits
great splitting (larger A║) consistent with replacement of an equatorial nitrogen with an
oxygen. Moreover, this spectrum does not overlap with that of wild type with either 1.0 or
2.0 eq. Cu2+.

To further assess the involvement of H50 in Cu2+ coordination, we used Electron Spin-Echo
Envelope Modulation (ESEEM). ESEEM is a pulsed EPR technique with sensitivity to spin-
active nuclei approximately 10 Å of the paramagnetic copper center (44). At X-band
frequencies, the distal 14N (I = 1) of a coordinated imidazole ring gives characteristic
quadrupolar transitions and is diagnostic for interacting His side chains (45). The FT
ESEEM of α-syn with 1.0 eq. Cu2+ shown in figure 4 is typical for imidazole, with three low
frequency peaks that correspond to transitions among 14N quadropolar levels in exact
cancellation, as well as the ≈ 4 MHz peak from the non-canceled electron spin manifold. We
also find that the α-syn(H50A) fails to give an ESEEM spectrum with 1.0 eq. Cu2+.
Together, these findings demonstrate unequivocally the equatorial coordination by the H50
imidazole (40). The spectra in figure 4 further show that the H50 coordinates Cu2+ in wild
type α-syn and in truncated α-syn(1–97) even in the presence of excess metal ion. Addition
of 2.0 Cu2+ eq., however, brings out additional low intensity peaks at approximately 2 and
2.8 MHz. Past work from our lab on the octarepeat domain of the prion protein
demonstrated that these lines can arise from the 14N of an amide group coordinated through
the carboxyl oxygen, as shown in the spectrum for Cu2+-HGGGW (40). The appearance of
these transitions in α-syn suggests that the weakly bound second Cu2+ eq. coordinates in a
similar fashion.

Additional tests were performed to evaluate whether the H50 segment alone of α-syn alone
is capable of taking up Cu2+ with high affinity. We prepared an acetylated 21 residue
peptide corresponding to a segment of α-syn with H50 in the center (α-syn(39–60)).
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Titration up to 1.0 eq. Cu2+ gave a very weak EPR spectrum (reflecting < 10% of added
copper) inconsistent with a bound species.

Binding Affinity
To evaluate the dissociation constant, Kd, of the Cu2+-α-syn complex, we used an EPR
competition technique previously developed in our lab (46). High affinity competitors that
take up Cu2+ with a 1:1 stoichiometry are added to a Cu2+/α-syn solution. Both oxidized
glutathione and pentaglycine peptides are well characterized chelators and give Cu2+ EPR
spectra that are distinct from that of the Cu2+-α-syn complex. Spectral decomposition gives
the ratio of copper bound to α-syn and specific competitor. Analysis using the known Kd of
the competitor determines the α-syn dissociation constant. With this approach, the amount of
competitor may be varied to insure that both bound species give resolvable EPR spectra of
similar signal strengths. Table 2 shows that wt α-syn binds one equivalent of Cu2+ with a Kd
of either 0.11 nM or 0.15 nM, as determined from independent experiments with
pentaglycine or oxidized glutathione, respectively. These values are approximately five
orders of magnitude lower than the > 7 uM Kd found for the second equivalent, as described
above. Consequently, these data further support the finding that α-syn takes up only a single
eq. of Cu2+ with high affinity. To test for H50 coordination, we also performed competition
experiments on the α-syn H50A mutant. As determined from both competitors, this species
exhibits an approximately four-fold lower affinity than wild type.

Discussion
Our EPR experiments demonstrate that the Cu2+ coordination environment in α-syn involves
the N-terminal amine and the carboxylate side chain of Asp2. In addition, ESEEM reveals
participation by the H50 imidazole. To account for 3N1O coordination, suggested by
evaluation of the magnetic tensor values, we propose involvement of the Asp2 backbone
amide nitrogen. In further supporting this assignment, the lack of amide 14N couplings in the
ESEEM spectra rule against Met1 backbone carbonyl coordination (40). Our findings at pH
7.4, suggest a well-defined coordination environment without evidence of structural
heterogeneity. The coordination features are shown in Figure 5. Involvement of the N-
terminal residues is consistent with studies from peptide based Cu2+ coordination complexes
with an Asp as the second amino acid (43). And while α-syn may take up a second Cu2+

equivalent, the interaction is low affinity and likely unimportant to physiological function.
In addition, we find that the dissociation constant for the first equivalent is approximately
0.10 nM.

Certain aspects of our findings support previously published work. For example,
potentiometric measurements performed on α-syn segments suggest a similar coordination
environment, marked by a pH sensitivity expected for N-terminal and backbone nitrogens,
and a carboxylate group (31,32). Site specific tryptophan fluorescence studies identify a 1:1
α-syn:Cu2+ complex with the N-terminal segment as the primary anchor point (33).
Electrospray mass spectrometry also finds a single N-terminal site (47), wheras MALDI
finds evidence of two Cu2+ binding sites with significantly different affinities, the tighter of
which (sub micromolar) located to the N-terminus (36). Previous EPR experiments at pH 5.0
and 7.4 were interpreted to suggest a coexistence of two coordination spheres at the higher
pH, distinguished by involvement of His50 (34). While our findings certainly agree with the
His-bound species, we do not find evidence for a second pH 7.4 coordination mode. The
four-fold enhanced affinity we find for wild type α-syn vs the α-syn(H50A) mutant further
supports imidazole coordination, and we do not find features of the α-syn(1–10) or α-
syn(H50A) EPR spectra superimposed on wildtype.
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Despite emerging consensus on the molecular details of the Cu2+ coordination sphere, there
remains wide disagreement with regard to affinity. As noted in the Introduction, published
values for the dissociation constant range from micromolar to nanomolar. Recently, Hong
and Simon used a refined ITC approach whereby Cu2+ is added as a glycine complex (38).
With appropriate treatment of the complex equilibria, they determine an association constant
based on heat release through a copper titration. Wild type α-syn at pH 7.4 gives an
association constant of 4.7 × 109 M−1, corresponding to a Kd of 0.21 nM. Moreover, they
find no evidence of a second Cu2+ coordination site. These results are in remarkable
agreement with ours described here and support a very high affinity, mononuclear site with
principal anchor points at the protein N-terminus.

The emerging biophysical evidence strongly suggests that α-syn interacts with Cu2+ in vivo.
The residues involved in copper chelation are highly conserved, and the protein is abundant
within the cell and localized to membrane surfaces at the synaptic cleft where CSF Cu2+

levels exceed micromolar concentrations (26,48,49). The sub-nanomolar α-syn-Cu2+ Kd,
along with the abundance of synaptic α-syn, suggests that any Cu2+ localized to the
extracellular membrane would be tightly complexed. Recent evidence suggests that copper
bound to α-syn within neurons of the substantia nigra is stabilized in the +2 oxidation state
(50). An intriguing possibility then is that perhaps α-syn sequesters Cu2+ at the membrane
and modulates copper’s inherent redox activity. Electrochemical experiments demonstrate
that the Cu2+-α-syn undergoes redox cycling, but favors the production of hydrogen
peroxide, which is less damaging to cells than radical species often produced by weakly
complexed copper (47).

The interaction of α-syn intra-cellular with synaptic vesicles is well documented, and new
evidence shows that wt α-syn interacts with SNARE complexes, perhaps as a chaperone,
participating in membrane fusion (51–53). Although membrane-associated α-syn is largely
helical, an extended α-helix structure is incompatible with the polypeptide wrapping back to
coordinate Cu2+ with the N-terminus and His50. We propose, therefore, that Cu2+ provides a
mechanism for α-syn release from the synaptic vesicle membrane, upon exposure to the
extracellular environment, switching from the membrane-induced helical structure to the
Cu2+-bound structure shown in Figure 5. This same mechanism may also operate in PD. A
copper mediated weakening of the interaction between α-syn and cellular membranes could
increase the soluble protein fraction thus hastening fibrillogenesis.

In summary, α-syn interacts strongly with Cu2+ in vitro. Whether this interaction is part of
the protein’s natural function, a component in the disease process, or both, is the subject for
further study. Our results show that monomeric α-syn binds one equivalent of Cu2+ with ≈
0.1 nM affinity. This binding mode creates a protein conformational change bringing the N-
terminus and H50 in close proximity. Any additional Cu2+ association with the protein is
weak, non-specific and not physiologically relevant. Future work will focus on determining
the role of this interaction on α-syn cycling at the cell surface, and the consequences in PD
pathogenesis.
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Abbreviations

α-syn human α-synuclein

CNS Central Nervous System

CSF Cerebral Spinal Fluid

DLS Dynamic Light Scattering

EPR Electron Paramagnetic Resonance

ESEEM Electron Spin Echo Envelope Modulation

Kd Dissociation Constant

LB Lewy Bodies

NAC Non-Abeta Component

PD Parkinson’s Disease
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Figure 1.
Features of the α-synuclein primary structure identifying (A) the three consensus segments
and (B) the amino acid sequence associated with each segment. Residues 9 – 97,
encompassing the amphipathic repeat region and the NAC, forms an extended helix when
associated with lipid membranes.
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Figure 2.
X-band EPR spectra of α-syn at pH=7.4 with 1, 2, and 4 equivalents of Cu2+. Specra were
collected at 111 K, ν = 9.44GHz, with a sweep width of 1200 G. The inset shows EPR
detected Cu2+ as a function of added Cu2+ and demonstrates saturation at approximately 2.0
eq. However, competition studies find that the second equivalent is weakly coordinated.
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Figure 3.
X-Band EPR spectra of α-syn, mutants and truncated species. Vertical lines correspond to
the parallel hyperfine features of wild type α-syn. α-Syn(1–97) gives a spectrum that
superimposes on wild type, but all other species show significant variation. α-Syn(1–10) and
α-syn(H50A) gives equivalent spectra, but distinct from wild type, demonstrating
involvement of His50 in the coordination sphere.
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Figure 4.
Three pulse ESEEM spectra of α-syn with 1.0 Eq. Cu2+ and 2.0 Eq. Cu2+, α-syn(1–97) with
2.0 Eq. Cu2+ and prion protein sequence HGGGW with 1.0 Eq. Cu2+. These spectra reveal
the expected quadrupolar transitions associated with an imidazole remote nitrogen and
demonstrate coordination by His50. α-syn(H50A) fails to give an ESEEM spectrum. α-
Syn(1–97) with 2.0 Eq. Cu2+ gives additional weak features at 2.0 and 2.8 MHz (arrows),
similar to peaks observed in HGGGW and assigned to an amide nitrogen coordinated
through the backbone carbonyl.
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Figure 5.
Coordination features of the primary Cu2+ site in α-syn identified here in bond line (top) and
stick (bottom) models. Competition studies show that this complex exhibits a dissociation
constant of approximately 0.1 nM.
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Table 1

EPR Parameters

Protein g‖ A‖ (G)

α-synuclein 2.226 178.6

α-syn(1–10) 2.245 183.3

α-syn(1–56) 2.229 173.2

α-syn(1–97) 2.226 178.6

α-syn(H50A) 2.242 176.6
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Table 2

Dissociation Constants (nM) Determined from Competition Studies

Protein/Competitor Pentaglycine
(Kd = 40 nM)

Oxidized Glutathionea
(Kd = 0.066 nM)

α-synuclein 0.11 ± 0.03 0.15

α-syn(H50A) 0.40 ± 0.01 0.60

a
Kd determinations using oxidized glutathione were performed once, and do not have standard errors.
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