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ABSTRACT
α-Synuclein is the major component of the filamentous Lewy bodies and Lewy neurites that
define neuropathological features of Parkinson’s
disease and dementia with Lewy bodies. To investigate the oligomerization process of α-synuclein in association with dopamine (DA), the
structural propensities to form oligomers were
studied using NMR and other biophysical tech1
15
niques. The H- N HSQC spectra indicated that
both N- and C-termini interacted with DA. Although interactions with DA were also observed
in the presence of glutathione by ESI-MS, the
significant suppression of oligomerization was
observed in the size exclusion chromatography,
suggesting that oxidations of α-synuclein are
required for its oligomerization.
Keywords: α-Synuclein; Dopamine; Glutathione;
Oligomerization

1. INTRODUCTION
α-Synuclein is a 140-amino acid protein characterized
by an acidic C-terminal region and seven imperfect repeats (consensus KTKEGV) distributed throughout most
of the N-terminal half of the polypeptide [1]. α-Synuclein is a highly soluble, heat-stable and natively unfolded protein [2,3] predominantly expressed in the neurons
of the central nervous system. It is localized at presynaptic terminals in close proximity to synaptic vesicles [1,
4-6], as well as in the neuronal nuclei [7]. Recently, inCopyright © 2013 SciRes.

teractions between α-synuclein and dopamine (DA) have
been vigorously studied [8-12]. These studies suggest
that distinctly reactive intermediates of α-synuclein interacting with DA induce its oligomerization [10]. Although it has been proposed that the formation of DA-interacting α-synuclein provides an explanation for the dopaminergic pathway of α-synuclein-associated neurotoxicity in PD [8], the details of interactions between α-synuclein and DA are yet to be elucidated. Our group has
been engaged in the study of fibrillation and oligomerization processes of α-synuclein at the initial stage. The
singular value decomposition analysis using the timedependent CD spectra revealed that five or nine intermediates were formed at the early stage of fibrillation [13].
In the time-dependent small angle X-ray scattering
(SAXS) measurements, formation of oligomers comprising heptamer was suggested [14]. Interactions between
α-synuclein and DA were studied using an electrospray
ionization mass spectrometry (ESI-MS) and the size exclusion chromatography. The results indicated that three
DAs bound to an intact α-synuclein and oligomerizaton
was induced in the presence of DA [15]. In purpose to
investigate the oligomer association mechanism of α-synuclein, interactions between α-synuclein and DA have
been studied using NMR spectroscopy and other biophysical techniques. Effects of glutathione (GSH), which
is antioxidant, have also been studied to investigate propensities of α-synuclein to form oligomers. Because DA
is considered to be one of the critical factors in aggregation or oligomerization, elucidation of α-synuclein oligomerization with DA is expected to provide valuable
clues for the molecular mechanism of PD.
Openly accessible at http://www.scirp.org/journal/jbpc/
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2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

2.1. Expression and Purification of
α-Synuclein

3.1. Observation of Interactions between
α-Synuclein and Dopamine by NMR
Spectroscopy and MS Spectrometry

Recombinant α-synuclein was expressed in E. coli
BL21 (DE3) (Novagen) grown at 37˚C in M9 medium
using the expression vector pET15b (Novagen) and purified as described previously [13]. The 15N-labled α-synuclein was expressed using 15NH4Cl as a nitrogen
source. The solutions of 0.2 mM α-synuclein containing
1.0 mM DA were assembled into oligomers in the absence and presence of 1.0 mM GSH by incubating in10
mM ammonium acetate (pH 7.5) at 30˚C with continuous
stirring at 450 rpm. These solutions were used in analysis
of ESI-MS and size exclusion chromatography.

2.2. NMR Spectroscopy
The 2D 1H-15N HSQC spectra were recorded using
sample solutions of, 1) 0.2 mM15N-labeled α-synuclein
and 1.0 mM DA; and 2) 0.2 mM15N-labeled α-synuclein,
1.0 mM DA and 1.0 mM GSH at the incubation time of 0,
24 and 72 h on a Bruker DRX-500 spectrometer. All
HSQC spectra were acquired at 4˚C using the identical
receiver gain. The experimental parameters used for the
2D 1H-15N HSQC were: data size in t1 = 128 complex
points; data size in t2 = 1024; spectral width in f1 = 2048
Hz; spectral width in f2 = 6000 Hz; number of transients
per increment = 16. The WATERGATE W5 LOGSY [16]
spectra were recorded using a solution of 0.1 mM αsynuclein in the presence of 8.0 mM DA and/or 8.0 mM
GSH at 20˚C on a Varian Inova 500 spectrometer. The
experimental parameters used for the WATERGATE W5
LOGSY were: data size = 8192 points; spectral width =
10,000 Hz; number of scans = 64.

In observation of interactions between α-synuclein and
DA at the atomic level, the 2D 1H-15N HSQC spectra
were acquired using the 15N-labeled α-synuclein in the
presence of DA (Figure 1). The expanded spectra, indicating the chemical shift changes of L8, S9 and S129, are
shown in Figure 2. The chemical shift changes were identified for the residues of V3, L8, S9, A27, H50, N113,
D119, E126, M127 and S129, which are considered to
interact with DA. In the presence of GSH, the chemical
shift changes were identified for the residues of V3, L8,
A27, N113, D119, E126, M127 and S129 (data not
shown). Any chemical shift changes of α-synuclein were
not identified only in the presence of GSH (data not
shown). These results indicate that N-terminal and Cterminal regions of α-synucleinare involved in the inter-

2.3. MS Spectrometry
ESI-MS measurements were carried out using a
time-of-flight mass spectrometer (JEOL JMS-T100). The
experimental conditions were as follows: acceleration
voltage, 2.0 kV; needle voltage, 2600 V; orifice voltage,
65 V; desolvation temperature, 100˚C; sample flow rate,
5.0 μL/min. All spectra were obtained via infusion of the
sample solutions in the positive ionization mode.

2.4. Size Exclusion Chromatography
The incubated sample solutions were filtrated through
a membrane filter Dismic-03 (pore size, 0.45 μm; Toyo
Roshi), and then applied onto a TSKgel G3000SWXL gel
filtration column (7.8 mm I.D. × 300 mm; Tosoh Bioscience) with 50 mM sodium phosphate buffer, pH 7.5,
containing 100 mM NaCl. The flow rate was 0.4 mL/
min.
Copyright © 2013 SciRes.

Figure 1. The 2D1H-15N HSQC spectra of 0.2
mM15N-labeled α-synuclein in the presence of
1.0 mM DA at incubation times of 0 (black), 24
(blue) and 72 (red) hours.
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Figure 2. The expanded spectra of Figure 1. The chemical shift
changes of (a) L8 and (b) S9 and S129 are shown.

actions with DA, and that GSH is not involved. Because
the oligomer formation of α-synuclein was distinctly
induced upon binding with DA [10,15], both N- and
C-termini are considered to play a key role in oligomerization. An importance of C-terminal in aggregation of
α-synuclein was demonstrated by Mazzulli, et al., using
the protein lacking the polypeptide segment 125YEMPS129
[17]. It was shown that the intracellular inhibition of
α-synuclein aggregation required the specific noncovalent interaction of the oxidized catechols with the residues 125YEMPS129. On the other hand, another study
demonstrated that a truncated α-synuclein mutant terminating at residue 124 could still form soluble oligomers
in the presence of DA, and that mutagenesis of all four
Met residues to Ala significantly reduced the propensity
to form oligomers [18,19]. In the present chemical shift
perturbation study using the 1H-15N HSQC spectra, three
residues, E126, M127 and S129, were involved in the
polypeptide segment 125YEMPS129 in the C-terminal region. Since two of four Met residues are positioned in the
N-terminal region, the present results suggested that both
N- and C-terminal regions are required in oligomerization.
Copyright © 2013 SciRes.

Interactions of α-synuclein with DA in the presence
and absence of GSH were also observed using the WATERGATE W5 LOGSY as shown in Figure 3. In this
NMR method, the small molecules which bind to protein
can be selectively detected, and the unbound small molecules are observed in the opposite phase. The 1H signals of DA were selectively observed as expected (Figure 3(a)), and interactions of GSH with α-synuclein
could not be identified as shown in Figure 3(b). It was
shown that DA was able to bind with α-synuclein in the
presence of GSH (Figure 3(c)), indicating that the unoxidized α-synuclein had an ability to bind with DA. The
above interactions were also observed by ESI-MS. Envelopes of ions between m/z 852 and 2412, corresponding to +17 through +6 charged states of monomers, were
observed (data not shown). The expanded spectra between m/z 1420 and 1570 are shown in Figure 4. The
envelopes of ion peaks between m/z 1447 and 1450 corresponded to the monomeric α-synuclein (mw = 14460)
with +10 charged state. In this envelope, the ion peaks
consisted of the free α-synuclein and its sodium adducts.
In the presence of DA (mw =153), the ion peaks corresponding to the complexes of α-synuclein and DA were
observed (Figure 4(a)). The maximum of two DA molecules were detected to bind with one molecule of
α-synuclein even in the presence of GSH (Figure 4(b)).
The ion peaks of the complexes comprising α-synuclein
and DA were observed by ESI-MS, and 1H signals of DA
bound to α-synuclein were selectively observed by NMR
spectroscopy. These results indicate a distinct interaction
of DA with theunoxidized α-synuclein.

3.2. Suppression of Oligomer Formation by
Glutathione
The effects of GSH in oligomerization of α-synuclein
in the presence of DA were monitored using size exclusion chromatography as shown in Figure 5. In the chromatograms of α-synuclein, the monomerwas eluted at 24
minutes. Several high molecular weight oligomers with
retention times from ca. 17 min to 23 min were observed
in the presence of 1 mM DA at 24, 72 and 120 hour incubations (Figure 5(a)). Distribution of the molecular
weights was estimated to be in the range of ca. 65 - 150
kDa based on the calibration curve provided by Tosoh
Bioscience. Observation of the high molecular weight
species indicates formation of the DA-induced oligomers.
Interestingly, any formation of oligomers could not be
observed in the presence of 1 mM GSH (Figure 5(b)).
Although the results of NMR and ESI-MS indicated that
DA had an affinity with α-synuclein in the presence of
GSH, the result of size exclusion chromatography demonstrated the distinct suppression of oligomerization under the anti-oxidant condition. These results suggest that
an association with DA could be a trigger of oligomeriOPEN ACCESS
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Figure 4. ESI-MS spectra of (a) 0.2 mM α-synuclein in the
presence of 1.0 mM DA and (b) 0.2 mM α-synuclein in the
presence of 1.0 mM DA and 1.0 mM GSH.

Figure 3. The WATERGATE W5 LOGSY spectra of (a) 0.1
mM α-synuclein in the presence of 8.0 mM DA, (b) 0.1 mM
α-synuclein in the presence of 8.0 mM GSH, (c) 0.1 mM
α-synuclein in the presence of 8.0 mM DA and 8.0 mM GSH.
(d) The reference spectrum of (c) acquired by presaturation.

zation, and some oxidations of α-synuclein are required
to proceed with oligomerization. The observations of oligomers comprising α-synuclein with four oxidized Met
[9-11] coincide with the present results of size exclusion
chromatography. In γ-synuclein, which is another member of the synuclein family, M38 and Y39 can be easily
oxidized and γ-synuclein can form annular oligomers that
accumulate in cells [20]. Its oxidation plays a key role in
the ability of γ-synuclein to aggregate and seed the aggregation of α-synuclein. Oxidation of the synuclein
family could induce a cascade of events leading to synucleinopathies.

Figure 5. Size exclusion chromatography of (a) 0.2 mM
α-synuclein in the presence of 1.0 mM DA and (b) 0.2 mM
α-synuclein in the presence of 1.0 mM DA and 1.0 mM GSH at
incubation times of 0 (black), 24 (red), 72 (blue) and 120
(green) hours. The peaks of monomer and oligomers are labeled.

exclusion chromatography. In the analysis using size
exclusion chromatography, it was shown that oligomer
formations were suppressed under the anti-oxidant condition. Although α-synuclein interacted with DA in the
presence of GSH, it was suggested that oxidation of
α-synuclein is required as the further step to accomplish
the oligomer formation.

4. CONCLUSION
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