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Thermodynamics imprinting reveals differential binding of metals
to a-synuclein: Relevance to parkinson’s disease
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Abstract

The aggregation of a-synuclein is a hallmark feature of Parkinson’s disease (PD) and other synucleinopathies. Metals are the signif-
icant etiological factors in PD, and their interaction with a-synuclein affect dramatically the kinetics of fibrillation in vitro and are pro-
posed to play an important and potential neurodegenerative role in vivo. In the present study, we investigated the stoichiometry of
binding of copper [Cu (II)] and iron [Fe (III)] with a-synuclein (wild recombinant type and A30P, A53T, E46K mutant forms) using
isothermal titration calorimetry (ITC). a-Synuclein monomer (wild and mutant forms) titrated by Cu (II), showed two binding sites, with
an apparent KB of 105 M and 104 M, respectively. But, a-synuclein (wild type and mutant forms) titrated with Fe (III) revealed a KB of
105 M with single binding site. The present investigation uncovers the detailed binding propensities between metals and a-synuclein and
has biological implications in PD.
� 2007 Elsevier Inc. All rights reserved.
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Parkinson’s disease (PD) is characterized by the aggre-
gation of the a-synuclein peptide as insoluble fibrils (as
Lewy bodies), rich in cross-b sheet structure [1–3]. a-Synuc-
lein is a 140 amino acid, abundant presynaptic protein,
which reversibly associates with membranes via a series
of amphipathic a-helices located in its N-terminal region
(residues 1–60) [4–7]. Additionally, two mutations (A53T
and A30P) in the gene encoding a-synuclein have been
linked to familial early-onset PD [8–12]. Recently a third
missense mutation E46K, in a-synuclein is observed in an
inherited form of dementia with Lewy bodies [13–15].

The mechanism of a-synuclein aggregation and the fac-
tors that favor aggregation under in vivo conditions still
remain elusive. Li et al. [16,17] showed that mutants aggre-
gate at a faster rate compared to wild type (WT). Hence, it
has been shown that both familial PD mutations increase
the rate of a-synuclein oligomerization [18]. The rate of
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mature fibril formation was increased by one mutation
(A53T) and decreased by the other A30P mutation
[16,17,19–21]. High resolution NMR data reveal that
A30P mutation abolished a significant helical propensity
found in an N-terminal stretch of the WT protein suggest-
ing that it preferentially adopts a helical conformation in
the WT and A53T protein, but not in the A30P mutant
[22]. Recently, Li et al. [16,17] showed that A30P and
A53T mutant a-synuclein might be more prone to form
b-sheet structure than WT a-synuclein.

Metals have been proposed as major factors favoring a-
synuclein aggregation [19–21]. a-Synuclein fibrillar deposits
contain high concentration of redox active metals such as
Fe, Cu and Zn, and their binding to the a-synuclein is
reported [19–21]. Metals like Fe, Cu and Zn can promote
or hinder fibrillogenesis [23–27]. The stoichiometry of bind-
ing of metals, its effect on both WT and mutant forms of a-
synuclein in PD is still relatively unexplored.

To the best of our knowledge, there is no analysis of a-
synuclein–metal interaction by isothermal titration calo-
rimetry (ITC). Thus, no data on the reaction enthalpy
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and entropy are available which could clarify the role of
a-synuclein–metal interactions in the etiology of neurode-
generative diseases. Here, we report for the first time, a
thermodynamic study of a-synuclein–metal [Cu (II) and
Fe (III)] interaction by isothermal titration calorimetry.

Materials and methods

a-Synuclein (WT) and the mutants (A30P, A53T and E46K) were
purchased from rPeptides, USA and purity of peptide was ascertained by
Mass Spectral data. FeCl3 and CuCl2 from Sigma Co. USA. Tris and
Hepes buffers were purchased from Bangalore Genei, India.

Experimental design

Isothermal titration calorimetry studies. ITC experiments were carried
out to determine the enthalpy changes of the effect of metal ions [Cu (II)
and Fe (III)] on a-synuclein (WT and A30P, A53T, E46K mutant forms)
with a VP-ITC instrument (MicroCal, Amherst, MA). The a-synuclein
(monomer) concentration was maintained at 0.5 mg/ml in Hepes buffer
(pH 7.4). This buffer was chosen because it has been shown to have a
negligible interference with Cu (II) and Fe (III). In the experimental set-up,
the cell was filled with a-synuclein (monomer) and the syringe was filled
with metal ions. The same buffer (Hepes buffer, pH 7.4) was used in both
the syringe and the cell. In another experimental set-up, the cell was filled
with a-synuclein (monomer) and the syringe filled with Hepes buffer (pH
7.4) solution. Experiments with 29 injections of 10 ll with an initial delay of
60 s, duration of 20 s, spacing of 180 s were performed. To avoid the
spontaneous aggregation of a-synuclein, no salt was used in the syringe.

Before the curve-fitting process, a background titration, consisting of
the identical metal ion solution but only the buffer solution in the sample
cell, subtracted from each experimental titration to account for the heat of
dilution [28]. From the non-constrained fitting to the plot of heat evolved/
mol of metal ions injected versus the molar ratio of metal ions to a-syn-
uclein monomer, the binding stoichiometry (N), the binding enthalpy
(DH) and the entropy (DS) were determined. The integration of the cal-
orimeter signals, base-line corrections, and normalization with respect to
a-synuclein and metal concentrations were done using MicroCal ORIGIN
6.0 software.

The corrected binding isotherms were fitted using least squares
regression to obtain the association constant (K), the Cu (II) and Fe (III)
binding to a-synuclein; stoichiometry-‘N’ and the enthalpy change asso-
ciated with the interaction (DH) and the entropy (DS) [28]. All parameter
uncertainties were evaluated at the 90% confidence level.

Results

Isothermal titration calorimetry, a calorimetric tech-
nique provides direct proof on thermodynamics of Cu (II)
and Fe (III) binding to a-synuclein. Fig. 1 showed ITC mea-
surements of a-synuclein (WT and mutant forms) monomer
titrated by Cu (II) at 25 �C. Cu (II) titrations to a-synuclein
monomer were accompanied by exothermic reaction. The
enthalpy change as a function of the molar ratios of Cu
(II) to a-synuclein monomer showed considerable binding.
The binding constant (KB) of Cu (II) reveals two binding
sites with two binding constant values. KB of a-synuclein
(WT), is 5.9 · 105 and 7.5 · 104; A30P, 4.5 · 105 and
4.9 · 104; A53T, 3.7 · 105 and 6.1 · 104; and E46K is
3.9 · 105 and 4.2 · 104. The binding enthalpy, DH1 and
DH2 are �1843 and �111 kcal/mol (WT); �4804 and
�211 kcal/mol (A30P); �4355 and �410 kcal/mol (A53T);
and �3715 and �276 kcal/mol (E46K). The entropy, DS1
and DS2 for a-synuclein (WT), A30P, A53T and E46K with
Cu (II) reveals 7.6 and 10.5; 9.7 and 17.5; 10.5 and 20.5; 8.9
and 11.9 cal/mol K. The ITC data of Cu (II) with a-synuc-
lein both WT and mutant forms possess two binding sites
(Fig. 1A–D).

Fig. 2 revealed that titration of Fe (III) to a-synuclein
was also accompanied by exothermic reaction. The
enthalpy change as a function of the molar ratios of Fe
(III) to a-synuclein monomer increased without a clear
inflection point. DH values were extraordinarily large,
which corresponds to an extremely exothermic process.
Further, large negative entropy compensates for the
exothermic enthalpy. The stoichiometry of binding, KB of
a-synuclein to Fe (III) were 4.9 · 105 (WT); 3.4 · 105

(A30P); 4.5 · 105 (A53T) and 3.3 · 105 (E46K). The bind-
ing enthalpy DH of WT, A30P, A53T, and E46K are
�6.5; �8.4; �7.3 and �9.2 kcal/mol, respectively. The
entropy DS were 14.6; 9.8; 20.8 and 6.3 cal/mol K for
a-synuclein WT, A30P, A53T, E46K, respectively
(Fig. 2A–D). The ITC data of Fe (III) with a-synuclein
depicts a single binding site.

The results were fit best with a model in which the bind-
ing to each site has equal energy, using MicroCal ORIGIN
6.0 software.

Discussion

a-Synuclein fibrils are characterized by a cross-b-struc-
ture where b-strands are perpendicularly oriented to the
axis of the fibrils [29]. Numerous in vitro studies have sup-
ported the concept that partially folded protein molecules
are the precursors for the nucleation and growth of amy-
loid fibrils [30–32], even though the detailed molecular
mechanism underlying fibril formation is not well defined.
Kinetic studies showed that the a-synuclein formation is a
nucleation-dependent reaction [33].

ITC is a sensitive method for the study of the heat effect
of ligand binding to proteins or the study of protein asso-
ciation [34–38]. The shape of the ITC curves depends char-
acteristically on the binding mode, which can be either
construed as partition equilibrium or as a specific binding
with a limited number of saturable binding sites [39–41].
Accordingly, a partition coefficient or a binding constant
can be obtained, which yields the free energy and entropy
of the binding reaction [41]. The structural features of
Cu (II) and Fe (III) suggest that the binding most likely
occurs through hydrophobic interactions, electrostatic
interactions, or both [23–27]. However, in the present study
ITC data showed that the formation of a-synuclein–metal
complex was enthalpically driven, excluding hydrophobic
interactions. There is only one study on the thermodynam-
ics of a-synuclein lipid interaction by Nuscher et al. [41].
Further, they revealed that in the binding of a-synuclein
to lipid bilayer membrane, heat release and the ellipticity
were linearly correlated with binding and helix folding [41].

ITC titration curves of Cu (II) with a-synuclein (WT and
mutant forms) reveals two binding sites on a-synuclein.



Fig. 1. (A,B) Binding of a-synuclein to Cu (II). The upper isotherm indicates ITC measurements at 25 �C of Cu (II) binding to a-synuclein. (A)
a-Synuclein (WT); (B) A30P mutant. The lower sigmoidal curve symbolizes the molar heat values obtained by integration of individual heat flow signals as
a function of the total metal/protein molar ratio in the calorimeter cell. Inset, binding isotherm. (C,D) Binding of a-synuclein to Cu (II). The upper
isotherm indicates ITC measurements at 25 �C of Cu (II) binding to a-synuclein. (C) A53T mutant; (D) E46K mutant. The lower sigmoidal curve
symbolizes the molar heat values obtained by integration of individual heat flow signals as a function of the total metal/protein molar ratio in the
calorimeter cell. Inset, binding isotherm.
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This is in accordance with the observations of Jankowska
et al. [42,43] and Guilloreau et al. [43]. Further Jankowska
and her coworkers [42–44] and Sung et al. [45] showed that
the high-affinity binding site(s) for Cu (II) is located at the
N-terminal domain, specifically the 1–MDVFMKGLS–9

and 48–VAHGV–52 regions. These new findings regarding
the structural basis of Cu (II) interaction with a-synuclein
provide a link between PD and other amyloid-related disor-
ders and suggest that perturbations in metal homeostasis
may constitute a widespread element in neurodegenerative
disorders than previously recognized.

By comparing the two binding sites of Cu (II) to a-syn-
uclein WT and mutant forms, it was also found that the
high-affinity site has a smaller enthalpy but a larger



Fig. 2. (A,B) Binding of a-synuclein to Fe (III). The upper isotherm indicates ITC measurements at 25 �C of Fe (III) binding to a-synuclein. (A)
a-Synuclein (WT); (B) A30P mutant. The lower sigmoidal curve symbolizes the molar heat values obtained by integration of individual heat flow signals as
a function of the total metal/protein molar ratio in the calorimeter cell. Inset, binding isotherm. (C,D) Binding of a-synuclein to Fe (III). The upper
isotherm indicates the ITC measurements at 25 �C of Fe (III) binding to a-synuclein. (C) A53T mutant; (D) E46K mutant. The lower sigmoidal curve
symbolizes the molar heat values obtained by integration of individual heat flow signals as a function of the total metal/protein molar ratio in the
calorimeter cell. Inset, binding isotherm.
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entropic contribution. The higher entropic contribution of
the binding of the first Cu (II) binding compared with that
of the second could possibly be due to (i) release of more
water molecules from the hydrated Cu (II) upon Cu (II)–
a-synuclein complex formation; (ii) release of more water
molecules from the peptide hydration shelf; (iii) conforma-
tional changes, i.e., lower degree of freedom upon binding
of the second Cu (II), or (iv) entropic changes due to the
protonation of the buffer [proton (s) originating from the
ligand displaced by the Cu (II) binding].

There is limited data on the role of Fe (III) binding to
a-synuclein. Golts et al. [46] reported that neuroblastoma
BE-M17 cells treated with iron, induced a-synuclein aggre-
gation and further proposed that a-synuclein aggregation
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increases cellular iron content. However, the possible bind-
ing sites of Fe (III) on a-synuclein, which renders its aggre-
gation and in turn cause cellular toxicity, needs to be
explored.

ITC data on Fe (III) reveals that it possesses single bind-
ing site on a-synuclein. But the specific sequence for Fe
(III) binding towards a-synuclein is still elusive. These
analyses demonstrate the ability of ITC to characterize
the ensemble of binding efficacy and the stoichiometry of
binding of a-synuclein to metals in PD. The study is pro-
vocative in providing the information related to the ther-
modynamics of a-synuclein fibril formation in the
presence of metals. In this study, we sought to delineate
the effects of Cu (II) and Fe (III) on the native state of a-
synuclein, and found the primary difference in the energies
consumed to accelerate the kinetics of a-synuclein fibril for-
mation. In the present case, the starting reagents are Cu
(II)/Fe (III) and a-synuclein and the complex Cu (II)–a-
synuclein or Fe (III)–a-synuclein complexes are the final
product. But the differential energy conserved on binding
of metals with the WT and the mutant forms still remains
subtle.

Altogether, the data prove conclusively that Cu (II) has
preferentially two model sites of binding to a-synuclein. Fe
(III) possess single binding site and have high binding effi-
ciency and Cu (II) is enthalpically driven with large entropy
than Fe (III). Presumably, these findings might lead to a
new conceptual scheme to understand the hierarchy of
metal–a-synuclein interactions, based on the principles of
thermodynamics, thus reflect a better mode to understand
the binding properties of a-synuclein with metals in PD.
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