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1A2 (9). The present investigation demonstrates a new
glutathione (GSH) conjugation reaction of dopamine
and dopa o-quinones catalyzed by human glutathione
transferase M2-2, which may have physiological significance since this conjugation prevents redox cycling
and the formation of aminochrome and dopachrome.

Human glutathione transferase M2-2 prevents the
formation of neurotoxic aminochrome and dopachrome by catalyzing the conjugation of dopamine
and dopa o-quinone with glutathione. NMR analysis of
dopamine and dopa o-quinone-glutathione conjugates
revealed that the addition of glutathione was at C-5 to
form 5-S-glutathionyl-dopamine and 5-S-glutathionyldopa, respectively. Both conjugates were found to be
resistant to oxidation by biological oxidizing agents
such as O 2, H 2O 2, and O 2•ⴚ, and the glutathione transferase-catalyzed reaction can therefore serve a neuroprotective antioxidant function. © 2000 Academic Press
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MATERIALS AND METHODS
Chemicals
DL-Dopa, dopamine, tyrosinase from mushroom (EC 1.14.18.1),
xanthine, xantine oxidase from buttermilk (EC 1.13.22), NADH,
NADPH, and GSH were purchased from Sigma Chemical Co. (St.
Louis, MO). Synthesis of aminochrome and dopachrome was performed as described previously (3, 10).

Preparation of Enzymes
Human glutathione transferase M2-2 (for nomenclature see
Ref. 11) was expressed and purified as previously described (12).
Protein determination was performed according to the method of
Bradford (13).

It is now generally accepted that free radicals are
involved in the degenerative processes affecting the
nigro-striatal system of Parkinson’s disease (PD) patients, although the exact mechanism of neurodegeneration in vivo is still unknown. One possible source of
free radicals may be the redox shuttling between
semiquinones and oxidized forms of dopamine and
dopa such as aminochrome and dopachrome, respectively (1, 2). One-electron reduction of aminochrome to
leukoaminochrome o-semiquinone radical has been
proposed as the reaction responsible for the degeneration of dopaminergic neurons in PD (1, 2). Dopamine
and dopa have been reported to be oxidized to aminochrome and dopachrome by oxygen, transition metals
and peroxynitrite radicals (3– 6). Furthermore, several
enzymes have been reported to also catalyze the oxidation of dopamine and dopa to aminochrome, e.g.
prostaglandin H synthase (7), xanthine oxidase (8),
and several forms of cytochrome P450, especially CYP
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Assay Conditions
Conjugation of dopamine and dopa o-quinone with GSH. The
oxidation of dopamine and dopa was catalyzed by tyrosinase and the
incubation mixture contained 0.1 M sodium phosphate, pH 6.5, 1 mM
GSH, 5 g GST M2-2 and 200 M dopamine or dopa at 30°C. The
reaction was started by addition of 10 g tyrosinase and the oxidation was allowed to proceed for 10 min. Absorbance was monitored at
475 nm (dopamine) or 480 nm (dopa).
Determination of conjugate stability. The stability of the conjugate in the presence of biological oxidants was measured by exposing
a 100 M solution of the conjugate to dioxygen, superoxide radicals
or hydrogen peroxide for 30 min. The incubation mixture contained
100 M dopamine, 1 mM GSH, 5 g GST M2-2 and 4 g tyrosinase
in 0.1 M sodium phosphate, pH 6.5, at 30°C. Superoxide radicals and
hydrogen peroxide were produced enzymatically by the xanthine/
xanthine oxidase system, containing 1 mM xanthine and 0.2 U
xanthine oxidase in 0.1 M potassium phosphate pH, 7.4. The conju32
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and 292 nm (Fig. 1B, spectrum b). The spectrum of the
oxidized dopamine o-quinone GSH conjugate, obtained
by oxidation with Mn 3⫹-pyrophosphate complex, has
one absorption maximum at 267 nm and shoulders at
306 and near 380 nm (Fig. 2, spectrum c) and lacks the
characteristic quinone peak at 480 nm. The spectral
differences are also evident by comparing the color of
the solutions of the oxidized dopamine o-quinone GSH
conjugate (pale yellow) and of the oxidized aminochrome-GSH conjugate (blue).
Conjugation of Dopa o-Quinone with Glutathione
The possibility that GST M2-2 catalyzes the conjugation of dopa o-quinone was also investigated. No
formation of dopachrome was observed when dopa was
oxidized by tyrosinase in the presence of GST M2-2 and
GST, suggesting that dopa o-quinone was conjugated
with GSH as in the case of dopamine o-quinone. Dopa
o-quinone-GSH exhibited an absorption spectrum similar to that of dopamine o-quinone-GSH with two maxima at 257 and 292 nm (Fig. 2B, spectrum a). The
absorption spectrum of the oxidized dopa o-quinoneGSH was also similar to that of dopamine o-quinoneGSH, when it was oxidized by Mn 3⫹-pyrophosphate
complex, exhibiting a maximum at 273 nm and shoulders at 308 and 381 nm (Fig. 2B, spectrum b).

FIG. 1. Dopamine o-quinone GSH conjugation catalyzed by glutathione transferase M2-2. (A) Oxidation of dopamine to aminochrome catalyzed by tyrosinase and its prevention by GSH conjugation. The reaction was monitored at 475 nm. The oxidation of 200 M
dopamine at pH 6.5 and 30°C was catalyzed by 10 g tyrosinase (a).
The conjugation of the dopamine o-quinone (formed by the action of
tyrosinase) was performed in the presence of 1 mM GSH, and 5 g
GST M2-2 (b). (B) Absorption spectrum of the GSH conjugate. The
absorption spectrum of 5-S-glutathionyldopamine (b) is compared
with those of aminochrome (a) and the oxidized form of 5-Sglutathionyl dopamine (c). Experimental procedures are described in
the experimental section.

gates (100 M) were oxidized by 1 mM Mn 3⫹-pyrophosphate complex
to o-quinone conjugate to be used as control.

NMR Studies
For the structural analysis of the GSH conjugate of dopamine or
dopa o-quinone, 300 M dopamine, 1 mM GSH and 5 g GST M2-2
in 1 ml 0.1 M sodium phosphate (pH 6.5) in deuterium oxide were
incubated with 10 g tyrosinase. The 1H NMR spectra of the reaction
mixtures was recorded using a Bruker AMX 300 instrument, operating at 300.13 MHz, with suppression of the HDO signal (17408
scans).

RESULTS
Glutathione Conjugation of Dopamine o-Quinone
Catalyzed by GST M2-2
Cyclization of dopamine o-quinone to aminochrome
(Fig. 1A, trace a), resulting from oxidation of dopamine
catalyzed by tyrosinase, was completely inhibited in
the presence of glutathione transferase M2-2 and GSH
(Fig. 1A, trace b). The inhibition of cyclization of dopamine o-quinone was due to the formation of a GSH
conjugate. The absorption spectrum of the dopamine
o-quinone GSH conjugate exhibited two peaks at 257

FIG. 2. Dopa o-quinone GSH conjugation catalyzed by glutathione transferase M2-2. (A) The formation of dopachrome (a) catalyzed
by tyrosinase was monitored at 480 nm. Conjugation of dopa
o-quinone catalyzed by GST M2-2 prevents cyclization of dopa
o-quinone (b). (B) The absorption spectrum of dopachrome (a), 5-Sglutathionyldopa (b) and 5-S-glutathionyldopa o-quinone (c). Experimental procedures are described under Materials and Methods.
33
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Stability of 5-S-Glutathionyl Conjugates
The stability of 5-S-glutathionyldopamine and 5-Sglutathionyldopa in the presence of biological oxidizing
agents such as dioxygen, hydrogen peroxide and superoxide radical was also studied by monitoring for possible spectral changes. No oxidation of 5-S-glutathionyldopamine or 5-S-glutathionyldopa was observed when
the conjugates were incubated for 20 min in air, or with
the xanthine/xanthine oxidase system in the presence
or absence of 20 U superoxide dismutase during 20 min
(data not shown).
DISCUSSION
The finding that GST M2-2 catalyzes the GSH
conjugation of dopamine and dopa o-quinones to
5-S-glutathionyldopamine and 5-S-glutathionyldopa,
thereby preventing the formation of aminochrome and
dopachrome, suggests that this enzyme may play a
neuroprotective role in the human brain (Fig. 4). Oxidation of dopamine and dopa to their corresponding
o-quinones and their one-electron reduction to o-semi-

FIG. 3. 1H NMR spectrum (300 MHz) of 5-S-glutathionyldopamine in D 2O in the presence of excess GSH. Inset: aromatic
proton region.

Determination of GSH-Conjugate Structures by NMR
The 1H NMR spectra of the conjugates showed clear
changes in the aromatic proton resonance pattern,
from the ABM system of dopamine and dopa to a metacoupled AB system (␦ 6.77 and 6.87 ppm, J ⫽ 1.8 Hz
for dopamine, Fig. 3, and ␦ 6.74 and 6.85 ppm, J ⫽ 1.9
Hz, for dopa, not shown), in agreement with monosubstitution of the dopamine and dopa molecules at C5. A
concomitant downfield shift of the SOCH 2 multiplet of
GSH (␦ 2.87 to about 3.1 ppm, with a splitting pattern
consistent with the magnetic nonequivalence of the
two CH 2 protons) was observed. This downfield shift is
expected as a result of the magnetic anisotropic effect
of the aromatic ring on the SOCH 2 group of the conjugate (chemical shifts for ArOSOCH 2 groups lie typically in the 3.0 –3.2 ppm range). Finally, the multiplet
at 2.48 ppm assigned to the CH 2 group at the gamma
position of the glutamyl residue of GSH is shifted
slightly upfield to 2.4 ppm, suggesting that this group
prefers a position in close proximity to the aromatic
ring in the reaction product. Taken together, these
results lead to the conclusion that the products of GSH
conjugation of dopamine and dopa o-quinone catalyzed
by GST M2-2 are 5-S-glutathionyldopamine and 5-Sglutathionyldopa, respectively:

FIG. 4. Proposed antioxidant and neuroprotective conjugation of
dopamine and dopa o-quinone catalyzed by GST M2-2. Glutathione
transferase M2-2 prevents the formation of aminochrome and
dopachrome by conjugating the o-quinones of dopamine and dopa to
5-S-glutathionyldopamine and 5-S-glutathionyldopa, respectively,
which can be excreted to the cerebrospinal fluid or can undergo
polymerization to form neuromelanin. Aminochrome and dopachrome can be reduced by one-electron quinone reductase to leukoaminochrome- or leukodopachrome o-semiquinone radicals which
may result in redox cycling, oxidative stress and the degeneration of
dopaminergic neurons.
34
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quinone radicals does not seem to be the reaction responsible of the degenerative processes in dopaminergic system. Instead, the cyclized o-quinones aminochrome and dopachrome appear to give rise to toxicity.
One-electron reduction of aminochrome to leukoaminochrome o-semiquinone radical has been proposed to be
the reaction responsible for the neurodegenerative processes occurring in the dopaminergic system (1, 2).
Recently, it has been reported that aminochrome is
toxic in a mouse cerebral cortex cell line (14). A very
significant difference in the reactivity of dopamine
o-semiquinone and leukoaminochrome o-semiquinone
radical has been reported (2). The high reactivity of
leukoaminochrome o-semiquinone radical was demonstrated by ESR studies where the dopamine o-semiquinone stability in the presence of Zn 2⫹ contrast with
the high reactivity and instability of leukoaminochrome o-semiquinone (2). Leukoaminochrome o-semiquinone radical is an extremely reactive metabolite (2)
that is subject to reoxidation in the presence of oxygen
and initiates a redox cycling process, reducing dioxygen to superoxide radicals (1). It is interesting to note
that very small amounts of aminochrome may produce
large quantities of reactive oxygen species due to this
cycling process, depleting NADH and/or NADPH. Depletion of NADPH will prevent the reduction of GSSG
to GSH by glutathione reductase, thereby compromising one of the main antioxidant systems in the cell. In
addition, depletion of NADH will inhibit the formation
of ATP coupled to the mitochondrial electron transport
chain. Another way to induce toxicity is to promote
formation of hydroxyl radical ( •OH), one of the most
harmful free radicals. Hydrogen peroxide, which can be
obtained by dismutation of superoxide radicals, may
give rise to the hydroxyl radical in the presence of
metal ions such as Fe 2⫹ and Cu ⫹. In addition, leukoaminochrome o-semiquinone is a radical that by itself
can react with nucleophilic molecules, such as RNA,
DNA and proteins or induce lipid peroxidation and
inactivation of enzymes by oxidation of essential thiol
groups. Furthermore, superoxide dismutase and catalase have been reported to play a prooxidant role during one-electron reduction of aminochrome by increasing the autoxidation rate of leukoaminochrome
o-semiquinone radical (1).
The physiological relevance of GSH conjugation of
o-quinones derived from catecholamines depends upon
the existence of these metabolites in vivo. The conjugate 5-S-glutathionyldopamine is the precursor of 5-Scysteinyldopamine. It has been demonstrated that 5-Sglutathionyldopamine is rapidly metabolized in rat
brain to 5-S-cysteinyldopamine in reactions mediated
by gamma-glutamyl transpeptidase and dipeptidase
(15). Therefore, it seems plausible that 5-S-glutathionyldopamine can also be converted by gammaglutamyl transpeptidase and dipeptidase in human
brain to form 5-S-cysteinyldopamine, which can be ex-

creted from the cell. Indeed, 5-S-cysteinyldopamine
has been detected in cerebrospinal fluid of PD patients
and control subjects by using HPLC (16). In the human
brain 5-S-cysteinyldopamine has been identified in
dopamine-rich brain regions such as caudate nucleus,
putamen, globus pallidus and substantia nigra (17). In
addition to excretion, a pathway of 5-S-cysteinyldopamine removal is its incorporation into neuromelanin. 5-S-Cysteinyldopamine has been reported to be
the main source of the pheomelanin moiety of human
neuromelanin isolated from substantia nigra (18). The
physiological relevance of GSH conjugation of dopamine o-quinone to 5-S-glutathionyldopamine as a neuroprotective reaction is supported by the finding that
formation of 5-glutathionyl- and 5-S-cysteinyl-dopamine prevented dopamine-mediated DNA damage in a
dose-dependent manner (19).
One-electron reduction of dopachrome catalyzed by
NADPH cytochrome P450 reductase has also been reported to generate a redox cycle with concomitant reduction of oxygen to superoxide radical (20). The question is whether L-dopa can be oxidized to dopachrome
during the years of treatment of PD patients with high
concentrations of L-dopa. The possibility that oxidative-reductive pathways of L-dopa/L-dopamine occur in
vivo in brain is supported by the finding that cysteinyl
adducts, such as 5-cysteinyldopa, have been reported
to be present in rat, guinea pig and human brain (21,
22). 5-S-Glutathionyldopa is the precursor of 5-Scysteinyldopa in reactions catalyzed by gammaglutamyl transpeptidase and N-acetyltransferase. Further evidence for the occurrence and stability of
5-cysteinyldopa in humans is its excretion in the urine
of patients with melanoma (23).
We propose that GSH conjugation of the o-quinones
of dopamine and dopa is an important antioxidant and
neuroprotective reaction, which may have relevance in
the prevention of degenerative processes of the dopaminergic system in human brain.
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