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Oxidative stress appears to be directly involved in the patho-
genesis of several neurodegenerative disorders, including
Alzheimer and Parkinson diseases. Nigral dopaminergic neu-
rons are particularly exposed to oxidative stress because a path-
ological accumulation of cytosolic dopamine gives rise to vari-
ous toxic molecules, including free radicals and reactive
quinones. These latter species can react with proteins prevent-
ing them from exerting their physiological functions. Among
the possible targets of quinones,�-synuclein is of primary inter-
est because of its direct involvement in dopamine metabolism.
Contrary to the neurotoxic processes, neuromelanin synthesis
seems to play a protective role by its ability to sequester a variety
of potentially damaging substances. In this study, we carried out
a kinetic and structural analysis of the early oxidation products
of dopamine. Specifically, considering the potential high toxic-
ity of aminochrome for both cells andmitochondria, we focused
our attention on its rearrangement to 5,6-dihydroxyindole.
After the spectroscopic characterization of the products derived
from the oxidation of dopamine, the structural information
obtained was used to analyze the reactivity of quinones toward
�-synuclein. Our results suggest that indole-5,6-quinone,
rather than dopamine-o-quinone or aminochrome, is the reac-
tive species. We propose that the observed reactivity could rep-
resent a general reaction pathway whenever cysteinyl residues
are absent in proteins or if they are sterically protected.

Parkinson disease, the second most common neurodegen-
erative disorder, is a chronic and progressive disease character-
ized by degeneration of dopaminergic neuromelanin-contain-
ing neurons in the substantia nigra pars compacta (1) and by
the presence of cytoplasmic inclusions that are mainly com-
posed of fibrillar �-synuclein (�syn)2 (2). Postmortem studies
support the involvement of oxidative stress and the production
of reactive oxygen species in Parkinson disease (3, 4). A possible

source of oxidative stress is the redox reactions that specifically
involve dopamine (DA). A critical aspect is the amount of DA
present in the cytoplasm, outside the synaptic vesicles where
the neurotransmitter is confined under physiological condi-
tions. Spontaneous oxidation of DA in the presence of molec-
ular oxygen leads to the formation of several cytotoxic mole-
cules, including superoxide anions (O2

. ), hydroxyl radicals
(OH�), and reactive quinones (DAQs) (5). Reactive oxygen spe-
cies derived from the oxidation ofDAcan damage cellular com-
ponents such as lipids, proteins, and DNA (6). The electron-
deficient quinones can also react with cellular nucleophiles,
leading to further cytotoxicity. DAQs have been shown to bind
covalently to cysteinyl residues of proteins both in vitro and in
vivo (7–12). Because these residues are often located at the
active site of a protein, it has been proposed that covalent mod-
ifications result in an impairment of protein function with
potentially deleterious effects on the cell (10). Among the sev-
eral proteins that appear to be physiological targets of DAQs,
�-synuclein is of particular interest because it seems to be
directly involved in DA storage, synthesis, and uptake (13).
Therefore, modifications induced by DAQs on �syn that pre-
vent the protein from exerting its physiological function could
generate a circular process that leads to an increased cytosolic
DA concentration that in turn exacerbates the oxidative dam-
age in dopaminergic neurons.
As a neurotransmitter, DA is synthesized in the cytoplasm

and rapidly sequestered by the VMAT2 transporter into synap-
tic vesicles (14, 15) where it is stabilized by the low pH. When
the amount of cytosolic DA exceeds the physiological concen-
tration, DA can be metabolized via monoamine oxidase and
aldehyde dehydrogenase into the non-toxic metabolite 3,4-di-
hydroxyphenylacetic acid and hydrogen peroxide (16) or it can
be sequestered into the lysosomes (17) where it can auto-oxi-
dize to formneuromelanin (NM).NM is a dark polymer present
in the brain of humans and, to a lesser amount, of some other
primates. It is primarily distributed in the dopaminergic neu-
rons of the substantia nigra and the noradrenergic neurons of
the locus coeruleus (18). No physiological function has been
defined forNM, although the hypothesis of a protective role has
been suggested in the literature. This role seems to be related to
the ability of NM to sequester a variety of potentially damaging
substances, such as toxic catechol derivatives, hydroxyl radi-
cals, or redox active transition metals, including iron and cop-
per (17, 19–21). The pathway for NM genesis, which involves
DA oxidation, has been proposed to be similar to that originally
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described by Raper and later byMason in their pioneeringwork
on melanogenesis (22, 23). It is shown in Fig. 1. The overall
process does not require enzymatic action (17, 21). However,
tyrosinase, the trigger of melanin formation, has been recently
detected in brain tissues (24).
Understanding the kinetics of the early steps inNMsynthesis

is important because of the potential neuroprotective role of
neuromelanins. The goal is to determine the factors that pre-
vent its formation, exposing the cell to damaging oxidative con-
ditions. Until now, the kinetic information available in the lit-
erature has been primarily obtained for the first two steps of
NM synthesis, i.e. dopamine-o-quinone (DQ) formation and its

cyclization, or from studies carried out on dihydroxyphenylala-
nine (25–28).However, a different behaviorwas observed in the
cyclization step using DA instead of dihydroxyphenylalanine
(29), indicating, as expected, that the presence of the carboxyl
group can influence the kinetics of the reactions.
In this study, we characterized the early oxidation products

of dopamine by nuclear magnetic resonance. Specifically,
considering the potentially high toxicity of aminochrome
(AC) for both cell andmitochondria (30–32), we focused our
attention on its rearrangement to 5,6-dihydroxyindole
(DHI). Furthermore, by generating DA-derived quinones in a
sample containing partially deuterated �syn, we characterized
the most reactive quinone demonstrating the potential reactiv-
ity of indole-5,6-quinone (IQ) toward �syn.

EXPERIMENTAL PROCEDURES

Chemicals—Dopamine hydrochloride, sodium (meta)perio-
date, sodium phosphate salts, and L-ascorbic acid were
obtained from Sigma-Aldrich. Water-d2 and sodium 3-tri-
methylsilyl propionate-2,2,3,3-d4 were purchased from Cam-
bridge Isotope Laboratories.
Protein Preparation and Purification—Human �-synuclein

cDNAwas subcloned into theNcoI andXhoI restriction sites of
the pET28b plasmid (Novagen). The protein was expressed in
Escherichia coli BL21(DE3) cells grown in M9 minimal
medium, using 95%D2Owhen protein deuterationwas desired.
After boiling the cell homogenate for 15 min, the soluble frac-
tion, containing�syn, was treatedwith 50% ammonium sulfate.
The pellet was then resuspended, dialyzed, loaded into a 6-ml
ResourceQ column (AmershamBiosciences), and elutedwith a
NaCl gradient.
UVSpectroscopy—Spectrawere recorded on a personal com-

puter-interfaced diode array Agilent 8453 UV-visible spectro-
photometer. Optical measurements were performed at 25 and
37 °C using HELLMA quartz cell with Suprasil windows and an
optical path length of 0.1 cm. Experiments were recorded with
30-s delays on 2-mM DA samples in water alone or in the pres-
ence of 20 mM phosphate buffer, pH 7.4, saturated with nitro-
gen, and with the addition of 2 mM NaIO4. The wavelength
range was 190–1100 nm. Millipore Milli-Q water was always
used in the preparation of stock solutions to avoid metal-in-
duced oxidative processes on DA.
NMR Experiments—Spectra were recorded on a Bruker

Avance DMX600 spectrometer equipped with a gradient triple
resonance probe. Stock solutions of the reagents were obtained
by dissolving them in 99.9% D2O. Samples were then prepared
by mixing the stock solutions to obtain the desired final con-
centrations. Sodium 3-trimethylsilyl propionate-2,2,3,3-d4 was
used as an internal chemical shift reference. After the transfer
into the NMR tube, and before the addition of the oxidant, the
samples were fluxed with dry nitrogen gas for �15 min to
remove dissolved oxygen. Two-dimensional homonuclear
experiments were used to assist the assignment of the peaks
that appeared during the progress of the melanogenesis reac-
tion. DQF-COSY spectra were acquired with gradient coher-
ence selection (33, 34) and Clean-TOCSY spectra were
recorded in the phase-sensitivemanner using the TPPImethod
(35, 36)with 100msofmixing time.All two-dimensional exper-

FIGURE 1. The oxidative pathway of neuromelanin synthesis. It is pro-
posed by analogy with that described for the tyrosinase-mediated oxidation
of dihydroxyphenylalanine (22, 23). The initial reaction involves the oxidation
of dopamine (DA) to yield the corresponding dopamine-o-quinone (DQ). The
two following steps are the cyclization of the quinone to give leukoamin-
ochrome and its subsequent oxidation to aminochrome (AC). Then, amin-
ochrome rearranges to 5,6-dihydroxyindole (DHI), which can be oxidized to
indole-5,6-quinone (IQ) and polymerize to form neuromelanin. It is worth
mentioning that in addition to the polymerization products described above,
neuromelanin seems to include also uncharacterized proteinaceous and lip-
idic components as well as cysteinyl derivates (21). For each molecule, the
protons observable in the NMR spectra are numbered.
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iments were carried out by collecting 400 increments, each one
consisting of 8 scans and 2048 data points. The spectral width
was 6000 Hz in both dimensions. Prior to Fourier transforma-
tion, the time domain data were multiplied by shifted sine-bell
functions in the F1 dimension and Gaussian functions in F2;
zero filling to 4K� 1K real points was employed to increase the
digital resolution.
Kinetics Studies—After recording the spectrum of DA alone,

sodium periodate was added to the solution, and the reaction
was followed by recording a series of one-dimensional spectra
at 2–4-min intervals. An initial delay of �4 min was necessary
for thermal equilibration of the sample and for probe tuning
and field shimming. Series of experiments were carried out by
varying the pH (6.0–7.4), the temperature (15–37 °C), and the
sodiumperiodate concentration (1–4mM).The spectrawere pro-
cessed with GIFA (37), and the data were analyzed with Origin.
The quantitative determination of the various compounds was
carried out by integration of the corresponding peaks. The known
concentration of dopamine before the reaction was used to deter-
mine concentrations from peak areas. The Levenberg-Marquardt
�2 minimization algorithmwas used to fit the data.

�Syn-DAQ Interactions—The reactions were performed in a
final volume of 25 �l, at 37 °C, in 20 mM phosphate buffer, pH
7.4, in the presence of 500 �M �-syn and 1 mM DA (containing
5 mCi of radioactive [14C]DA). After the addition of 1 mM
sodium periodate, aliquots (3 �l) were taken at 5, 10, 15, 30, 45,
60, 90, and 120 min and mixed with 22 �l of gel loading buffer
containing 5 mM ascorbic acid. The reaction products were
separated by 12% SDS-PAGE and detected by autoradiography.
In parallel, a control was performed by incubating for 90 min
�syn and DA in the same experimental conditions but without
sodium periodate.
Characterization of the Reactive Oxidation Product of DA—

Stock solutions of the reagents were obtained by dissolving
them in 99.9% D2O. They were then mixed to obtain a 500-�M
�syn sample in 20 mM phosphate buffer, in the presence of 1
mM dopamine. After the acquisition of a reference one-dimen-
sionalNMR spectrum,NaIO4was added to the sample to a final
concentration of 1mM, and the reaction was followed for 2 h by
recording a series of one-dimensional spectra at 37 °C at 2-min
intervals. An initial delay of �2 min was necessary for thermal
equilibration of the sample and for probe tuning and field shim-
ming. When deuterated �syn was used, the reagent concentra-
tions were the following: 250 �M �syn, 250 �M dopamine, 500
�M NaIO4, and spectra were recorded at 4-min intervals.

RESULTS

UV Studies—The time evolution of the UV-visible spectrum
of DA in the presence of NaIO4 is shown in Fig. 2. The reaction
was first carried out in H2O without buffer, as described in a
previous study (18). Upon addition of NaIO4, the absorption at
� � 280 nm decreases, indicating the disappearance of dopa-
mine. Immediately, an absorption maximum appears at � �
395 nm, corresponding to the yellow chromophore DQ, which
is progressively replaced by the orange AC (Fig. 2A). Two new
features appear in the spectra at 300 and 475 nm that have been
associated with AC (18). Under more physiological conditions,
i.e. at 37 °C and pH 7.4, addition of the oxidant causes only the

peaks corresponding toAC to arisewhile peaks relative to other
intermediate species, and in particular to DQ, are not detected
(Fig. 2B). The time evolution of AC can be easily followed; unfor-
tunately, the quantitative analysis of the decay is hampered by the
formation of a black precipitate that induces light scattering.
NMR Assignment—Before carrying out a kinetic analysis by

NMR spectroscopy, it is mandatory to unambiguously assign
each resonance observed in the spectra during the evolution
of the polymerization process. In the present case, the tran-
sient character of many products complicated the assign-
ment. However, by following the reaction at 25 °C in an
unbuffered equimolar solution of DA and NaIO4, the species
DA, DQ, and AC were stable for enough time to record two-
dimensional COSY and TOCSY experiments. The multiplic-
ity of the peaks and chemical shift information available in
the literature were also used for the assignment (38). In
agreement with the UV analysis, when the NMR experi-
ments were repeated at 37 °C, pH 7.4, a closer approximation
of the physiological conditions, the formation of DQ was not
detected. On the contrary, four new peaks appeared, two
singlets and two doublets, later assigned to DHI. The one-
dimensional spectrum recorded 10 min after the addition of
the oxidant in these latter experimental conditions is shown
in Fig. 3. All the NMR data obtained from our analysis are
summarized in Table 1.

FIGURE 2. The early steps of the oxidative pathway of neuromelanin forma-
tion analyzed by optical spectroscopy. UV-visible spectrum of dopamine oxi-
dation products after the addition of an equimolar amount of NaIO4, recorded on
a 2-mM DA sample in water (A) and in phosphate buffer (B) at pH 7.4. The peaks
corresponding to aminochrome are easily visible in the spectrum. The black pre-
cipitate that appears as the reaction in phosphate buffer proceeds results in
severe light scattering that hampers a quantitative analysis.
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Kinetics Studies—After the assignment of the individual reso-
nances, kinetics measurements were carried out at different con-
centrations of the oxidizing agent by acquiring series of one-di-

mensional spectra. Under the experimental conditions used, i.e.
37 °C, pH 7.4, a 2-mM DA solution was stable over several hours,
excluding the contribution of autooxidative processes. To exclude
possible interference by sodium 3-trimethylsilyl propionate-
2,2,3,3-d4 or transitionmetal ions, the experiments were repeated
bothwithout sodium3-trimethylsilyl propionate-2,2,3,3-d4 and in
the presence of 2 mM EDTAwith no observable differences.

Finally, to test whether radical species are formed in the early
steps of the process (which should alter the peak intensities), we
recorded a series of one-dimensional spectra in the presence of
2 mM phenylalanine as well as DA. After the addition of 2 mM

NaIO4 and the subsequent formation of AC and DHI, the peak
intensities corresponding to phenylalanine were unchanged,
indicating that even if the oxidizing process proceeds through
formation of radicals, these do not affect peak intensities.
The pseudo-two-dimensional spectrum recorded at 37 °C,

pH 7.4 in the presence of 2 mM DA after the addition of 1
equivalent of oxidant is shown in Fig. 4. All peaks relative toDA,
AC, andDHI are visible, and the evolution can be followed over
time. Under these experimental conditions and in the reaction

FIGURE 3. NMR spectrum of the species observable during the early steps
of the oxidative pathway of neuromelanin synthesis. The spectrum was
recorded at 37 °C, pH 7.4, on a 2-mM DA sample 10 min after the addition of an
equimolar amount of NaIO4. The resonance assignment is indicated on the
spectrum using the notation of Fig. 1.

FIGURE 4. The early steps of the oxidative pathway of neuromelanin formation analyzed by NMR spectroscopy. A series of one-dimensional spectra was
acquired at 37 °C, pH 7.4, on a 2-mM DA sample after the addition of an equimolar amount of NaIO4. The time evolution of the peaks corresponding to dopamine,
aminochrome, and 5,6-dihydroxyindole can be easily followed independently. The resonance assignment is indicated on the spectrum using the notation of Fig. 1.

TABLE 1
1H NMR data and structural assignment
s, singlet; d, doublet; t, triplet; dd, doublet of doublets; dt, doublet of triplets.

Dopamine Dopamine-o-quinone Aminochrome 5,6-Dihydroxyindole
� 3J (H,H) Assignmenta � 3J (H,H) Assignmenta � 3J (H,H) Assignmenta � 3J (H,H) Assignmenta

ppm Hz ppm Hz ppm Hz ppm Hz
6.91 d (8.1) 4 7.14 dd (10.2, 2.2) 4 6.55 t (2.6) 3 7.23 d (3.1) 1
6.85 d (2.1) 3 6.49 d (10.3) 5 5.81 s 4 7.15 s 3
6.76 dd (8.1, 2.2) 5 6.38 d (1.8) 3 3.95 t (5.3) 1 7.05 s 4
3.23 t (7.3) 1 3.32 t (7.5) 1 3.15 dt (2.6, 5.2) 2 6.42 d (3.0) 2
2.88 t (7.3) 2 2.85 t (7.5) 2

a The notation is the same as in Fig. 1.
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time indicated, no peaks corresponding to oligomeric species
appear. This result may be explained as follows: either the
polymerization is too fast to allow the accumulation of dimers,
trimers, and oligomers in high enough concentrations to be
detectable by NMR, or the solubility of these species is below
the NMR detection level, or a combination of the two.
For a quantitative analysis of the kinetics data, the concen-

trations of the different molecules were obtained from the
integration of the corresponding peaks; the known initial
concentration of DA (and of phenylalanine as an internal
standard, when present) was used to determine concentra-
tions from peak areas. The time evolution of DA, AC, and
DHI at 37 °C, pH 7.4, starting from 2 mM DA in the presence
of 1 equivalent of oxidant is shown in Fig. 5A. As expected,
cyclization of DQ is very fast at pH 7.4 (27) so that NaIO4 is
consumed to oxidize not only DA, but also leukoamin-
ochrome. Accordingly, a few seconds after the addition of
the oxidant, DA and AC are present in solution approxi-
mately at the same concentration. The slow disappearance of
DA, which continues for more than 1 h after the beginning of
the reaction, may indicate that slight oxidative conditions
are still present in solution. This may also justify the disap-
pearance of DHI after its accumulation. Another possibility
is that DA is partially sequestered during the formation of a
precipitate that was always observed in the experimental
conditions used in this work.
The overall reaction we studied can be summarized as

follows,

DA O¡ O¡ AC O¡ DHI O¡ IQ O¡ O¡ Precipitate
k1 ka kb k2

REACTION 1

where k1 and k2 are too fast to be followed by NMR (28) and ka
and kb represent the apparent constants of the disappearance
processes of AC and DHI, respectively.
The rearrangement of AC, which should not be affected by

any oxidative condition, follows a first order kinetics curve, and
the data can be fitted well (correlation factor �0.98) by Equa-
tion 1, [AC] � [AC]0 exp{�kat}, where [AC] is the amin-
ochrome concentration, [AC]0 is the concentration at time 0,
i.e. a few seconds after the addition of NaIO4, t is time, and ka is
the rate constant of the rearrangement reaction. The interpo-
lation of the experimental data with Equation 1 leads to a value
of ka � 0.16 � 0.02 min�1, where the error is the maximum
deviation calculated on three separate experiments. In the sim-
plest case of two consecutive first order reactions, we also cal-
culated a value of kb � 0.073 � 0.018 min�1, where the uncer-
tainty is the maximum deviation calculated on three separate
experiments. This value of kb, however, does not lead to a good
fit of the time dependence of the variation in DHI concentra-
tion, suggesting that the observed consumption of DHI
depends on more than one process, possibly of an order higher
than one.
To verify the independence of the decay of AC from the

presence of oxidant, different experiments were conducted
varying the NaIO4 concentration while keeping the initial

DA concentration constant. As expected, the concentrations
of DA and AC, a few seconds after addition of NaIO4, were
sensitive to the oxidant concentration (Fig. 5, A–D). On the

FIGURE 5. Effects of different oxidant-to-DA ratios on the rate constant of
aminochrome disappearance. The plots represent the time evolution of DA,
AC, and DHI, starting from 2-mM DA after the addition of various amounts of
NaIO4: 1 mM (A), 2 mM (B), 3 mM (C), 4 mM (D). The formation of a black precipitate
is responsible for the eventual disappearance of the species observable by NMR.
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contrary, the rate of disappearance of AC was not affected,
and the kinetic constants found at oxidant-to-DA ratios of
1:2, 1.5:1, and 2:1 (0.16 � 0.02, 0.18 � 0.04, and 0.18 � 0.03
min�1, respectively) were consistent with the value found at
a 1:1 ratio.
We also analyzed the effects of temperature and pH on the

reaction rate (Fig. 6, A–C). Lowering the temperature causes a
decrease of the rearrangement rate, aswell as of all the reactions
observed. Using the three points available, we estimated the
value of the activation energy of the rearrangement reaction
from the temperature dependence of its rate constant. The log-
arithmic plot of ka versus 1/T (data not shown) is a straight line
(correlation factor �0.999), suggesting that the process follows
Arrhenius’s law as shown in Equation 2, ka � A exp{�Ea/
kBNaT}, where the pre-exponential factor A is a measure of the
collision rate, kB is the Boltzmann constant, Na is Avogadro’s
number,T is the temperature, and Ea is the energy of activation.
The linearity of the plot indicates that Ea is independent of
temperature. The interpolation of the experimental data leads
to a value of A � 7.28 � 1010 min�1 and Ea � 69 kJ mol�1.

The kinetic constant decreases also with a decrease in pH, as
shown in Fig. 6,D–F. However, the influence of pH seems to be
more relevant for the rearrangement reaction. The accumula-
tion of DHI at lower pH values is very limited, indicating that
the rate of disappearance of DHI is much less affected by pH
variations than the accumulation rate. The values of the calcu-
lated rate constants are summarized in Table 2.

NMR Characterization of DAQ
Species Reactive toward �Syn—
The spectroscopic characterization
of all the species involved in the
early steps of the NM synthesis
allowed us to study their reactivity
toward target proteins. Previous
studies pointed to �syn as a cyto-
plasmatic target for DAQs, suggest-
ing a potential pathological effect of
DAQ-modified �syn. On these pre-
mises, we chose to characterize the
most reactive DAQs toward this
protein. DA reactivity has generally
been ascribed to DQ, but �syn lacks
sulfhydryl groups. The latter are the
nucleophilic groups in proteins that
are usually reported to interact with
DQ (7–12). Consequently, the reac-
tive quinone species that are likely
to be involved in the interaction
with �syn could be other ones. As
indicated in Fig. 1, the quinones

generated during the oxidative pathway of NM synthesis are
DQ,AC, and IQ. Consequently, all of these are possible reactive
species. To verify that DAQs react covalently with �syn, the
reaction with [14C]DA was followed in time and the products
identified by autoradiography of the SDS-PAGE. As shown in
Fig. 7, immediately after the addition of the oxidant, a band
corresponding to the�synmonomer became visible, indicating
the incorporation of the radioactive molecule into the protein.
We observed other bands in the gel corresponding to dimeric
and oligomeric forms of DAQ-modified �syn. The relative
intensities of these bands seemed to increase with increasing
reaction time. Once the interaction of DAQs with �syn was
shown to lead to a covalent adduct, the monomeric species was
characterized by NMR spectroscopy. The experiments were
conducted in D2O to simplify the aromatic region of the spec-
trum. To exclude any possible interference of aspecific chemi-
cal modifications induced on �syn by the oxidant, we followed
the time evolution of the protein peaks in the presence of one
equivalent of NaIO4 in a control experiment. After an incuba-
tion delay of 1 h, no peak variation was observed. At first, the
experiment was carried out using totally protonated �syn.
However, tomake the analysismore informative, we repeated it
with a partially deuterated sample of �syn. This strategy
allowed us to observe the peaks relative to DA-derived species
more easily despite their low concentration and still follow the
NMRsignals of the protein. In Fig. 8, the one-dimensional spec-
tra of partially deuterated �syn and DA before and after the
addition of NaIO4 are shown. Peaks corresponding to DA were
strongly reduced after the addition of the oxidant. Simulta-
neously, two new peaks became visible that were unambigu-
ously assigned to AC on the basis of our previous assignment.
The intensity of these peaks decreases with time while new
peaks, relative to DHI, appear. The formation of DHI indicates
that the earlier quinone species, i.e.DQandAC, are not reactive
enough toward the nucleophilic groups present in synuclein. A

FIGURE 6. Effect of temperature and pH on the rate constant of aminochrome disappearance. The plots
represent the time evolution of DA, AC, and DHI, starting from 2 mM DA after the addition of an equivalent
amount of NaIO4. The experimental conditions are the following: 37 °C, pH 7.4 (A); 25 °C, pH 7.4 (B); 15 °C, pH 7.4
(C); 37 °C, pH 7.0 (D); 37 °C, pH 6.5 (E); 37 °C, pH 6.0 (F). The formation of a black precipitate is responsible for the
eventual disappearance of the species observable by NMR.

TABLE 2
Effect of temperature and pH on the apparent rate constant for AC
disappearance

T (°C) (pH 7.4) 37 25 15
ka (min�1) 0.16 0.06 0.02
pH (T 37 °C) 7.0 6.5 6.0
ka (min�1) 0.10 0.06 0.04

Interactions of Dopamine-derived Quinones with �-Synuclein

15602 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 21 • MAY 25, 2007

 at B
ibl B

iologico-M
edica on June 25, 2007 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


hypothetical interaction of DQ and/or AC with �syn would
have produced new peaks in the NMR spectra, as shown in a
previous work where the investigators usedN-acetylcysteine as
nucleophilic agent (39). The absence of such new peaks indi-
cates that, if present, these products are below the detection
threshold. In the experimental conditions presented here, we
calculated this threshold to be between 10–15 �M. This means
that a parallel reactivity of DQ and AC toward �syn, which we
cannot completely exclude, encompasses at the most 5% of the
full DA reactivity. Therefore, we conclude that IQ is the first
DA-derived quinone to reactwith�syn inmeasurable amounts.
In agreementwith this conclusion is the appearance, a fewmin-
utes after the addition of the oxidant agent, of two singlets at
6.73 and 6.78 ppm (indicated by asterisks in Fig. 8). The growth
profile of the intensity of these peaks is parallel to the profile of
DHI decrease, and it reaches a plateau when the disappearance
of DHI is complete, after �70 min (data not shown). Although
the characterization of these peaks remains elusive with the
structural techniques at our disposal, this kinetic profile
strongly indicates the formation of a stable �syn/DAQ adduct,
which we suggest to arise from the reaction of �syn with IQ or
one of its oligomeric derivatives.

DISCUSSION

The level of cytosolic dopamine is maintained by feedback
inhibition of tyrosine hydroxylase, mitochondrial monoamine
oxidase, and dopamine transporter and by vesicular mono-
amine transporter 2-mediated accumulation into synaptic ves-
icles (17, 40). Neuromelanin has been suggested to act as an
additional mechanism to regulate cytosolic DA by sequestering
DA or its adducts in autophagic vacuoles/lysosomes (17,
19–21). A misregulation in the metabolism of dopamine or a
defect in its compartmentation within the cell can lead to an
increased concentration of this substance in the cytoplasm. As
a consequence, dopamine may undergo auto-oxidation, giving
rise to species that are potentially toxic for the cell, such as free

radicals and quinones (dopamine-o-quinone, aminochrome,
indole-5,6-quinone). Actually, oxidation products of DA have
been shown to covalently bind to the sulfhydryl groups of pro-
teins both in vivo and in vitro (7–12).Moreover, aminochromes
formed after oxidation of dopamine, adrenaline, and noradren-
aline have been shown to be reversible inhibitors of human
brain dihydropteridine reductase (41, 42).
In this study, we first focused our attention on the kinetic

characterization of the AC rearrangement at different temper-
atures and pH values. This is a fundamental step of neuromela-

FIGURE 7. Analysis of the interactions between �-synuclein and dopa-
mine-derived quinones. �Syn and [14C]DA were incubated at 37 °C in the
presence of NaIO4, and aliquots were taken at different incubation times.
Bands corresponding to �syn monomeric, dimeric, and oligomeric species
are visible in the gel, indicating the incorporation of the radioactive molecule
in the protein. The dashed line represents the separation between stacking
and resolving layers of the polyacrylamide gel.

FIGURE 8. Characterization of the most reactive dopamine-derived qui-
none. The time evolution of the early oxidation products of DA were followed
by a series of one-dimensional spectra acquired at 37 °C on a DA sample in the
presence of partially deuterated �syn after the addition of NaIO4. The peaks
corresponding to the previously characterized DA-derived species are visible
during the evolution of the reaction. Asterisks indicate peaks that are tenta-
tively attributed to a stable �syn/DAQ adduct (see “Results”).
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nin synthesis and could be important in the DA-related oxida-
tive stress within dopaminergic neurons.
The kinetic investigation of the rearrangement reaction is

complicated by the fact that many processes occur simulta-
neously, as shown in Fig. 1. As a consequence, the relative con-
centration of each species, at a given point in time, is the result
of several reactions. The system can be simplified using an oxi-
dizing agent in which AC can be instantaneously produced
from DA. Because the oxidizing agent does not affect the rear-
rangement of AC, the disappearance of the latter can be easily
studied. As suggested by Graham and Jeffs (43), we chose to
work with sodium periodate instead of other oxidants such as
Ag2O and H2O2/peroxidase, because these proceed via free
radical intermediates that would have hampered the NMR
analysis and are less specific.
A considerable advantage of the NMR approach proposed

here, relative to other spectroscopic techniques, is the possibil-
ity to observe the time evolution of the different species inde-
pendently, without isolation steps. So, for the first time, the
early steps of the complex oxidative process that leads to the
formation of neuromelanin were analyzed by NMR.
After the structural characterization of the molecules

involved in these reactions, we analyzed the reactivity of the
DA-derived quinones toward �-synuclein. Actually, the DAQ
reactivity observed, both in vitro and in vivo, toward the sulfhy-
dryl groups of proteins has been ascribed to DQ (7–12). How-
ever, �syn does not contain cysteine. Furthermore, at physio-
logical pH, under pseudo-first order rate conditions where
nucleophiles are present in excess, it has been shown that the
reaction of most amino acids with dopamine-o-quinone is too
slow to compete with its intramolecular cyclization (29). Two
recent reports have described a reversible inhibition of �syn
fibril formation in vitro by aminochrome (44, 45), even if, in the
incubation experiments described in those works, amin-
ochrome could further evolve to generate the species described
in Fig. 1. Because those observations suggest a possible involve-
ment of AC in the interactions with �syn, we decided to verify
this hypothesis. By limited deuteration, the protein was made
partially silent to the NMR, and we were able to follow the time
evolution of the NMR signals corresponding to DA and its
derived DAQs. The formation of AC was in fact observed, but
the ensuing rearrangement reaction seems to be favored even
when �syn is present. Therefore, our analyses indicate that IQ,
rather than DQ or AC, are the most reactive quinone species.
We suggest that the reactivity observed for IQ could represent
a general reaction pathway whenever cysteinyl residues are
absent or when they are sterically protected.
Interestingly, the presence of �syn in our incubation experi-

ments stopped the polymerization process of DA. Under the
experimental conditions used in this work, we never observed
the presence of a precipitate, contrary to what happened incu-
bating DA alone. This behavior is not generally observed when
DAQs are generated in the presence of proteins. Enzymatic
oxidation of DA in the presence of bovine serum albumin has
been reported to give rise to a black, protease-resistant insolu-
blematerial (46). Although our experimental conditions are not
an accurate representation of the cellular environment, this
observationmay provide an insight on the pathogenesis and/or

the evolution of Parkinson disease, especially considering the
potential neuroprotective role suggested for NM (17, 19, 20).
More speculatively, if NM formation is prevented, then the
redox active transition metals and other toxic molecules, gen-
erally captured within the NM structure, may become available
in the cell, promoting or exacerbating oxidative conditions that
can lead to cellular death. Although this hypothesis needs to be
verified in vivo, the interplay between �syn and NM deserves
further consideration.
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