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ABSTRACT: The interaction of dopamine (DA) and α-synuclein (α-S) can lead to protein misfolding and neuronal death
triggered by oxidative stress relevant to the progression of Parkinson’s disease (PD). In this study, interfacial properties
associated with DA-induced α-S aggregation under various solution conditions (i.e., pH, ionic strength) were investigated in
vitro. The electrochemical oxidation of tyrosine (Tyr) residues in α-S was detected in the presence of DA. DA concentration
dependence was analyzed and found to significantly affect α-S aggregation pathways. At low pH, DA was shown to be stable and
produced no observable difference in interfacial properties. Between pH 7 and 11, DA promoted α-S aggregation. Significant
differences in oxidation current signals in response to high pH and ionic strength suggested the importance of initial interactions
in the stabilization of toxic oligomeric structures and subsequent off-pathways of α-S. Our results demonstrate the importance of
solution interactions with α-S and the unique information that electrochemical techniques can provide for the investigation of α-
S aggregation at early stages, an important step toward the development of future PD therapeutics.
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The neuropathology associated with α-synuclein (α-S) is
found in several neurodegenerative diseases including

Parkinson’s disease (PD), dementia with Lewy bodies, Lewy
body variants of Alzheimer’s disease, and multiple system
atrophy.1,2 α-S exists as a soluble protein in healthy individuals;
however, in PD patients, it forms insoluble aggregates found as
fibrillar plaques that affect the dopaminergic neurons in the
substantia nigra pars compacta.3,4 Moreover, mutations of α-S
(A53T, A30P, and E46K) that accelerate the rate of α-S
aggregation are responsible for familial PD, suggesting a link
between α-S and the neuronal toxicity of neurodegenerative
pathogenesis.5 As the major component of Lewy bodies, these
pathological inclusions may constitute the toxicity associated
with neurodegeneration.
The mechanism of α-S aggregation is still uncertain;

however, several studies have suggested that it may be the

result of α-S accumulation by gene triplication, and several

point mutations indicate that the protein preferentially adopts a

β-sheeted conformation.6,7 This conformation ultimately leads

to the accumulation of fibrils, which constitutes the formation
of Lewy bodies.8

Although the biological role of α-S has yet to be proven, it
has been shown to exist in cytosolic and membrane- or vesicle-
bound states.9 Several in vivo studies indicated that over-
expression of α-S induced noticeable changes in membrane
fluidity and vesicular trafficking.10−13 Dopamine (DA) storage
in synaptic vesicles plays a crucial role in DA oxidative stress
because it easily undergoes oxidative pathways in cytosolic
conditions and, in due course, leads to the production of
reactive oxygen species (ROS).14 This suggests that the
influence of α-S on DA storage is important because it
preserves vesicle formation and the stability of DA within these
vesicles. The reduced availability of vesicles for DA storage can
therefore lead to the production of ROS and subsequent
oxidative stress, which are detrimental to biological compo-
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nents. Along with oxidative stress, DA and its oxidative
derivatives have been described to noncovalently inhibit α-S
aggregation by forming nonspecific hydrophobic interactions.15

Numerous in vitro studies using atomic force microscopy and
electron microscopy have shown that α-S also exists in
oligomeric morphologies.16,17 The effect of DA on α-S inhibits
the formation of α-S fibrils, and promotes the formation of
toxic oligomeric forms.18 Mutations in α-S that are implicated
in familial PD have also been shown to form oligomeric
structures. This finding suggests a strong link between α-S
protofibrils and the early onset of PD. The α-S-DA construct
inhibits the formation of elongated β-pleated sheet fibrils and
remains in a protofibril morphology and amorphous aggregates.
The oxidative intermediates of DA have been recently identified
as inducers of off-pathways to form SDS-resistant α-S
oligomers, which were thioflavin T negative.19−22 In this
report, we present the electrochemical behavior of α-S in the
presence of DA under oxidative stress conditions.

■ RESULTS AND DISCUSSION

Electrochemical techniques such as cyclic voltammetry (CV)
and square-wave voltammetry (SWV) have recently been
successfully applied to monitoring early interfacial changes
attributed to peptide aggregation.23−34 The electrochemical
activity of DA has been well-documented in neurochemical
studies performed in vitro and in vivo.35−39 As shown is Figure
1, DA can be easily oxidized on a carbon electrode to form
quinonic molecules. DA oxidation results in three anodic peaks
at 0.18, 0.77, and 0.92 V (vs Ag/AgCl, data not shown), which
are representative of its oxidation into dopamine-o-quinone and
other DA reactive quinones (e.g., dopaminochrome, indole-5,6-
quinone, and 5,6-dihydroxyindole). In order to understand the
effect of DA oxidation on α-S, SWV of Tyr was studied in the
presence and absence of DA under various experimental
conditions. The peak oxidation potentials of DA did not
overlap with that of Tyr oxidation, which was observed at
∼0.55 V (vs Ag/AgCl). As shown in Figure 2A, the Tyr
oxidation signal was enhanced in the presence of DA, which

might have functioned as a mediator to facilitate the electron
exchange with the electrode surface. After 24 h incubation, an
enhanced Tyr current signal was observed in the presence of
DA when compared with the Tyr signal in the presence of fresh
DA solution (Figure 2B). It was found that Tyr oxidation
increased in the presence of quinonic intermediates. However,
in the presence of excess DA in solution (at higher
concentrations), the effect of the quinones facilitating the

Figure 1. Oxidation states of dopamine (DA). Inset shows the screen-printed carbon strip electrode (SPCS) used for the electrochemical oxidation
measurements.

Figure 2. Anodic current signals were plotted against the dopamine
(DA) concentration in the presence of 25 μM free Tyr using square-
wave voltammetry at a carbon paste electrode following changes in
electrochemical oxidation signal of (A) DA at ∼0.18 V and (B) Tyr at
∼0.55 V (vs Ag/AgCl).

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn300034t | ACS Chem. Neurosci. 2012, 3, 569−574570



electron flow from Tyr was disrupted due to the fouling of the
electrode surface. Thus, DA-mediated electron transfer of Tyr
oxidation was best observed in the presence of low DA
concentrations.
Once DA is synthesized, it is immediately sequestered in the

brain and exists in vesicles at low pH values. This environment
retains DA stability and shields it from degradation of ROS and
subsequent oxidative stress. At physiological pH, DA can auto-
oxidize into ROS and interact with α-S.19 Supporting
Information Figure S2 demonstrates that DA degraded into
its oxidative intermediates at pH 7 and 11 but remained stable
at low pH values, retaining the same absorbance peak with a
maximum absorbance value at 280 nm. At pH 4, the spectra
showed no significant change over time and were indicative of
DA’s stability at low pH. In an acidic environment, DA formed
its oxidative intermediates, which were observed by the change
in absorbance at pH 7. Over time, the peak at 280 nm became
less defined and absorbance shifted to higher wavelengths due
to increased light scattering. At pH 11, the absorbance
spectrum showed a maximum at 300 nm, characteristic of the
yellow chromophore dopamine-o-quinone, and changed over
time. The absorbance values increased and shifted to a
maximum absorbance at 280 nm as the solution turned
brown. This result demonstrated that the degradation of DA
over time resulted in the formation of reactive DA-
intermediates at physiological pH.
We also investigated the interaction of DA intermediates

with α-S at varying pH by monitoring their electrochemical
oxidation (Supporting Information Figure S3). At pH 4, the
kinetics curve showed no significant change over time. This was
in agreement with UV−vis measurements (Supporting
Information Figure S2) demonstrating the stability of DA at
low pH. At pH 11, a significant fluctuation was observed. In the
presence of DA, the oxidation process displayed an increase in
the current intensity whereas in its absence, the current signal
decreased. This indicated that DA was interacting with α-S in a
conformation that facilitated Tyr oxidation on the electrode
surface. This interaction increased aggregation and resulted in
rapid structural variations. This provided electrochemical
evidence that oxidative stress caused by reactive quinones was
responsible for off-pathway α-S aggregation.
When DA was present in high concentrations, the current

signals were similar to the control, but deviated at 5 h and
reached a minimum after 24 h. Incubations of α-S in the
presence of DA have been demonstrated to increase
aggregation rates.40−42 The decrease in current signal was,
therefore, attributed to the rapid progression of α-S
aggregation, which ultimately led to no current signal, indicative
of fully aggregated species. This occurred because aggregation
obstructed the available Tyr residues from oxidizing at the
electrode surface. Alternatively, melanin, a final product of DA
oxidation, might have been formed when DA was found at such
high concentrations. In its polymeric form, melanin could have
consequently blocked the electrode surface and thus decreased
the current signals.
In agreement with our electrochemical studies, DA-induced

formation of SDS-insoluble multimeric complexes of human
recombinant α-S protein was observed by denaturing SDS-
PAGE and Western blot analysis (Figure 3). In comparison, the
α-S-specific antibody detected only low molecular weight
species in the sample of untreated recombinant α-S. In support
of the present observations, our previous work with native
PAGE had also demonstrated that our human recombinant α-S

preparation predominantly contained monomeric and dimeric
forms.25

Ionic strength has a significant role in inducing α-S
aggregation.40−42 The interaction of increased electrostatic
forces has been shown to aid in the stabilization of intermediate
forms.40−42 Preaggregation of α-S has also been demonstrated
to result in the initial destabilization of soluble monomers and
the loss of an ordered structure.23,24 Increased ionic strength
would accelerate the process of destabilization by binding to α-
S and assisting in the formation of its nucleated form. This
supports our electrochemical data, where kinetic curves were
recorded at varying salt concentrations (Figure 4A and B).
Electrostatic stability and the formation of intermediate forms
were observed in the presence of 200 mM NaCl. Here, the
conformation of α-S presented the most dynamic characteristic

Figure 3. Western blotting analysis of α-S (50 μM) demonstrated that
DA incubation led to the formation of SDS-insoluble multimeric
complexes. Samples containing α-S oligomers after incubation with
DA (2 mM) for 16 h were separated by SDS-PAGE. Protease
inhibitors (PI) were used to avoid protein degradation during sample
incubation.

Figure 4. (A) Square-wave voltammograms of Tyr oxidation in α-S
that was incubated with varying concentrations of DA for 24 h. (B)
Plot for the dependence of Tyr oxidation current signals on time with
(a) α-S in the presence of 0.5 mM DA, (b) α-S only, and (c) α-S in the
presence of 5 mM DA in PBS buffer at pH 7.4 and 37 ± 1 °C with
shaking for 24 h.
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having a large range of current intensity in the first 24 h. In the
presence of high ionic strength, α-S went through dynamic
structural changes in its early aggregation stages, which were
aided by the additional electrostatic forces in the presence of 50
mM and 100 mM NaCl. Electrochemical data distinguished this
interaction in its preaggregated form suggesting the importance
of the protofibril arrangement. Ionic strength was, therefore,
found to be essential in the stability of early intermediates of α-
S as it nucleated and subsequently formed oligomers. The
interaction of DA with α-S obstructed the available Try residues
from oxidizing at the electrode surface. With 200 mM NaCl,
the complexing of α-S and DA might have been hindered by
the effect of high ionic strength resulting in similar current
intensities to α-S aggregation in the absence of DA (Figure 5).

The importance of analyzing early solvent interactions during
α-S aggregation is essential for the development of future PD
therapeutics. Our in vitro studies demonstrated the advantage
of using CV and SWV since these techniques allow monitoring
changes in interfacial properties of α-S at early stages. Our
findings suggest that the oxidative stress effect of DA has a
significant influence on α-S by altering its aggregation pathway
when pH and ionic strength conditions are varied.

■ METHODS
Materials. All chemicals, including dopamine HCl (DA, 98%) and

L-tyrosine (Tyr, 98%), were purchased from Sigma-Aldrich (Oakville,
ON). Human α-synuclein, (α-S, recombinant, Escherichia coli) was
purchased from EMD Chemicals (Gibbstown, NJ). All solutions were
prepared with ultrapure water using a Cascada LS (Pall Co., NY) water
purification system.
Electrochemical Analysis. Cyclic voltammetry (CV) and square-

wave voltammetry (SWV) were performed with a μAutolab-III
electrochemical analyzer (Metrohm, Switzerland) operated in
conjunction with its three general-purpose electrochemistry software
(GPES). The planar screen-printed carbon strip (SPCS) electrodes
were kindly donated by Professor Eiichi Tamiya (Osaka University,
Japan) and Biodevice Technology Ltd. (Ishikawa, Japan). The three-

electrode system was composed of a carbon electrode (geometric
working area: 2.64 mm2) as the working electrode, a carbon counter-
electrode, and the reference electrode (Ag/AgCl). Measurements were
performed with aliquots of 20 μL of sample where the SPCS
electrodes were used once and discarded. CV measurements were
performed with DA and free L-Tyr with a three-electrode system that
consisted of a carbon paste electrode (CPE) as the working electrode,
a Ag/AgCl reference electrode, and a Pt wire auxiliary electrode.
Carbon paste was prepared with a 70:30 (w/w) composition of
graphite powder and mineral oil, respectively. The paste was packed
into a Teflon tube with a Cu wire serving as the electrical contact with
a geometric electrode surface area of 0.033 cm2. All measurements
were taken at room temperature (24 ± 1 °C).

To induce aggregation, α-S was incubated with DA at 37 ± 1 °C
with a thermal block-shaker (Fisher Scientific) at 300 rpm. Samples
were prepared in 50 mM phosphate buffer at pH 7.4, and 5 mM
sodium acetate/5 mM sodium phosphate, at pH 4, 7, and 11. Aliquots
(20 μL) were removed and spotted on the three-electrode area of the
SPCS surface. CV measurements were recorded from −0.05 to 1.20 V
(vs Ag/AgCl) with scan rates at 10, 50 100, 250, and 500 mV/s. SWV
was employed from −0.05 to 1 V (vs Ag/AgCl) with a step potential
of 5 mV and amplitude of 25 mV at 50 Hz. Raw data were treated with
Savitzky-Golay level 3 smoothing and baseline corrected to a peak
width of 0.003 V. Each electrochemical measurement condition was
performed for at least three replicates (n = 3).

Western Blotting Analysis. Samples containing 2 μg of protein
per lane were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) with 4% stacking gel and 12% resolving
gel and transferred to nitrocellulose membranes. After blocking for 1 h
with 5% skim milk powder in phosphate-buffered saline (PBS; 137
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4),
blots were incubated overnight at 4 °C with anti-α-S antibody
(610786, BD Transduction Laboratories, Mississauga, ON). After
washes, blots were incubated with horseradish peroxidase conjugated
secondary antibodies (Sigma, St. Louis, MO). Incubations with
primary and secondary antibodies were performed in 1% skim milk
powder in PBS. After three washes with PBS (containing 0.1% Tween-
20), immunoactivity was detected by enhanced chemiluminescence
assay (Amersham, Piscataway, NJ) with exposure to BioFlex MSI Film
(Clonex, Mississauga, ON). Protease inhibitor cocktail was purchased
from Roche Diagnostics (Mississauga, ON)
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