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At physiological pH values, oxidation of the neurotransmitter dopamine (DA) by the peroxidase/
H>0; system leads to, besides dopaminochrome and 5,6-dihydroxyindole resulting from oxidative
cyclization of dopaminequinone (DQ), significant amounts of the neurotoxin 6-hydroxydopamine
(6-OHDA) in the oxidized quinonoid form (topaminequinone, TQ). Formation of TQ was shown
to depend critically on the presence of hydrogen peroxide in the reaction medium and was not
observed when DA oxidation was carried out using the tyrosinase/O; system or chemical agents
such as periodate or ferricyanide. These and other data suggest that, under the conditions
adopted, nucleophilic attack of the hydrogen peroxide anion on DQ leading to TQ significantly
competes with the intramolecular cyclization path. In line with this mechanism, the reaction
course was not affected by the presence of hydroxyl radical scavengers. Peroxidase/H20,
oxidation of the model N-acetyldopamine (1) gave, as expected, the 2-hydroxy-1,4-benzoquinone
3 in yields up to 55%, depending on the catecholamine/H>02 mole ratio. Likewise, reaction of
4-methyl-1,2-benzoquinone (4) with hydrogen peroxide afforded 2-hydroxy-5-methyl-1,4-
benzoquinone (5) in good yields. Collectively, these results would point to the possibility that
intraneuronal formation of 6-OHDA is associated with an increased production of hydrogen
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peroxide under oxidative stress conditions.

Introduction

Since the late 1960’s 6-hydroxydopamine (6-OHDA)
has represented an important pharmacological tool in
neurobiology for chemical lesioning of catecholaminergic
neurons.! It is generally agreed that the selectivity
associated with this catecholamine analogue stems from
its high-affinity uptake by the neuron membrane pump.
Such a specific transport mechanism results in an
efficient intraneuronal accumulation allowing the de-
generative action to be selectively restricted to the
catecholamine neurons.?

There are also several observations indicating the
involvement of 6-OHDA, as generated in brain by
aberrant oxidations of catecholamines, in some severe
mental disorders.5~5 However this view has not reached
general consensus.® On the basis of marked and long-
lasting depletion of brain norepinephrine and DA fol-
lowing administration of 6-OHDA,” and on the results
of the tracer studies by Senoh et al.,® Stein and Wise®
proposed that the endogenous generation of even small
amounts of the neurotoxin might be responsible for the
progressive damage to the noradrenergic reward mech-
anism associated with schizophrenia. More recently,
the observed ability of 6-OHDA to induce the symp-
tomatology of Parkinson’s disease in humans and
animals® has been taken to mean that this or structur-
ally related neurotoxins may be implicated® in the
etiology of the neurodegenerative processes which se-
lectively affect the nigrostriatal dopamine neurons.!®
6-OHDA was also reported to be generated from endog-
enous DA in rat brain following administration of
methylamphetamine in large doses.1!

Most of the chemical and biochemical work carried
out on 6-OHDA in the last decades have addressed the
molecular mechanisms underlying its neurotoxic effects.
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As a result of these studies, two main theories have been
put forward, both revolving around the marked ease of
the catecholamine to undergo oxidation with intracel-
lular formation of electrophilic quinonoid intermediates
and/or highly reactive oxygen species capable of target-
ing critical functionalities within vital biomolecules,
including enzymes and lipids.!2 However, how the
neurotoxin may be generated intraneuronally from DA
has so far escaped definition.

We report now evidence that the quinone derived from
6-OHDA is generated in vitro by peroxidase/H30- oxida-
tion of DA via addition of the hydrogen peroxide anion
to the transiently formed dopaminoquinone (DQ). By
contrast, no detectable amounts of the neurotoxin were
obtained by Mn2?*- or tyrosinase-catalyzed oxidation of
DA at physiological pH, as previously reported.1314

Results and Discussion

There are some reports in the literature dealing with
the in vitro formation of 6-OHDA by oxidation of DA
under conditions of physiological relevance.®15-1% In an
initial series of experiments, we found that oxidation
of DA by the Udenfriend or Fenton system leads to
6-OHDA, as reported,®15 whereas the tyrosinase-4 or
Mn?*-catalyzed!® DA oxidation failed to give the toxin.
These latter oxidation conditions were therefore care-
fully reexamined using improved techniques for product
analysis and identification.

1., Manganese(IT)-Catalyzed Autooxidation, Man-
ganese, an essential trace element which upon excessive
exposure produces a neurological syndrome similar to
chronic Parkinson’s disease in animals and humans,!¢
was reported to catalyze the autooxidation of DA with
formation of 6-OHDA in aqueous buffer at neutral pH.13
By HPLC analysis with electrochemical detection of the
components of the oxidation mixture, evidence was
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provided for a 78% consumption of DA, at 1 min reaction
time, with formation of 6-OHDA at about a 1:1 mole
ratio with respect to unchanged DA. In repeating the
experiment, using different analytical conditions, we
found that the metal-catalyzed oxidation proceeds with
the rapid depletion of the substrate, as described, with
concomitant formation of dopaminochrome (DC)'7 along
with minor amounts of other unidentified species which
rapidly disappeared in the subsequent phases of the
reaction and could not be further characterized. How-
ever, 6-OHDA or the corresponding quinone, topamine-
quinone (TQ), was not present in yields higher than
0.2% (estimated lower detection limit), as evidenced by
analysis of the mixture either as such or after NaBH4
reduction. Such a discrepancy in the results may
probably be ascribed to the inadequacy of the chromato-
graphic analytical conditions adopted in the work by
Garner et al.!® for identification of the reaction product.
In any event, the unexpected outcome of our experiment
is of interest in that it casts doubts on the possibility
envisaged by the authors that generation of the neuro-
toxicant 6-OHDA may account for the pathophysiology
of Mn exposure.

2. Tyrosinase-Catalyzed Oxidation. Accumula-
tion of 6-OHDA and TQ in the tyrosinase-promoted
oxidation of DA as the result of addition of water to
transiently generated DQ (Scheme 1) has been postu-
lated by Garcia-Moreno et al.!* on the basis of kinetic
evidence. Support for the proposed mechanism has also
been provided in a recent paper by Ito et al.l® Such a
reaction would represent a side branch of the main
oxidation pathway of DA, which involves in the early
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stages oxidative cyclization of DQ to DC, via the leuco
intermediate 5,6-dihydroxyindoline (IN), followed by
rearrangement to 5,6-dihydroxyindole (DHI).124:1% The
relative operation of the hydroxylation path with respect
to the cyclization route was reported to be dictated by
the pH of the medium, becoming significant at pH
values <6. Surprisingly, on HPLC analysis under our
experimental conditions, the product pattern of the
tyrosinase-catalyzed oxidation of DA at pH 5 was not
significantly different from that observed at pH 7. No
appreciable amounts of 6-OHDA or its quinone (<0.2%
yield) could be detected at either pH.

It should be noted, however, that the only direct
evidence for the formation of 6-OHDA and its quinone
from DA followed from voltammetric experiments per-
formed at pH 4.2.14 It is possible that under such more
acidic conditions the formation of 6-OHDA prevails over
cyclization. In fact, a similar shift from the cyclization
to the hydroxylation route was observed to occur in the
case of the oxidation of dopa at low pH,2° due to the
increased extent of protonation of the amino group. It
is clear however that the relevance of these observations
to the oxidative metabolism of DA in vivo should be
carefully considered.

3. Peroxidase/H;0; Oxidation. Given the results
of the above experiments, as a further step in our
investigation, we wanted to explore other conditions of
potential physiological interest under which 6-OHDA
might be generated.

In a previous study?! on the structure of dopamine
melanin, a polymeric product of DA oxidation, we
obtained evidence that the peroxidase/H;O; system is
able to effect a rapid and efficient conversion of the
catecholamine to melanin. We therefore chose the
peroxidase/H20; couple as a biomimetic oxidizing agent
to examine the early stages of DA oxidation. It should
be noted however that the postulated involvement of
this enzymic system in the oxidative metabolism of DA
in brain, particularly in neuromelanin biosynthesis,?2:23
has not definitively been assessed.5

HPLC analysis of the reaction mixture in the early
stages of the peroxidase/H20; oxidation of DA showed
a rather complex pattern of products (Figure 1, eluto-
gram a). Peaks C and D were identified as the ami-
nochrome DC and its rearrangement product, DHI, by
analysis of the UV spectra and comparison of the
chromatographic behavior with those of authentic
samples. Like C, the other two major components of
the mixture, compounds A and B, were characterized
by a red chromophore in the visible region suggestive
of an aminochrome structure.l” Of these, peak A, which
proved highly unstable, could not be identified by
coinjection with a number of standard samples, includ-
ing noradrenochrome. On the other hand, peak B,
which could be obtained from the reaction mixture by
preparative HPLC fractionation, exhibited under dif-
ferent pH conditions absorption maxima identical to
those described for 2-hydroxy-5-(2-aminoethyl)-1,4-ben-
zoquinone (topaminequinone, TQ).?* Consistent with
this assignment, NaBH, reduction of the compound gave
a colorless species with the spectral features and the
chromatographic properties of 6-OHDA. On standing
under a nitrogen atmosphere, the chromophore of
compound B was smoothly converted to that of DC, in
agreement with the reported formation of the ami-



6-OHDA by Peroxidase/H30; Oxidation of Dopamine

A C
280
1.00004 B
A
0.50004
D
0.0000
T T T T T T T
5.00 10.00 15.00 20.00 25.00 30.00 35.00
time, min
0.04001
Azgo @
6.0 300-1
N
0.02004
6-OHDA
0.01004
\ {\ DA
0.0000

] T M T T T !
500 10.00 15.00 20.00 2500 30.00 3500  40.00
time, min
Figure 1. HPLC elution profile of the products formed by
oxidation of DA (5 mM) promoted by peroxidase (2.8 U/mL)/
H,0; (10 mM) in 0.1 M phosphate buffer, pH 7.0 at 2 min
reaction time, with (b) or without (a) reduction with NaBH,.
Eluants A and B were used for analysis of the nonreduced and
reduced mixtures respectively; all other conditions were as
described in the Experimental Section.

nochrome by intramolecular cyclization of TQ in the
oxidation pathway of 6-OHDA 2526

Additional support for the formation of TQ in the
course of the peroxidase/HyOg-promoted oxidation of DA
was provided by analysis of the reaction mixture after
NaBH4 reduction (Figure 1b). When the oxidation
mixture was reduced after a 2 min reaction time, HPLC
analysis revealed the presence of the reduction product
of DC, 5,6-dihydroxyindoline (IN), identified by coinjec-
tion with a synthetic sample, along with significant
amounts of 6-OHDA and the starting amine DA.

Monitoring of TQ formation with time showed that it
is transiently generated and accumulates in the very
first minutes of the oxidation course. In the subsequent
stages of the process, the concentration decreases with
concomitant formation of DC. Thus, at 5 mM DA
concentration, in the presence of 2 equiv of H20s, the
yield of 6-OHDA with respect to the starting catechola-
mine was 7% at 2 min reaction time. The yield halved
after 10 min.

In further experiments, the course of DA oxidation,
as effected by a number of chemical and enzymic agents
including periodate, ferricyanide, and the tyrosinase/
O, system, was examined in comparison with that
observed in the case of the peroxidase-promoted reac-
tion. Under all the conditions examined, however, DA
was converted to the melanin pigment through DC and
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Figure 2. Effect of H;O; concentration on the initial ratio of
formation of 6-OHDA to IN in the peroxidase-promoted oxida-
tion of DA ( 5 mM) by peroxidase. The values of the initial
formation rates were obtained from plots of product concentra-
tion vs time by extrapolation at zero time.

DHI intermediates. No detectable amounts of 6-OHDA
or the corresponding quinone were formed.

Incubation of DA with hydrogen peroxide in the
absence of peroxidase for up to 20 min did not produce
a significant consumption of the catecholamine (<2%),
and in addition 6-OHDA, as such or in the oxidized
quinonoid form, was not obtained. Conversely, incuba-
tion of DA with tyrosinase/O; in the presence of H202
gave rise to TQ in significant yields along with the usual
pattern of cyclization product. It should be noted,
however, that under these conditions the rate of the
tyrosinase-catalyzed oxidation of DA appreciably de-
creases with respect to a control reaction carried out in
the absence of HyOg, probably because of a partial
inhibition of the enzymatic activity by hydrogen perox-
ide.2?

4. Mechanistic Studies. In the light of the above
results, it appears that the presence of hydrogen per-
oxide together with an agent capable of effecting DA
oxidation is a requisite for the formation of 6-OHDA (or
TQ) from DQ to take place. In support of this view is
the observed formation of TQ from 6-OHDA following
the addition of DQ, generated in acid solution by cerium
ammonium nitrate oxidation of DA, to a buffered
solution of H2O2 at pH 7. On the other hand, no trace
of TQ could be detected in the pattern of reaction
products in control experiments when DQ, generated
as above, was poured in the neutral buffer, but in the
absence of HoOg. Attempts to confirm these observa-
tions using other chemical agents for in situ generation
of DQ at neutral pHs in the presence of HoO3 did not
provide reliable results. This may be ascribed to the
ability of H;Oz to undergo redox exchange with most of
the common oxidants, e.g., sodium peroidate or potas-
sium ferricyanide.?®

The dependence of the yield of 6-OHDA in the
peroxidase/H2Os-promoted oxidation of DA (5 mM) on
the concentration of HyeOg in solution was shown by
HPLC analysis of reaction mixtures with different DA/
H;02 mole ratios, after treatment with NaBHy. In
Figure 2 the initial ratio of 6-OHDA to IN is plotted vs
H50; concentration. This takes into account the slowing
down of the oxidation rate observed as the concentration
of H20; in solution increases, due probably to a partial
inhibition to the enzyme activity.2? The increase of the
relative yield of 6-OHDA with increasing concentration
of hydrogen peroxide points to a direct competition of
this latter species with the side chain amino group of
DA (or possibly of its oxidation product DQ).
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Further information on the mechanism of the reaction
was gained by investigation of the behavior of the model
compound N-acetyldopamine (1) in which blocking of the
amino group of the ethylamine side chain prevents the
cyclization route to operate. The peroxidase/HsOo-
promoted oxidation of 1 leads to the initial development
of an absorption maximum at 390 nm, attributable to
the o-quinone 2, which accumulated in solution but was
not sufficiently stable to be isolated even under carefully
controlled conditions. This was subsequently replaced
by a purple compound identified as 5-(2-acetamido-
ethyl)-2-hydroxy-1,4-benzoquinone (3) on the basis of the
spectral features which were closely reminiscent of those
of TQ (Scheme 2). Using the value of the extinction
coefficient reported for the quinone under similar condi-
tions,2* a 55% yield of 38 could be estimated when the
oxidation was carried out with a 20-fold excess of H2Os.
In close agreement with this observation, reaction of
4-methyl-1,2-benzoquinone (4) with hydrogen peroxide
under the same conditions adopted for DA oxidation
afforded 2-hydroxy-5-methyl-1,4-benzoquinone (5), iden-
tified by comparison with an authentic sample prepared
by an alternative synthetic route,® in yields of up to
47%, depending on the quinone/hydrogen peroxide mole
ratio (Scheme 2). By contrast, on standing in the buffer
system, but in the absence of Hy0s, 4-methyl-1,2-
benzoquinone was rapidly converted into a brownish
mixture exhibiting an almost featureless absorption
spectrum.

From consideration of all of these data, it may be
reasonable to suggest that, under the conditions exam-
ined, the nucleophilic attack of the hydrogen peroxide
anion on the quinone DQ, transiently generated in the
early stages of DA oxidation, significantly competes with
the intramolecular cyclization path leading to the ami-
nochrome DC. It should be emphasized that the pro-
posed mechanism of formation of 6-OHDA is linked to
the intrinsic reactivity of DQ toward H2O2 and does not
depend upon the specific oxidizing system used to
generate DQ.

As depicted in Scheme 3, various mechanistic options
may be considered for the conversion of the hydroper-
oxide adduct 6, initially formed by H2Oq attack on TQ,
i.e., formation of the epoxide 7, or the direct decomposi-
tion with 1,2 elimination of a molecule of water. Reac-
tions of p- and o-quinones toward HyO: leading to
2-hydroxy-1,4-benzoquinones via 2,3-epoxides are well
documented in the literature.?! An alkaline medium is
usually employed in order to generate the hydroperoxide
anion, the actual reactive species. In our case, however,
the failure to detect any reaction intermediate is not
surprising considering that isolation or detection of
quinone epoxides has been reported in the case of some
less reactive 1,4-quinones, e.g., 1,4-naphthoquinones,
but only rarely for compounds of the 1,2-series, unless
in the presence of a proper substitution pattern.32

An alternative mechanism of formation of 6-OHDA
involving attack of the hydroxyl radical on DA has been
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Scheme 3

reported to occur in Fenton-type or iron—EDTA/ascor-
bate reactions.’® All other products which would be
expected to result from a random hydroxylation process
were also obtained. By contrast, the regioselective
course of the peroxidase/HgOz oxidation of DA and the
observed increase of the 2-hydroxy-1,4-benzoquinone 3
obtained from the model compound 1 support the
proposed ionic type mechanism for 6-OHDA formation.
The possible intervention of the hydroxyl radical under
the conditions of our study was definitively ruled out
by the results of separate experiments showing that the
pattern of reaction products and the 6-OHDA/IN forma-
tion ratio at fixed reaction times were unaffected by
addition of OH* scavengers (DMSO, mannitol).

Conclusion

A growing body of information supports the role of
oxidative stress in the pathogenesis and progression of
Parkinson’s disease and other neurodegenerative pro-
cesses.’3% An increased turnover of DA by monoamine
oxidase has been observed!® in the surviving neurons
of the nigrostriatal tract in Parkinsonian brain, result-
ing in an enhanced production of hydrogen peroxide, an
oxidant species capable of inducing tissue damage and
triggering cellular destruction. Extensive studies by
Cohen and associates3* pointed to a significant loss of
GSH resulting from HyOq scavenging by GSH peroxi-
dase as the major effect of the increased DA catabolsim
in pigmented neurons.

The results of the present investigation provide
evidence that, under biomimetic conditions, DQ is able
to react with hydrogen peroxide to give TQ, the quinone
of 6-OHDA. If these model studies have some bearing
on the in vivo situation, one could expect that the
endogenous formation of the highly electrophilic TQ
capable of alkylating key protein nucleophiles is a
significant event underlying oxidative stress conditions
and the associated neuronal damages. There are how-
ever some observations which would cast doubts on this
interpretation. In a study on the formation of 6-OHDA
in brain following administration of 6-hydroxydopa,
Evans and Cohen reported that striatal dopaminergic
nerve terminals are resistant to exposure to high levels
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of 6-OHDA.® However, the effect produced by a persis-
tent endogenous production of 6-OHDA over extended
time periods was not considered and should be further
investigated.

One of the reviewers has also suggested that forma-
tion of 6-OHDA may not be critical in the neurodegen-
erative processes associated with oxidative stress con-
ditions, as both DQ and Og*~/H3O9/OH* formed in the
initial oxidation of DA are cytotoxic. Of course, the
possible involvement of these species can not be ruled
out and remains to be assessed. However, from con-
sideration of the values of the cyclization rates,124:19,25,26,35
it could be argued that an efficient self-deactivation
pathway is available to DQ but not to TQ. Thus, any
TQ formed is expected to undergo deactivation by
interaction with cellular nucleophilic components and
may therefore represent a major cytotoxic agent pro-
duced under oxidative stress conditions.

Experimental Section

UV spectra were recorded on a Perkin Elmer Lambda 7
spectrophotometer having the cell compartment controlled at
25 £ 0.1 °C with circulating water. HPLC analyses were
performed with a Gilson instrument equipped with model 305
pumps and a model 317 UV detector. EI MS mass spectra
were determined with a Kratos MS 50 spectrometer. 'H NMR
(270 MHz) and '3C NMR (67.9 MHz) spectra were recorded
on a Bruker AC 270 spectrometer.

Materials. Dopamine hydrochloride, 6-hydroxydopamine
hydrobromide, N-acetyldopamine, mushroom tyrosinase (EC
1.14.18.1, o-diphenol:0; oxidoreductase; 6300 U/mg), and
horseradish peroxidase (donor HoO; oxidoreductase, EC 1.11.1.7)
type II (200 purpurogallin U/mg, Es0/Ears = 2.0) were pur-
chased from Sigma Chemicals (St. Louis, MO). Methyl-1 4-
benzoquinone, 4-methylcatechol, and 5,6-dimethoxyindole were
from Aldrich Chemie (Steinheim, Germany). Nonstabilized
hydrogen peroxide (35% solution in water) was from Fluka.
Hydrogen peroxide concentration was determined spectropho-
tometrically prior to each experiment.?’” 5,6-Dihydroxyindole
was synthesized according to Benigni and Minnis;3¢ 4-methyl-
1,2-benzoquinone was prepared by sodium periodate oxidation
of 4-methylcatechol as reported.?” 2-Hydroxy-5-methyl-1,4-
benzoquinone was obtained from methyl-1,4-benzoquinone by
a three-step synthesis as previously described.3°

Analytical Conditions. HPLC was performed using a
Spherisorb S5 ODS 2 column (1 mI/min) and a 10 x 250 mm
Alltech Econosil Cis column (6 mL/min) for analytical and
preparative runs, respectively. Detection was carried out at
280 nm. Different elution conditions were employed as follows:
0.05 M citrate buffer, pH 4—methanol, 95:5 (eluant A); 0.05
M phosphate buffer, pH 3.0, containing 10 mM sodium
1-octanesulfonate—acetonitrile, 90:10 (eluant B); mixed 0.04
M phosphate—0.04 M citrate buffer, pH 3.0, containing 7.5 mM
sodium 1-octanesulfonate, 0.08 mM ethylenediaminetetraace-
tic acid, 9.5% methanol, and 4.5% acetonitrile (eluant C).

Synthesis of 5,6-Dihydroxyindoline Hydrobromide
(IN). The title compound was prepared from 5,6-dimethoxy-
indole by a modification of the method reported by Chavdarian
et al.®® In brief, 2.0 g (11.3 mmol) of 5,6-dimethoxyindole in
200 mL of 50% AcOH was treated with 2.8 g (44.4 mmol) of
sodium cyanoborohydride and allowed to stand at room
temperature under stirring. After 75 min, the mixture was
poured into 500 mL of 4 M NaOH and extracted repeatedly
with Et0. The combined organic layers were washed with
saturated aqueous NaCl, dried over NaxSO4, and taken to
dryness to give 1.62 g of crude 5,8-dimethoxyindoline (80%
yield) which was used as such in the next step. Crystallization
from benzene—petroleum ether gave an analytical sample
exhibiting physical and spectral properties in good agreement
with those reported.?® A solution of 1.2 g (6.70 mmol) of the
crude 5,6-dimethoxyindoline in 65 mL of 48% HBr was heated
for 3 h at 140 °C. After cooling, the solution was evaporated
to a reddish brown residue which by crystallization from
EtOH-Et,0 afforded 0.96 g (62% yield) of 5,6-dihydroxyindo-
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line hydrobromide: mp 222—224 °C dec; EI MS m/z 151 (M™),
150, 149, 132, 122; *H NMR (DMSO-ds) 6 3.08 2H,t,J =17.6
Hz, H-3, H-3'[H1)), 3.72 (2H, t, J = 7.6 Hz, H-2, H-2'[Hl]), 6.84
(1H, s, H-7), 6.88 (1H, s, H-4), 9.46 (2H, bs, NH,"), 10.45 (2H,
bs, OH); 13C NMR (DMSO-ds) é 28.52, 45.77, 106.24, 111.64,
125.35, 126.76, 145.19, 146.72.

Oxidation of Dopamine (DA). (a) By Peroxidase/H:0;.
A solution of dopamine hydrochloride (5 mM) in 0.1 M
phosphate buffer, pH 7.0, was treated with horseradish
peroxidase (2.8 U/mL) and a freshly prepared solution of H3Os
(10 mM). Aliquots of the reaction mixture were periodically
withdrawn and analyzed by HPLC, using eluant A as the
mobile phase. Alternatively, aliquots of the oxidation mixture
were treated with an excess of solid NaBH, (ca. 100 mM final
concentration) and, after 30 s, acidified to pH 1 with 6 M HCI
prior to analysis (eluant B or C). Identification of 6-OHDA
and other reaction products was achieved by comparison of
their chromatographic behavior with those of authentic samples.
In the preparative runs, the mixture was filtered through a
0.45 um Millipore filter after 6 min reaction time and fraction-
ated by HPLC, using eluant A as the mobile phase. UV
spectra of the fractions corresponding to the major peaks were
recorded either soon after collection or after storing under
nitrogen atmosphere. Some of these were reduced by treat-
ment with NaBH, and further analyzed by HPLC. Other
experiments were performed with varying concentrations of
H20: (10—100 mM) while the concentration of the substrate
was held constant (5 mM). Estimation of the yield of the
oxidation products at different reaction times in the mixtures,
after NaBH, treatment, was achieved by measurement of peak
areas in the HPLC elutograms (eluant C) and comparison with
external calibration curves. In some experiments, 100-fold
mole excess of dimethyl sulfoxide or mannitol was added to
DA solution (5 mM) before the addition of the enzyme and
H;0.. At given time periods, aliquots were removed, reduced
as above, and analyzed by HPLC (eluant C). The ratio
6-OHDA/IN was determined by HPLC analysis, as above, in
comparison with that of control runs.

(b) By Mn(II)/O2. Mn?"-catalyzed autooxidation of DA was
performed as previously described.!? The reaction course was
monitored by HPLC analysis (eluant A) of aliquots of the
oxidation mixture, periodically withdrawn, acidified to pH 3
with 1 M HCIl and stored on ice. In other experiments,
analysis of the mixture (eluant C) was carried out after
reduction with NaBH, and subsequent acidification, as de-
scribed in part a.

(c) By Tyrosinase/Oz. Dopamine hydrochloride (1 mM)
in 0.05 M phosphate buffer at either pH 5.0 or 7.0 was
incubated with tyrosinase (130 U/mL) under a stream of
oxygen and vigorous stirring, using conditions similar to those
described by Garcia-Moreno et al.'* HPLC analysis (eluant
B) of the mixtures was performed after NaBH, reduction as
in part a. In another series of experiments, dopamine hydro-
chloride (5 mM) was oxidized with tyrosinase (310 U/mL) in
0.1 M phosphate buffer, pH 7.0, in the presence or absence of
hydrogen peroxide (10 mM). Periodical analyses of the reac-
tion mixture in either case were carried out after reduction
treatment.

(d) By NalOy, KgFe(CN)s, or Ce(NHy)2(NO3)s. Dopamine
hydrochloride (5 mM) in 0.1 M phosphate buffer was treated
with NalO, (10 mM) or KsFe(CN)g (20 mM) in the same buffer.
After 2 min, the reaction mixture was filtered through a 0.45
um filter, reduced with NaBH, as in part a, and analyzed by
HPLC. Oxidation of DA (40 mM) by Ce(NH,)2(NOs)s (80 mM)
was performed in 1 M sulfuric acid. Thirty seconds after
addition of the oxidant, the resultant yellow orange mixture
was neutralized by dilution with 80 volumes of 0.1 M phos-
phate buffer, pH 7.0, containing, when required, H2O2 (1 mM)
and, after an additional 1 min, reduced with NaBH, and
analyzed by HPLC (eluant B or C).

Oxidation of N-Acetyldopamine (1) by Peroxidase/
H20.. N-Acetyldopamine (0.1 mM) in 0.1 M phosphate buffer,
pH 7.0, was treated with horseradish peroxidase (0.17 U/mL)
and hydrogen peroxide at varying concentrations (0.2—2 mM).
The yield of 5-(2-acetomidoethyl)-2-hydroxy-1,4-benzoquinone
(3) was estimated spectrophotometrically at 5 min reaction
time, taking the molar extinction coefficient at 495 and 268
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nm as 1800 and 10 400, respectively.?* By this method, a
maximum 55% yield of formation of 3 was estimated in the
experiment with a 20:1 H>O; to substrate mole ratio.

Reaction of 4-Methyl-1,2-benzoquinone (4) with HxO,.
The quinone (90% pure as determined spectrophotometrically)
freshly predissolved in acetonitrile was diluted up to a 5 mM
final concentration with 0.1 M phosphate buffer, pH 7.0,
containing H0; at varying concentrations (50—200 mM). The
purple chromophoric species which accumulated within the
first 10 min of the reaction was identified as 2-hydroxy-5-
methyl-1,4-benzoquinone (5) by comparison of the spectral
features with those of an authentic sample.?® The yield of
formation of quinone 5 was estimated spectrophotometrically
using the extinction coefficient reported by Wehrli et al.2* and
by comparison with external calibration curves. A maximum
47% yield of 5 was obtained using a 40:1 Hy,O; to quinone mole
ratio.

Acknowledgment. This work was supported by
grants from MURST and CNR.

References

(1) (a) Sachs, C.; Jonsson, G. Mechanisms of Action of 6-Hydroxy-
dopamine. Biochem.Pharmacol. 1975,24,1—-8. (b) Kostrzewa,
R. M.; Jacobowitz, D. M. Pharmacological Actions of 6-Hydroxy-
dopamine. Pharmacol. Rev. 1974, 26, 199—287.

(2) (a) Ungerstedt, U. Histochemical Studies on the Effect of
Intracerebral and Intraventricular Injections of 6-Hydroxy-
dopamine on Monoamine Neurons in the Rat Brain. In 6-Hy-
droxydopamine and Catecholamine Neurons; Malmfors, T.,
Thoenen, H., Eds.; American Elsevier: New York, 1971; pp 101—
128. (b) Breese, G. R.; Traylor, T. D. Effect of 6-Hydroxydop-
amine on Brain Norepinephrine and Dopamine: Evidence for
Selective Degeneration of Catecholaminergic Neurons. oJ. Phar-
macol. Exp. Ther. 1970, 174, 413—420. (c¢) Hedreen, J. S.;
Chalmers, M. P. Neuronal Degeneration in Rat Brain Induced
by 6-Hydroxydopamine: a Histological and Biochemical Study.
Brain Res. 1972, 47, 1-36.

(3) Stein, L.; Wise, C. D. Possible Etiology of Schizophrenia:

Progressive Damage to the Noradrenergic Reward System by

6-Hydroxydopamine. Science 1971, 171, 1032—1036.

Graham, D. G.; Tiffany, S. M.; Bell, W. R.; Gutknecht, W. F.

Autoxidation Versus Covalent Binding of Quinones as the

Mechanism of Toxicity of Dopamine, 6-Hydroxydopamine and

Related Compounds Towards C1300 Neuroblastoma Cells in

Vitro. Mol. Pharmacol. 1978, 14, 644-653.

Youdim, M. B. H.; Ben-Shachar, D.; Riederer, P. The Possible

Role of Iron in the Ethiopathology of Parkinson’s Disease.

Movement Disorders 1993, 8, 1-12.

(a) Evans, J. M.; Cohen, G. Studies on the Formation of

6-Hydroxydopamine in Mouse Brain After Administration of

2,4,5-Trihydroxyphenylalanine (6-HydroxyDOPA). J. Neuro-
chem. 1989, 52, 1461—-1467. (b) Evans, J. M.; Cohen, G. Can

Trace Amounts of Neurotoxins Destroy Dopamine Neurons?

Neurochem. Int. 1989, 15, 127—-129.

Uretsky, N. J.; Iversen, L. L. Effects of 6-Hydroxydopamine on

Noradrenaline-Containing Neurones in the Rat Brain. Nature

1969, 221, 557—-559.

Sench, S.; Creveling, C. R.; Udenfriend, S.; Witkop, B. Chemical,

Enzymatic and Metabolic Studies on the Mechanism of Oxida-

tion of Dopamine. J. Am. Chem. Soc. 1959, 81, 6236—6240.

Langston, J. W.; Irwin, I.; Ricaurte, G. A. Neurotoxins, Parkin-

sonism and Parkinson’s Disease. Pharmacol. Ther. 1987, 32,

19—49 and references therein.

(10) Hefti, F.; Melamed, E.; Wurtman, R. J. Partial Lesions of the
Dopaminergic Nigrostriatal System in Rat Brain: Biochemical
Characterization. Brain Res. 1980, 195, 123—137.

(11) Seiden, L. S.; Vosmer, G. Formation of 6-Hydroxydopamine in
Caudate Nucleus of the Rat Brain After a Single Large Dose of
Methylamphetamine. Pharmacol. Biochem. Behav. 1984, 21,
29-31.

(12) (a) Heikkila, R. E.; Cohen, G. 6-Hydroxydopmaine: Evidence for
Superoxide Radical as an Oxidative Intermediate. Science 1973,
181, 456—457. (b) Cohen, G.; Heikkila, R. E. The Generation of
Hydrogen Peroxide, Superoxide Radical and Hydroxyl Radical
by 6-Hydroxydopamine, Dialuric Acid and Related Cytotoxic
Agents. J. Biol. Chem. 1974, 249, 244'7—-2452. (c) Borchardt,
R. T. Affinity Labeling of Catechol O-Methyltransferase by the
Oxidation Products of 6-Hydroxydopamine. Mol. Pharmacol.
1975, 11, 437—449. (d) Tse, D. C. S.; McCreery, R. L.; Adams,
R. N. Potential Oxidative Pathways of Brain Catecholamines.
J. Med. Chem. 1976, 19, 37—40.

(13) Garner, C. D.; Nachtman, J. P. Manganese Catalysed Auto-
Oxidation of Dopamine to 6-Hydroxydopamine in Vitro. Chem.-
Biol. Interact. 1989, 69, 345—351.

(4

fus

(5

Rl

6

=

7

-~

(8

Pt

&

=

Napolitano et al.

(14) Garcia-Moreno, M.; Rodriguez-Lopez, J. N.; Martinez-Ortiz, F.;
Tudela, J.; Varon, R.; Garcia-Canovas, F. Effect of pH on the
Oxidation Pathway of Dopamine Catalyzed by Tyrosinase. Arch.
Biochem. Biophys. 1991, 288, 427—434.

(15) Slivka, A.; Cohen, G. Hydroxyl Radical Attack on Dopamine. J.
Biol. Chem. 1985, 29, 15466—15472.

(16) Barbeau, A. Manganese and Extrapyramidal Disorders. Neu-
rotoxicology 1984, 5, 13—36.

(17) Heacock, R. A. The Aminochromes. InAdvances in Heterocyclic
Chemistry; Katritzky, A. R., Boullton, A. J., Lagowski, J. M.,
Eds.; Academic Press: New York, 1965; pp 205—290.

(18) Ito, S.; Wakamatsu, K.; Nagatsu, T. Chemical and Biochemical
Aspects of Neuromelanin Formation. Proc. International Col-
loquium on Neuromelanin and Parkinson’s disease, Naples,
1993; pp 1-4.

(19) Jimenez, M.; Garcia-Carmona, F.; Garcia-Canovas, F.; Iborra,
J. L.; Lozano, J. A.; Martinez, F. Chemical Intermediates in
Dopamine Oxidation by Tyrosinase and Kinetic Studies of the
Process. Arch. Biochem. Biophys. 1984, 235, 438—448.

(20) Li, J.; Christensen, B. M, Identification of Products and Inter-
mediates during L-Dopa Oxidation to Dopachrome Using High
Pressure Liquid Chromatography with Electrochemical Detec-
tion. J. Liq. Chromatogr. 1993, 16, 1117—-1133.

(21) Crescenzi, O.; Kriosche, C.; Hoffbauer, W.; Jansen, M.; Napoli-
tano, A.; Prota, G.; Peter, M. G. Synthesis of Dopamines Labelled
with 13C in the a- and 3- Side Chain Position and their
Application to Structural Studies on Melanins by Solid State
NMR Spectroscopy. Justus Liebigs Ann. Chem. 1994, 563—567.

(22) Ambani, L. M.; van Woert, M. H.; Murphy, S. Brain Peroxidase
and Catalase in Parkinson’s Disease. Arch. Neurol. 1975, 32,
114—118,

(23) Grisham, M. B.; Perez, V. J.; Everse, J. Neuromelanogenic and
Cytotoxic Properties of Canine Brainstem Peroxidase. J. Neu-
rochem. 1987, 48, 876882,

(24) Wehrli, P. A.; Pigott, F.; Fischer, U.; Kaiser, A. Oxydation-
sprodukte von 6-Hydroxy-dopamin. (Oxidation Products of 6-Hy-
droxydopamine.) Helv. Chim. Acta 1972, 55, 3057—3061.

(25) Blank, C. L.; Kissinger, P. T.; Adams, R. N. 5,6-Dihydroxyindole
Formation from Oxidized 6-Hydroxydopamine. Eur. J. Phar-
macol. 1972, 19, 391—-394.

(26) Swan, G. A. Studies Related to the Chemistry of Melanins. Part
XIV. The Alleged Formation of a p-Quinonoid Aminochrome by
Oxidation of 2,4,5-Trihydroxyphenetylamine. J. Chem. Soc.
Perkin Trans. 1 1976, 339—341.

(27) Andrawis, A.; Khan, V., Inactivation of Mushroom Tyrosinase
by Hydrogen Peroxide. Phytochemistry 1985, 24, 397—405.

(28) Schumb, W. C.; Satterfield, C. N.; Wentworth, R. L. Hydrogen
Peroxide; Reinhold Publ. Corp.: New York, 1955; p 396.

(29) Arnao, M. B.; Acosta, M.; del Rio, J. A.; Garcia-Canovas, F.
Inactivation of Peroxidase by Hydrogen Peroxide and Its Protec-
tion by a Reductant Agent. Biochim. Biophys. Acta 1989, 1038,
85—89.

(30) (a) Thiele, J.; Winter, E. Uber die Einwirkung von Essigs#ure-
anhydrid und Schwefelsdure auf Chinone. (On the Action of
Acetic Anhydride and Sulfuric Acid on Quinones.) Justus Liebigs
Ann. Chem. 1900, 311, 341—352. (b) Shchukina, L. A, Oxidative
and Oxidative-Hydrolytic Transformations of Organic Molecules.
XXI1. Hydrolytic Cleavage of 6-Methyl-3-hydroxy-p-benzoquine-
ne. Zh. Obshch. Khim. 1952, 22, 668—675; Chem. Abstr. 1953,
47, 5378.

(31) (a) Teichner, H.; Weil, H. Notiz uber Eine einfache Darstellung
von 2-Oxy-1,4-Naphtochinon. (A Simple Preparation of 2-Hy-
droxy-1,4-Naphthoquinone.) Chem. Ber. 1905, 38, 3376—3377.
(b) Weitz, E.; Schobbert, H.; Seibert, H. Uber die Einwirkung
von Alkalischem Wasserstoff Superoxyd auf Chinone und auf
Mehrwertige Phenole. Chem. Ber. 1935, 68, 1163—1168.

(32) Weygand, F.; Schroeder, K. Uber die Oxydation von a-Tetralonen
mit Selendioxyd; 3-Methyl-naphtochinon-(1,2). (On the action of
Alkaline Hydrogen Peroxide on Quinones.) Chem. Ber. 1941,
74, 1844—1851.

(33) Cohen, G. Oxygen Radicals and Parkinson’s Disease. In Oxygen
Radicals and Tissue Injury, Halliwell, B., Ed.; Federation of
American Societies for Experimental Biology: Bethesda, MD,
1988; pp 120—135.

(34) Spina, M. B.; Cohen, G. Dopamine Turnover and Glutathione
Oxidation: Implications for Parkinson’s Disease. Proc. Natl.
Acad. Sci. U.S.A. 1989, 86, 1398—1400 and references therein.

(35) Blank, C. L.; McCreery, R. L.; Wightman, R. M.; Chey, W.;
Adams, R. N. Intracyclization Rates of 6-Hydroxydopamine and
6-Aminodopamine Analogs under Physiological Conditions. J.
Med. Chem. 1978, 19, 178—180.

(36) Benigni, J. D.; Minnis, R. L. The Syntheses of 5,6-Dihydroxy-
indole and Some of its Derivatives. J. Heterocycl. Chem. 1965,
2, 387—392.

(37) Adler, E.; Magnusson, R. Periodate Oxidation of Phenols. I
Monoethers of Pyrocatechol and Hydroquinone. Acta Chem.
Scand. 1959, 13, 505—-519.

(38) Chavdarian, C. G.; Karashima, D.; Castagnoli, N.; Hundley, H.
K. Oxidative and Cardiovascular Studies on Natural and
Synthetic Catecholamines J. Med. Chem. 1978, 21, 548—554.

JM9403279



